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Preface

Crystal growth and its characterization has become valuable branch of science due to
the growing demand of scientifically and technologically important crystals for
different applications. Rare-earth based crystals of metal organic coordination
compounds have an important role from both academic and technological point of
view due to their outstanding physical, magnetic and luminescent properties. The
compounds of rare-earths have also gained importance for their dielectric,
ferroelectric, ferroelastic and conductivity behaviour. Due to the large applicability of
rare-earth coordination compounds, it was thought worthwhile to investigate growth
and characterization of tebium fumarate, gadolinium fumarate and mixed gadolinium-
terbium fumarate heptahydrate single crystals for scientific investigations.

The work presented in this thesis was carried out at the Solid-State Research
Laboratory, Department of Physics, University of Kashmir, Srinagar. The thesis
entitled “Studies on crystal growth of some pure and mixed rare-earth fumarates
and their characteristics” is a comprehensive report on the growth of single crystals
of terbium, gadolinium and mixed gadolinium-terbium fumarate heptahydrates in
hydro silica gel and their detailed characterization. It also includes the results of
dielectric, ac conductivity, thermal, luminescent and magnetic moment measurements
of the grown crystals. The thesis is divided into two sections, Section-A pertaining to
growth and characterization of crystals, consists of four chapters and section-B

including the physical properties of as-grown crystals consists of five chapters.
Section-A

Chapter- 1 gives a general introduction of the crystal growth of rare-earth
coordination compounds. The chapter is subdivided into three sections with regard to
the introduction of crystals, significance of co-ordination compounds and significance
of the present work.

Chapter-2 gives the concept of crystallization with an overview of crystalization
techniques in general and the gel growth technique in particular. In this chapter,
nucleation in gels, gel structures, gelling mechanism, gel properties and different
types of gel growth methods are briefly discussed. Apart from this, the advantages

and disadvantages of gel growth technique are also incorporated.



Chapter-3 gives an overview of experimental techniques used for the characterization
of samples, such as an Optical Electron Microscopy, Scanning Electron Microscopy
(SEM), X-ray diffraction analysis (XRD), Carbon Hydrogen Nitrogen (CHN)
analysis, Energy-Dispersive Analysis of X-rays (EDAX), Thermo-gravimetric
analysis (TGA, DTA), Fourier Transform Infrared Spectroscopy (FTIR), Ultraviolet
and Visible Spectroscopy (UV-Vis), Electric Impedance Spectroscopy,
Photoluminescence (PL) and Vibrating Sample Magnetometery (VSM).

Chapter-4 describes the growth of terbium fumarate, gadolinium fumarate and mixed
gadolinium-terbium fumarate heptahydrate single crystals by silica gel diffusion
technique. A series of experiments are carried out for optimising the growth
conditions for growing good quality single crystals. The effect of various growth
parameters such as gel pH, gel density, concentration of reactants and effect of

temperature on the growth kinetics are studied in detail.
Section-B

Chapter-5 describes the dependence of dielectric polarization on the frequency of
applied field. An overview of dielectric dispersion with regard to different theories of
dielectrics is also discussed in this chapter. The effect of frequency and temperature
on the dielectric constant and ac conductivity of the grown materials is discussed.
Also, a comparative study of dielectric and conductivity behaviour of pure and mixed
rare-earth fumarate heptahydrate crystals is discussed in this chapter.

Chapter-6 describes a comparative study of thermo analytical behaviour of terbium,
gadolinium and mixed gadolinium-terbium fumarate heptahydrate compounds. A
non-isothermal Kinetics of these compounds is also discussed in this chapter.
Chapter-7 gives UV-Vis and Photoluminescence measurements of terbium fumarate
and mixed gadolinium-terbium fumarate heptahydrate crystals. The increase in
photoluminescence of mixed rare-earth fumarate compound is also reported.
Chapter-8 describes a comparative study of magnetic susceptibility measurements of
terbium fumarate, gadolinium fumarate and mixed gadolinium-terbium fumarate
heptahydrate compounds. The diamagnetic correction of various molecules is also
calculated by using Pascal’s constants.

Chapter-9 describes a general conclusion of under taken work and its future scope.

The Bibliography of all the nine chapters is given at the end of the thesis.
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Abstract

The overall aim of the work described in this thesis was to undertake the growth and
characterization of pure and mixed rare-earth fumarates i.e. terbium fumarate,
gadolinium fumarate and gadolinium-terbium fumarate heptahydrate single crystals.
These crystals were grown by using silica gel diffusion technique. The effect of
various growth parameters on the nucleation rate of these crystals was studied and
was found in conformity with the classical nucleation theory. The grown crystals were
characterized by different physico-chemical techniques of characterization. Powder
X-ray diffraction pattern showed that the compounds are crystalline in nature. The
single crystal X-ray diffraction results showed that terbium fumarate heptahydrate has
monoclinic structure belonging to the space group P2:/n. The cell parameters are a =
9.4495A, b =14.6561A, ¢ =14.7272A, a =y =90° and B = 91.318°. Well matching of
d-values and the cell parameters of gadolinium fumarate and mixed gadolinium-
terbium fumarate crystals with that of the terbium fumarate showed that the crystals
grown in the present work are isomorphous to each other.

The comparative studies of thermal analysis and non isothermal Kinetic
measurements of the grown compounds were carried out. Mixed gadolinium-terbium
fumarate crystals were found to be thermally more stable than the pure rare-earth
fumarate crystals.

Dielectric and conductivity behaviour of the compounds were carried out. In
general, the investigation based on measurements of the dependence of dielectric
constant (g'), dielectric loss (tand) as well as ac conductivity (c,c) Of the crystals was
studied as a function of applied frequency and temperature. The dielectric anomaly
was found due to the dehydration of the compounds and not due to their ferroelectric
phase transition. AC conductivity of the crystals obeyed Johnscher power law
equation. UV-Vis and photoluminescence of the crystals were also carried out. From
UV-Vis data, the band gap of the grown crystals was calculated and the spectra
suggested the suitability of the crystals for laser use. The photoluminescent intensity
of mixed fumarate complex was found to get enhanced than that of the pure terbium
fumarate complex. From the magnetic susceptibility measurements, the experimental
values of effective magnetic moments of the grown materials are in good agreement

with the theoretical values of the free tripositive rare-earth ions.
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CHAPTER-1

General Introduction

1.1 Introduction to crystals

Matter consisting of one or more elements and their chemical compounds, can exist in
nature in solid, liquid or gaseous states. The crystalline solids have a regular and
periodic arrangement of atoms or molecules. The energy released during the
formation of an ordered structure is more than that of the energy released during the
formation of disordered structure. The crystalline state is, therefore, a low energy state
and is preferred by most of the solids. Crystals are the vital pillars of the world of
modern technology [1, 2]. For the technological importance the crystals with quality,
purity, and defect-free nature is a prerequisite. It has attracted human civilization
from prehistoric times owing to their beauty and rarity. The crystals have much
importance in photonic industry, electronic industry or optical fibre communications.
The ability to grow good quality crystals has become an essential criterion for the
competitiveness of nations. The dimensions of the crystals cover a wide range from
micrometer up to millimetre in ceramics and thin film arrangements and centimetre
scale in electronics and optics and in special cases up to meter scale in silicon single
crystals, natural ice and quartz crystals.

Crystal growth includes the systematic study of the growth and properties of the
crystals. It can be both natural as well as artificial. A number of crystals of different
variety in the crust of earth are grown in Mother Nature by freezing the molten state.
These crystals include diamond, quartz and some precious stones. Some other crystals
such as the ice crystals can be formed directly from a gas (water vapours) without
passing through a liquid state. During the eruption of gases around volcanoes some
mineral substances in the form of sulphur and ammonium chloride crystals are
formed. The crystal growth is certainly an interdisciplinary subject. It covers the

collaboration of the people from physics, chemistry, materials science, metallurgy,
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chemical engineering, crystallography, mineralogy, etc. Since the growth processes
for the crystallization of salt and sugar has been practicing since 1500 BC, therefore,
the growth can be treated as an ancient scientific activity. Their large-scale
applications for devices have been realized only from the last quarter of 19™ century.
Today, the crystal growth has become a well advanced technique and does not remain
the phenomena confined to nature only. Moreover, the crystals that do not grow in
nature can be grown in laboratory for scientific and technological use. Now as far as
Gibb’s phase equilibrium concept is concerned, some driving force is required for the
growth of crystals to occur. The conditions of a system change in accordance with the
laws of thermodynamics in such a manner that the free energy in the whole of the
system decreases. A decrease in free energy (driving force) associated with the
crystallization process works to promote the ordered arrangement of atoms or
molecules in the form of the growth of crystals. Basically, crystal growth is a delicate
process of re-arranging the units of a substance such as atoms, molecules, ions or
molecular assemblies into a regular three dimensional periodic arrays. However, the
arrangement of perfect regularity has never been found in real crystals because of the
presence of different kinds of local disorder and long-range imperfections such as
dislocations. The field of crystal growth being an inter-disciplinary subject involves a
variety of research fields. It is a three tier process i.e. (i) to grow good quality single
crystals (ii) to study their physical and structural characteristics and (iii) to find their
applications in science and technology. For the history of crystal growth, one can get
the useful information from the works of Scheel [3, 4].

In recent years, the different growth and characterization techniques have
advanced much. The formations of some materials of different sizes which are
technologically important have been found. As such, the growth covers the crystals
from bulk to small and even to fine, ultrafine, and nano-scale sizes. The concept of
size becomes even more important with the progress achieved in nanotechnology in
which the size effect explains the changes in the physical properties of crystalline
materials. The process of characterization has become an important part of crystal
growth for knowing their properties. Therefore, the characteristics of the materials can
be found by using different characterization techniques, as only one characterization
does not give the complete understanding of the materials. The crystalline solids may

be categorised into single crystals and polycrystalline solids. The crystals, in which
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the atomic arrays are periodic in three dimensions with repeated distances are called
the single crystals. The materials consisting of an aggregate number of small
crystallites with random orientations separated by well defined boundaries are
polycrystalline in nature. It is rather more difficult to grow a single crystal than a
poly-crystalline material and for this an extra effort is justified to achieve the
outstanding advantages of single crystals. The reason for growing single crystals lies
in the fact that many physical properties of solids are complicated or obscured by the
effect of grain boundaries. Therefore, there has been always a requirement of good
quality crystals for various applications. Good quality single crystals are essential for
a variety of scientific and commercial purposes. In the modern world, there is a great
demand for good quality single crystals in every branch of science and technology
because many sophisticated instruments use different types of crystals, either as
sensors or detectors.

After the crystal growth with tailored physics and chemistry it becomes
necessary to do their characterization with more advanced instruments such that their
conversion into useful devices play vital role in science and technology. In the
present study, the growth of pure and mixed rare-earth coordination compounds (rare-
earth fumarate single crystals) was carried out by a simple gel diffusion technique.
The grown crystals were then characterized by various characterization techniques
and some of their physical properties were studied. Before highlighting the
significance of rare-earth fumarates it is worthwhile to throw some light on the

significance of co-ordination compounds.

1.2 Significance of co-ordination compounds

Metal-organic coordination compounds consist of metal ions coordinated to organic
linkers in the form of one-, two- or three dimensional structures [5]. The pores created
within these structures make them ideal for uses such as catalysis, ion exchange, gas
adsorption and separations. The choice of metal and the organic linker dictates the
structure and hence properties of these compounds. In principle, through the wide
choice of metal and an infinite choice and design of ligands, different structural,
magnetic, electrical, optical, and catalytic properties may be incorporated into the
co-ordination compounds. Since early 1990s, the research in the materials with

polymeric structures with metal ions and organic bridging ligands has increased much
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[6]. The rich possibility of new material structures and properties offered by these
coordination compounds is reported in the literature [7-9]. The advantage of a metal-
organic hybrid system is the structural variability and tenability as the compounds can
be grown from both inorganic and organic building blocks such as metal ions and
organic ligands. For the growth of metal-organic co-ordination compounds,
carboxylates are used as one of the most common types of linkers. Carboxylates are
considered to be hard ligands which form strong bonds with hard metal centres. In
addition to transition metals, there are also numerous examples where carboxylates
coordinate to lanthanide metals, with coordination numbers typically between eight
and twelve. These linkers may be classified in accordance with the number of donor
atoms they contain. A monodentate ligand donates a single electron pair and a
bidentate ligand donates two electron pairs to the metal ion.

As far as the physical properties of metal-organic co-ordination compounds are
concerned, their unusual dielectric, ferroelectric and second order non-linear optical
(NLO) properties are currently considered as one of the important issues [10, 11].
These properties find applications in the areas of optical communication, signal
processing, light modulators, random access memories and switch-able NLO devices.
Ferroelectric and multiferroic behaviour has also been reported recently by many
researchers in metal-organic compounds [12-15]. Recently, another potential property
of metal organic coordination compounds, conductivity behaviour and in particular
proton conductivity has begun receiving attention. This attention comes in part from
fundamental scientific interest in ionic conductivity [16, 17].

In the class of metal-organic coordination compounds, the rare-earth
coordination compounds are potential candidates which besides showing ferroelectric
properties have the ability to incorporate both photoluminescent centers and magnetic
properties, thus, making them ideal for developing new multifunctional materials [18-
20]. They find wide applications such as in high temperature superconductors, lasers,
high strength permanent magnets etc [21]. An important modification in structural and
magnetic properties can be obtained in the co-ordination compounds by the addition
of small amount of larger ions such as rare-earth ions in them [22]. The
photoluminescent properties of rare-earth compounds have been fascinating
researchers for decades [23-27]. The important thing to be noted is that the emission

colour depends on the rare-earth ion and is highly independent of the environment of
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a given lanthanide ion. So, the rare-earth compounds can be meant for promising
light-emitting materials. For example, the devices emitting blue light are based on Tm
compounds [28], the devices emitting reddish-orange are based on Sm compounds
[29, 30], the devices emitting white are based on Dy compounds [31], and the devices
emitting near-infrared are based on Er [32], Nd [33], and Yb [34] compounds. The
metal organic coordination compounds of rare-earths have been expected to show
some new properties for the functional materials in contrast to those simple inorganic
coordination compounds. For example, some compounds containing Eu or other rare-
earth ions can absorb excitation energies due to the co-ordinated ligands, and the
energy transfer process from the ligand will excite rare-earth-ions to give the
anticipated luminescence emission [35]. The luminescence in the visible domain has
been reported as a result of an energy transfer between the ligand and the rare-earth
ion [36, 37]. The near-infrared (NIR) luminescence studies from lanthanide ions have
been greatly influenced by two significant applications for telecommunication and
imaging of biomedical assays due to the development of optical fibers [38- 43].
Among the rare-earth compounds, rare-earth oxides are interesting materials for their
significant physical and chemical properties [44, 45]. The most important functional
materials based on rare-earth oxides are phosphors [46], catalysts [47] etc. The oxides
of mixed rare-earth coordination compounds constitute a wide and very important
class of materials due to their huge technological significance in several fields like
optical [48] and superconductive applications [49], as well as for solid oxide fuel cells
[50, 51].

As far as the theoretical investigations of metal-organic coordination
compounds are concerned, the structural, electronic and magnetic properties of two
dimensional metal organic coordination networks have been studied by abinitio
methods like density functional theory (DFT) calculations [52]. For isnstance, lattice
dynamics of metal organic framework has been investigated by first principles
calculations [53]. The study of dipole layer formation at the metal-organic interface
using first principles DFT calculations is also reported in the literature [54]. The first
principle theoretical investigation of spin-polarized quantum transport in organic
magnetic tunnel junction is reported [55], in which two different magnetic tunnel
junctions are formed by sandwitching the organic radicals between two Ni-electrodes.

On the basis of DFT calculations, existence of linear magnetism in the metal organic
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framework materials is also reported [56]. Exotic magnetic properties have received

much attention in experimental and theoretical studies [57-59].

1.3 Significance of the present study

Keeping in view the physical properties of rare-earth coordination compounds it was
thought worth while to study the growth and characterization of pure and mixed rare-
earth fumarates. The crystals were grown by a very simple silica gel technique. The
grown crystals were found to be thermally more stable than transition metal
compounds and were found to have the ability for developing new multifunctional
materials. Since the choice of metal and the linker dictates the structure and the
properties of the compounds, therefore, in the present study, fumaric acid was used as
a ligand for the growth of pure and mixed rare-earth co-ordination compounds. The
dicarboxylate groups of fumaric acid can act as both monodentate and multidentate
ligands. In the present study, fumaric acid acted as mono and bidentate ligand which
can allocate as much donor atoms as possible to facilitate a high degree of
chelatization or bridiging with the metal ions and can be used to achieve luminescence
quenching. A study of literarture reveals that the dicarboxylates of rare-earth and
transition metals have emerged as an important class of materials possessing novel
properties such as magnetic, optical and electrical conductivity [60-62]. Besides, the
fumaric acid as well as its isomer, maleic acid, have been used for the production of
polymers and in the construction of 3D framework structures [63-66]. Some of the
fumarate compounds have shown to exibit luminescent [64], magnetic [67] and
dielectric properties [68]. In past few years, there has been a considerable interest in
growing the coordination compounds of mixed metals. In principle, such materials
might exhibit novel physical properties such as protonic conductivity, ferroelectricity,
luminescence and interesting magnetic behaviour resulting from interactions between
two different magnetic elements [69-72].

So far as Eu** and Tb®" ions are concerned, a class of efficient light conversion
molecular devices (LCMD) has been formed by the compounds of these ions. These
compounds contain one or more ligands which can absorb strongly in the near UV
region and were first invoked by Wiessman [73] to describe the strong luminescence
of certain organo-europium compounds. Later on, such a phenomenon was observed

and studied by several other authors [74-76]. In the present study, fumaric acid which

6



was used as an organic ligand has also strong absorption band in it. Therefore, more
light can be absorbed by it than by the lanthanide ion itself, the energy absorbed by
the ligand can effectively transfer to Th**, thus the luminescence efficiency of Th**
ions is enhanced [77]. The ligand to metal ion (Tb**) energy transfer can take place
by the antenna effect as also reported in the literature [36, 37]. The intensity of energy
transfer could increase manifold in case of hetero lanthanide compounds. As such, in
the present study, mixed gadolinium-terbium fumarate heptahydrate was grown to
improve terbium emission. In this way second rare-earth ions are expected to be
introduced into the compounds and more luminescent materials could be obtained.
The maximum transmission of the grown crystals in their visible part of the spectrum
suggests their suitability for laser and luminescent materials. For the grown materials,
the maximum absorption shown near-UV range was observed and therefore, for the
physics point of view, their band gap energy was calculated.

As far as the dielectric study of the grown crystals is concerned, it is an
important part of materials characterization, because it does not only throw light on
the materials behaviour under the influence of applied electric field but also on its
applications. The crystals grown in the present study have shown dielectric anomaly
with temperature. Torres et al [78] have observed two phase transitions in the
cadmium tartrate crystals, one due to structural changes and the other due to loss of
water molecules. Very interestingly, some metal organic frame works that contain
interconnected nanopores or tunnels where movable polar molecules are loosely
bound have reported to show interesting dielectric behaviour [79, 80]. The dielectric
constant and dissipation factor of a material is one of the key parameters for device
design in nearly all fields of modern electronics, particularly for the engineers in their
design of microelectronic equipments. The physicists, on the other hand, are more
interested in the microscopic processes responsible for the dielectric relaxation. For
studying the polymer structure, the study of dielectric constant and dielectric loss
factor, as a function of temperature and frequencies is one of the most convenient and
sensitive methods [81]. The dielectric properties (dielectric constant and dielectric
loss) of a number of polymers have been investigated in last two decades [82-87]. In
the field of opto-electronics and micro-electronics, very recently, a great deal of
interest has been shown in the study of the dielectric and conduction behaviour of
materials [88-90].



During the last few years, a number of efforts were made by researchers to find
out new solids with high ionic conductivity for industrial applications, such as solid
state batteries, fuel cells, sensors, etc [91]. The materials grown in the present work in
addition to dielectric behaviour have also shown protonic conductivity. The ac
conductivity of as-grown crystals obey the Jonscher's power law relation; o (o) = oo+
Aw®, with the temperature dependent power exponent s < 1, [92]. As far as the
electrical conductivity in solids is concerned, there are generally two types of carries:
ions and electrons. lons are relatively massive and their transport is often described by
a “hopping” mechanism of the ion from site to site. The incorporation of carboxylic,
sulfonic, or phosphonic acid species act as channel-accessible functionalities on
framework linkers [93]. Owing to the use of electrolyte for low and intermediate
temperature fuel cells, proton conducting materials are currently attracting significant
interest. The proton being the only ion, may be expected to form and be mobile in
molecular organic solids and may play an important role in intramolecular biological
processes. The direct application of solid state proton conduction occurs in the
situations where there is a requirement to transmit hydrogen across some intervening
barrier. Such a phenomenon occurs in fuel-cell technology with H , | O , cells where
the materials with good proton-conducting ability, however, blocking the electrons
and insoluble in water, would be of great value [94]. The literature survey unfolds the
proton transfer in photosynthesis, where a primary process involves proton liberation
and migration across a membrane in a number of specific biological processes [95-
97].

The magnetic properties of the rare-earth metals can be understood in the
angular momenta of the 4f level of the atoms. The magnetic properties of the rare-
earth metal ions are given by the ground state; therefore, their magnetic moments are
essentially not influenced by their chemical environment. As for as the crystals grown
in the present work are concerned, their magnetic susceptibility was found to be
consistent with many lanthanide complexes as reported in the literature [98-101].

In the present work, growth and characterization of pure and mixed rare-earth
fumarate heptahydrate single crystals is reported. The crystals grown in the present
work have shown dielectric, conducting behaviour, good thermal stability, non-
isothermal Kinetics, magnetic and optical behaviour which are being discussed in

different chapters of the thesis.



CHAPTER- 2

An overview of crystallization and crystal growth
techniques

2.1 Introduction

Crystal growth is either a homogeneous or heterogeneous chemical process involving
solid, liquid or gas, whether individually or together, to form a homogeneous solid
substance with three dimensional atomic arrangements. For the growth of crystals,
some driving force is required and therefore a number of techniques have been
developed and employed for it. The conditions in any given system change according
to the laws of thermodynamics in such a manner that the free energy in the whole of
the system decreases. As a result of decrease in free energy associated with the
crystallization process arrangement of atoms or molecules is promoted in the form of
the growth of crystals. The difference A p = p m- it ¢, between the chemical potential
u m of a melt, solution, or a vapour phase (the growth medium) and the chemical
potential p ¢ of the crystalline phase becomes a driving force for the crystal growth.

If the growth medium is a melt, the molten and crystalline phases co-exist in a stable
state if the system is at the melting point Tr,. And, if the temperature falls below Ty,
crystals begin to grow. Thus, the level of super cooling AT = Ty, — T, becomes the
driving force for the crystals to grow. The relationship between the level of super
cooling AT and A, can be expressed as follows:

Ap=LAT/Tn (2.1)
Here, L is the latent heat of melting.

In case, where the growth medium is a vapour, the crystals will grow when the vapour
pressure p is higher than the equilibrium or saturated vapour pressure pe, and then the

level of supersaturation ¢ = (p — pe) / p. becomes the driving force for the crystal
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growth. The difference in chemical potential between the vapour phase and the crystal
phase based on vapour pressure can be expressed as follows:
Ap=kTlog (p/pe) (2.2)
The relationship between A pand the level of supersaturation ¢ can be expressed as
follows:
Au=kTlog(l+to)~kTo (2.3)
Here, k is Boltzmann’s constant.

When the growth medium is a solution, the threshold concentration of solutes
that can be dissolved into the liquid is used as the criterion. The level of
supersaturation ¢ = (C — C¢) / Ce, can be defined as the driving force, where C, is the
concentration of saturated solution and C is the actual solute concentration. The
relationship of the chemical potential differences between the solution phase and the
crystal phase can be expressed as follows:

Apn=KkTlog (C/Ce) (2.4)
Au=kTlog(lto)~kTo (2.5)
For a typical crystal growth experiment, the supersaturation ¢ becomes positive by
lowering the system temperature to decrease the concentration C. of the saturated

solution instead of increasing the concentration C.

2.2 Crystal growth techniques

Different methods of crystal growth classified on the basis of their phase
transformation [102-104], are as follows:

Growth from solid phase involves solid-solid phase transformation.

Growth from melt phase involves liquid-solid phase transformation.

Growth from vapour phase involves gas-solid phase transformation.

Growth from solution phase involves liquid-solid phase transformation.

2.2.1 Growth from solid phase

In this technique, the single crystals can be grown from the polycrystalline mass of a
particular matter. Normally, the straining of the material and its subsequent annealing
is done for crystallization. The large sized metallic crystals have been grown by this
method [105]. The main advantage of this technique is that the growth can take place
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at a temperature without the presence of any additional component. But, it is difficult
to control nucleation as the growth takes place in the solids where the density of
nucleation sites is high.

2.2.2 Growth from vapour phase

This technique of crystal growth is usually employed for the materials of which
suitable solvents are not readily available and have high vapour pressure at ambient
conditions. It primarily involves three stages: vaporization, transport and deposition.
The deposition of vapour can occur by condensation or chemical reaction. This
method was initially used to grow bulk crystals but with the enormous importance of
thin films in electronic and metallurgical applications, the method is now widely used

to grow thin films particularly in the field of semiconductor technology [106].

2.2.3 Growth from solution phase

This technique can be further classified as:
(i) Melt growth

(ii) Solution growth

(iii) Gel growth

2.2.3.1 Melt growth technique

This technique is certainly the most popular technique of growing large single crystals
at relatively high growth rates (~ cm/hr). The basic conditions required for the growth
of crystals by this method are:

1. The material must melt congruently i.e. there should be no change in composition
during melting.

2. The material must not decompose before melting.

3. The material must not undergo a solid state phase transformation between melting
point and room temperature.

A number of techniques have been developed for the growth of crystals of a
material from its melt. These techniques include Verneuil, Czochralski, Bridgman etc.
Out of these the earliest melt technique used to grow crystals was described by
Verneuil in 1902, [107].
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2.2.3.2 Solution growth technique

This is one of the oldest crystal growth techniques in which crystallization takes place
when the solution becomes critically supersaturated. The supersaturation can be
achieved either by lowering the temperature of the solution or by slow evaporation. In
this method the crystals grow from a solution well below its melting point. This may
help in growing crystals even at room temperature and will turn to be more

advantageous [108].

2.2.3.3 Gel growth technique

Though, there are so many methods for growing crystals, none of them can be called
as an ideal method. For instance, yttrium iron garnet (Y1G) does not melt congruently,
CaCOg3 and SiC decompose before they melt and SiO, undergoes a solid state phase
transformation between the melting point and room temperature, thus, the single
crystals of these materials can not be grown from the melt. Crystallization of
substances having low solubility cannot be achieved by conventional slow-cooling,
solvent evaporation or temperature differential methods. In these cases extremely high
super-saturation develops readily which results in the formation of microcrystalline or
amorphous precipitates. As such, gel diffusion technique using the chemical reaction
at a controlled rate is the most suitable technique for growing these crystals. The rare-
earth fumarates showing very poor solubility in water (solubility of fumaric acid is
just 6.3 g/l) can, therefore, be grown by gel diffusion technique. They decompose
before melting and do not vaporize or sublime. The necessary precise control over the
super saturation in gels is goverened by controlling the flux of the inter diffusion pair
i.e. by varying temperature, concentration gradient and solvent viscosity. This is the
basic principle of gel growth technique for the growth of crystals of virtually
insoluble materials [104]. Gel growth method is well described by Henisch [109,
110], Arora [111], and Patel and Venkateswara Rao [112] as well as by Lefaucheux
and Robert [113].

The crystal growth has been correctly quoted in a different manner by Gilman
[114] in his famous book “The Arts and Science of Growing Crystals” as, “The
Systematic production of artificial Crystals might be viewed as a new agriculture that
has began flourish. The new agriculture consists of growing solid crystals from a

nutrient phase (gas, liquid or solid). To start the growth process, the nutrient is often
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‘seeded” with small crystal to be grown, and some workers speak of reaping the
harvest after a certain length of time.” There are some other well written books
available on the subjects like, fundamentals of crystal growth [115]; different crystal
growth techniques, their theories, characterization, applications [116-120] and
understanding the growth mechanism [121]. Very recently, a handbook of crystal
growth was also published [122]. Even some books are available with wonderful
photographs of crystals [123].

Since, in the present work the growth of pure and mixed rare-earth fumarates
was accomplished by gel diffusion technique; therefore the details of other growth
technique are avoided hereby. The gel growth technique is relatively simple, in
expensive and a versatile technique. It is an alternative technique to solution growth
with controlled diffusion and the growth process is free from convections. Crystal
growth in gels has recently gained the interest because of its suitability to grow
crystals of biological macromolecules and in the studies involving bio mineralization.
Fisher and Simons made an early claim to the effect that “gels form an excellent
media for the growth of crystals of almost any substance, under absolutely controlled
conditions” [124].

The subject of crystal growth in gels is not new but has become more popular
since the beginning of 1900, when the famous Liesegang Rings formed the main
subject of interest for the works of Liesegang [125], Bradford [126] and Holmes
[127]. This has attracted the attention of a well known German chemist Ostwald [128]
and Lord Rayleigh [129]. Among the earlier workers, Hatscheck [130] has worked
primarily with (5-20 %) gelatin and (1-5 %) agar gels. Later on, Henisch et al. [131]
described a method for growing single crystals from silica gels and also explained all
aspects of gel growth techniques in detail in his book [132].

It is pertinent to mention here that the gel growth technique has attracted the
attention of various workers for different reasons. Gel growth technique has been used
to grow steroid crystals [133], to mimic the growth of urinary stone crystals in vitro
and study inhibition and dissolution behaviour in presence of herbal extracts and some
juices as well as crystals responsible to arthritis. It has been used to grow the crystals
at ambient temperature for technologically important non-linear optical material
crystals [134]. The crystal growth methods differ with the nature and properties of the

materials. Among the various crystal growth methods, the gel growth technique draws
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considerable interest because of its simplicity. This method is based on controlled
diffusion of reagents in the gel. The gel growth method offers a significant advantage
for the materials with poor solubility in water and which decompose before melting
and do not vaporise or sublime on heating [135]. The gel technique has been used by
several researchers to grow materials of great interest in the form of single crystals
and polycrystals in solid state science for technological point of view and to determine
the effect of suitable substitution on their characteristics [136-139].

2.3 Nucleation in gel

Free energy barrier is a major burden,
Transformation cannot happen without aid.
The question is what can we do to make it happen?

The answer is something has to nucleate.

In the beginning there was incubation.
The question is “when we will get to steady state?”
Patience will lead to further fluctuations.
Then nuclei will show and grow at a steady rate.

-L.1. Preston (2002)

The process of crystallization occurs basically in two steps, namely, nucleation and
crystal growth. Nucleation is the step where the solute molecules dispersed in the
solvent start to gather into clusters on the nanometer scale, as a result of which the
solute concentration in a small region gets elevated. The stable clusters of critical size
constitute the nuclei called the crystal nuclei and if the clusters are not stable, they get
re-dissolved. For the stability of crystal nuclei, the clusters should reach a critical size
‘re’ [105]. At the stage of nucleation, the next step is the crystal growth where nuclei
grow larger by the deposition of solute molecules or growth units, which break
whatever bonds they have with the crystallizing or super-saturated solution and make
new bonds with the crystals. The atoms arrange in a defined and periodic manner

resulting the formation of crystal structure. The growth of crystals means a regular
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addition of solute molecules or growth units from a supersaturated solution onto the
crystal faces, which subsequently grow to visible size. Therefore, the solution
concentration is depleting while the size and weight of the crystals increases. The
nucleation and growth are only possible when the solution is either supersaturated or
super cooled. Nucleation may occur spontaneously or it may be induced artificially.
The nucleation which occurs spontaneously is called the homogenous nucleation and
the nucleation which is induced artificially is called the heterogeneous nucleation.

Homogenous nucleation rarely occurs in practice. It occurs in a crystallizing
solution in the absence of solute crystals or seed crystals and takes place at relatively
very high super saturation. A super saturated solution is not in equilibrium and there
are fluctuations in local concentrations which give rise to the formation of small and
unstable molecular aggregates. These molecular aggregates are called the clusters
which are continuously forming and falling apart. It is assumed that the clusters are
formed by addition mechanism of growth units. As the addition continues, the cluster
grows until a critical size is reached. Clusters of critical size can be formed in
supersaturated solutions wherein the size is inversely dependent on the level of super-
saturation. Higher the super-saturation smaller is the critical size of the cluster. The
homogeneous nucleation requires a very high level of super saturation, therefore, its
occurrence is practically rare and in most situations heterogeneous nucleation takes
place before reaching conditions suitable for homogenous nucleation.

Heterogeneous nucleation usually takes place on small particles, like dust,
impurity molecules or any foreign substrate. Under heterogeneous conditions, due to
the presence of some foreign bodies, the formation of nucleus takes place at a less
energy than that under homogeneous conditions. It has been postulated that the
difference in energy requirements for both the two cases is related to the wetting angle

‘0’ between foreign surface and the nucleus by the relationship as:

_ [(2+cosB8)(1—cos6)2]

AG Homogeneous— 4 AG Heterogeneous (26)

The above =n. implies that:
1. For complete non wetting of liquid—solid system, 6=180° the overall free
energy of nucleation is the same as that required for homogeneous or

spontaneous nucleation.

15



2. For partial wetting of solid-liquid system 0 < 0 < 180°, the nucleation is easier
to achieve because the overall excess free energy required is less than that for
homogeneous nucleation.

3. For complete wetting, 6=0, the free energy of nucleation is zero, which means

that spontaneous nucleation could take place.

2.3.1 Classical theory of nucleation

The classical nucleation theory was put forward by Volmer and Weber [140] by
considering the total free energy for a group of atoms. The embryos which are small
clusters of molecules are formed as a result of fluctuations in a supersaturated
solution. The change in free energy causes these embryos to grow into stable nuclei.
If AG is the free energy change between the solid and liquid, the free energy of the
system decreases by this amount for each unit volume of the solid created. But at the
same time the free energy is increased by an amount equal to the interfacial energy o,
for each unit area of the solid-liquid interface formed. Therefore the change in Gibbs
free energy associated with the formation of a spherical embryo of radius ’r’ is given
by the relation:

AG = 4o - % P AG,  (2.7)

Fig. 2.1 shows the graphical representation of the formula in which the contribution
due to surface and volume to the free energy changes are represented. The surface
energy term increases with r? and the volume energy term decreases with r°. The net
free energy change increases with the increase in size, attains a maximum and
decreases for further increase in nuclear size. The size of the nucleus corresponding to
the maximum free energy change is known as the critical nucleus. If the size of the
nucleus formed is below the critical dimension, there is no further growth possible
and it will re-dissociate into the mother system. This maximum value of the free

energy, AG*, corresponds to the critical nucleus of radius, r*, which is obtained by
maximizing equation 2.7, setting % AG =0, that is
d _a 2 43 —
. AG= = (4nr'c ST AGV)=0 (2.8)
: . . 2
Hence, the radius of the critical nucleus is expressed as r* = = (2.9

AGy
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It is worth noticing that, r* decreases with increase of AG,, i.e., with supersaturation
or supercooling. The activation energy necessary for nucleation can be calculated by

substituting r* in equation (2.7).
16mo3
3AG2

AG*= (2.10)

kTInS

Using Gibbs-Thomson relation AG,= in the equation (2.10), we get

_ 16ma3Q?
AG*= S (KTIns)? (2.11)

where, Q is the molar volume, k is Boltzmann’s constant, T is the temperature and S

is the degree of supersaturation.

Interface fre

AG

ree energy
radius

Figure 2.1: Free energy diagram for nucleation explaining the existence of a critical nucleus.

(Courtesy: Wikipedia, the free encyclopedia)

The number of nuclei formed per unit volume per unit time is called the rate of

nucleation, and it can be expressed as:
—AG*
J = Joexp |~ (212)
By substituting = n. (2.11) in =n. (2.12), we get
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—16ma3 Q?
J=Joexp [3(len52)kT]
—16ma3 Q?
Or J=Joexp [3k3T3(lnS)2)] (2.13)

where, J, is a pre-exponential numerical factor. Equation (2.13) shows that the
temperature, degree of supersaturation and the interfacial energy govern the

nucleation rate.

2.3.2 Nucleation control in gel
In a gel system, it is desirable to suppress nucleation so that only few crystals will
grow. There are some methods which control nucleation in gel to some extent, which
are:
1. Using suitable reactants of various concentrations
2. Optimization of gel density and ageing of gel
3. Concentration programming
4. Changing of temperature
5. Use of a neutral gel

Out of the different combinations used for obtaining the product crystals only a
few are found to be suitable to achieve controlled nucleation. It is reported that
nucleation rate is reduced using different combination of reactants to produce various
crystals [141, 142]. It is possible to change the gel structure and reduce the nucleation
rate by changing the gel density, gel pH and gel ageing [143]. The increased gel
density and gel pH decreases the nucleation rate, but the final crystals are of poor
quality. However the gel ageing also reduces the nucleation rate without affecting
their quality. For the neutral gel we use a U-shaped tube and pour the two reactants in
the two limbs of the tube. The neutral gel will slow down the reaction between the
reactants and hence reduce the number of nuclei. This method was first used to grow
single crystal like lead and thallous and cuprous oxide [144]. And in concentration
programming, the concentration of the diffusing reactant is initially kept below the
level at which nucleation just occurs and is then increased gradually in small steps.
With very dilute reactants the amount of material diffused through the gel is small and
hence smaller is the super-saturation rate. Under these circumstances, a few nuclei are

formed. As the concentration is increased further the growth of the existing nuclei is
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preferred to the formation of additional ones. Crystals grown by this method are more

perfect and larger than those grown otherwise [145].

2.3.3 Mechanism of gelling

Gels are two component media with water molecules soaking a porous flexible
polymer network and the gelation process corresponds to the setting of a polymeric
cluster stretching over the whole volume of the solution. This process is irreversible
for the chemical gels such as silica gel but reversible for physical gels, like gelatine or
agar gels. The gelation time may vary from few minutes to many days, depending on
the nature of the material, its temperature [146], history and the pH of the gel solution
[145]. Among different gels, silica and agar gels have been commonly used because
their porous network permits the diffusion of several ions and even some large
polymers. In case of silica gels, when sodium meta-silicate is dissolved in water,
mono silicic acid and sodium hydroxide are produced as per the following reaction in
which the mono silicic acid polymerize with the liberation of water.

Na,SiOs+ 3H,0  —  H,SiO4+ 2NaOH

OH OH OH OH OH OH

| | | | | |

OH—Si— 0 —8i— 0 —8i— 0-— Si—0—S8i— O —5i ----mee-

O O G O O O

OH OH OH OH OH OH

Figure 2.2: Gel structure

The hydrogen ion concentration i.e the pH plays a vital role for the process of
gellation. During polymerization two types of ions are produced, viz. H3SiO, and
H,SiO4", whose relative amounts depend on pH. The formation of more reactive

H,SiO," is favoured at high pH values. However, higher charge implies a greater
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degree of mutual repulsion. H3SiO, is favoured at low pH values and is responsible
for the sharp increase in viscosity. The process of polymerization continues, until a
three-dimensional network of Si-O links is established as shown in Fig. 2.2.

2.4 Crystal growth methods in gels

Based on the nature of the chemical reactions and physical changes involved during
the growth process crystal growth methods in gels fall into the following classes
[147]:

* Chemical reaction method

* Chemical reduction method

* Complex dilution method

* Solubility reduction method

» Electrolytic Method

2.4.1 Chemical reaction method

The chemical reaction method is particularly used for the growth of materials which
are insoluble in water and decompose before melting. Here, two soluble reactants are
allowed to react inside the gel medium by incorporation of one of the reactants
(lower) in the gel, whereas the other reactant (upper), which is used as the
supernatant, diffuses into the gel medium as shown in Fig. 2.3. The simplest method
IS to incorporate one component in the gel prior to gel setting [148]. The reaction
inside the gel leading to the formation of an insoluble or sparingly soluble crystalline
product can be represented as:

AX;+ BX,— AB+ X1 X,

where, AX; and BX; are two water soluble compounds which on reaction give rise to
AB the insoluble substance and X;X; as the waste product which should be well
soluble in water. When the concentration of the reaction products AB exceeds the
solubility product (Ks,) homogeneous nucleation takes place. Gel method is used to
provide an environment that is advantageous for growth by reaction because K s, need

only be exceeded in a local region where it is desired.
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One of the alternative methods is the use of neutral gel. The simplest technique
for this is to employ U-tube method. Here the neutral gel is formed in the horizontal
portion of the U-shaped glass tube as shown in Fig. 2.4. The two solutions AX; and
BX, are poured over the set gel in the two limbs of U-tube. The two solutions, after
diffusing slowly into the gel medium, react chemically and subsequently result into
the formation of crystals in the horizontal portion of gel column. This technique can
also be adopted to crystallize compounds which have poor aqueous and organic

solubility (uric acid and cystine) using the displacement reaction method [149, 150].

2.4.2 Chemical reduction method

The metallic crystals, such as Cu, Au, Co and Ni are particularly grown by this
method. In this method an aqueous solution of a reducing agent is slowly allowed to
diffuse through the gel incorporated in a metallic salt, where the chemical reduction

takes place and the formation of metallic crystals take place [112].

2.4.3 Solubility reduction method

Generally in this method the crystallization of highly water-soluble substances take
place. The material to be grown is incorporated in the gel before gelation and then a
supernatant solution to induce the crystallization is used to reduce the solubility of the
substance (solute). Compounds which have low aqueous solubility can also be
crystallized using this technique. The compounds having low aqueous solubility
(Steroids) have been crystallized using this technique by reducing the water content in
the gel by incorporating an organic solvent [112]. During this process of
crystallization, crystals can be observed in the supernatant solution above the gel due
to the reverse diffusion of the precipitating solvent [151].

2.4.4 Electrolytic method

In electrolytic method the metallic crystals can be grown by selecting the gel medium
for controlled growth. In this method a very low d.c electric current of the order of 2-
10 mA, is passed through a silica gel charged with suitable acid or electrolytic
solution. Copper dendrites [152] and silver dendrites and single crystals [153] have

been grown using this electrolytic technique.
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2.5 Crystal habit

Crystals with different habits are important both commercially and also in studying
their physical properties. Therefore, in gel growth technique, crystals with different
habits can be grown by changing different growth parameters, such as, concentration
of feed solutions, crystallization temperature and gel structure etc. The temperature of
the growth has pronounced effect on habit of crystals.For example, in case of
strontium sulphate, all crystals grown at about 35 °C exhibited {011} and {102} as
their habit faces, whereas the crystals grown at about 20 °C developed {022} habit
faces in addition to {011} and {102} faces [153]. McCauley and Gehrhardt [154]
observed that during the growth of neodymium carbonate, sodium carbonate
incorporated gel enhanced the formation of dendrites and spherulites, while

neodymium chloride incorporated gel favored the growth of rhombic plates.

2.6 Advantages and drawbacks of gel growth technique

The gel method of crystal growth has following advantage over the other methods of
crystal growth and for this reason it is believed that the gel growth method can prove a
significant role in the development of good quality single crystals.

1. Crystallization of the substances having extremely low solubility can be achieved
by this method.

2. Since the gel growth proceeds at ambient temperature, the grown crystals would
contain relatively less concentration of equilibrium defects.

3. Gels being usually optically transparent, as such the crystal growth can be
monitored regularly.

4. Gel is soft and it yields a suitable environment for growing crystals.

5. Crystals of different morphologies and sizes can be obtained by changing the
growth parameters.

6. Gel medium considerably prevents convection currents and turbulence.

7. All nuclei are spatially separated.

8. This method has the ability to control the rate of reaction required for
crystallization of

a particular material.
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9. As this method is extremely simple and inexpensive, good quality of single crystals
can be grown even in small laboratories, which do not possess sophisticated
instrument.

Besides the above advantages, the gel growth method suffers from the following
drawbacks or disadvantages.
1. Growth period is usually very long.
2. The gel growth method has proved much less fruitful in growing large sized
crystals, because it is extremely difficult to avoid local super saturations sufficient to
initiate spontaneous nucleation.
3. The chance of lattice contamination by impurities from the gel itself is profusely
increased.

4. The yield of crystals grown by gel methods is low.
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CHAPTER-3

Characterization techniques - A brief review

3.1 Introduction

The crystals are grown to understand their scientific and technological usefulness.
After the process of growth, it becomes impossible for us to understand the properties
and applications of a material unless their characterization is made. The process of
understanding their composition, structure and morphology is called characterization.
The characterization is an important process to identify physical and chemical
properties of a material and is essential for the proper selection and implementation of
substances when used in industrial and scientific applications. Since only one method
is not sufficient to characterize a material, therefore, the golden rule of materials
characterization is to apply numerous methodologies. The grown crystals in the
present work have been characterized using various physico-chemical techniques
which include Microscopy Techniques, X-ray diffraction (XRD), Energy Dispersive
Analysis (EDAX), Thermal-analysis (TGA/DTA), Carbon Hydrogen and Nitrogen
analysis (CHN), Fourier Transform Infrared Spectroscopy (FTIR), Ultraviolet and
Visible Spectroscopy (UV-Vis), Photoluminescence (PL) Spectroscopy, Vibrating
Sample Magnetometery (VSM) and Electric Impedance Spectroscopy.

3.2. Characterization techniques

3.2.1 Optical microscopy

An optical microscope consisting of an objective lens and an eyepiece is the simplest
microscope. The system of objectives and eyepieces usually consist of two or more
lenses to correct for lens aberrations. The real image formed by the objective lens is
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magnified by the eyepiece. The system of two lenses is maintained at a fixed distance
and focusing is achieved by moving the whole assembly, up and down for well
resolving of the sample. Since resolution is the smallest separation of two points that
are visible as distinct entities and the resolving limit of the light microscope is 0.2 um.
For the optical studies of the grown sample, we used a polarising light microscope
available in the solid state research laboratory (Department of Physics), University of
Kashmir, Srinagar.

3.2.2 Scanning electron microscopy

A scanning electron microscope (SEM) is a type of a microscope that images a
sample by scanning it with a beam of electrons in a raster scan pattern. It is used to
find the average crystallite size and the surface morphology of a sample. From the
original von Ardenne equipment [155], an improvement of the resolution has been
made from 50 nm in 1942 to 0.7 nm, today. It is based on the principle of interaction
of electrons generated from X-ray tube with the surface of the sample. The incident
electron beam hitting the material surface results the emission of electrons from the
specimen in the form of backscattered electrons (BSEs) and secondary electrons
(SEs), X-rays, heat and even transmitted electrons. The secondary electrons having
low kinetic energy of the order of 50 eV are fed to the detector which converts them
into a signal to study of the surface morphology of the materials on the picture tube of
a television screen. The test sample is earthed to avoid the accumulation of spatial
charge, which can spoil the SEM image. The electron beam and the cathode ray tube
scan synchronously so that an image of the surface of the specimen is formed and its
photograph is taken. For the materials grown in the present study Hitachi S-3000H
electron microscope was used to do their SEM studies. For making the crystalline
samples conducting they were coated with gold using a Bal-Tec SCD004 sputter
coating. Both the apparatus are available at the University Instrumentation Centre

(USIC), University of Kashmir, Srinagar.

3.2.3 Powder X-ray diffraction
X-ray diffraction is the most important methodology used in the characterization of
the materials to study their structure, phase and other structural parameters, such as

average grain size, crystallinity, strain, and crystal defects. As the physical properties
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of solids (e.g electrical, optical, magnetic, ferroelectric, etc.) depend on atomic
arrangements of materials, therefore, the determination of the crystal structure is a
vital part of the materials characterization. X-rays are used to produce the diffraction
pattern because their wavelength X is typically of the same order of magnitude (1-100
A) as the spacing d between planes in the crystal. The basic principle for X-ray is that
for a fixed wavelength (L), constructive interference takes place for a fixed set of
atomic planes with interplaner distance (d) at an angle of incidence (0), when
conditions satisfy Bragg’s law of diffraction 2dsinf= nA [156], where n is the order of
diffraction.

In powder X-ray diffraction method the sample is ground to a fine powder and
each particle of the powder behaves as a tiny crystallite, oriented randomly with
respect to the incident beam. A number of particles are expected to be oriented in such
a way to satisfy the Bragg’s diffraction condition when X-ray beam produced in an X-
ray tube is directed on the sample. X-ray diffraction peaks are produced by
constructive interference of a monochromatic beam of X-rays scattered at specific
angles from each set of lattice planes in a sample. The peak intensities are determined
by the atomic arrangements within the lattice planes. Each crystalline solid has unique
atomic architecture and consequently has a unique characteristic X-ray powder
pattern. These patterns can be used as fingerprints for identification of solid phases.
Once the material has been identified, X-ray crystallography may be used to
determine its structure, i.e. how the atoms pack together in the crystalline state and the
size and the shape of the unit cell, etc. Powder X-ray diffraction analysis of grown
crystals in the present work was obtained using a Bruker D8 advance X-ray
diffractometer with Cu Ka radiation (A =1.5406 A)

3.2.4 Single crystal X-ray diffraction

Single crystal X-ray diffraction is the most authentic crystallographic technique which
gives detailed information about the crystalline substances. This technique is most
commonly used for precise determination of a unit cell, including cell dimensions and
positions of atoms within the lattice. Bond-lengths and angles are directly related to
the atomic positions. The size of the crystal required for analysis should be less than
1mm®. In single crystal X-ray diffraction, molybdenum is the most common target,

with MoK, radiation = 0.7107 A. The X-rays produced are collimated and directed
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onto the sample. When the geometry of the incident X-rays impinging the sample
satisfies the Bragg Equation, constructive interference occurs. A detector records and
processes this X-ray signal and converts the signal to a count rate which is then output
to a device such as a printer or computer monitor. Since only one crystal is involved
in this technique, the patterns obtained are spot patterns and not line patterns as in
powder X-ray diffraction. These patterns contain much information about the size and
shape of the unit cell or repeat unit of the crystal from the relative positions of the
diffracted beams in space. Crystal structures can be solved by analysing the intensities
of diffracted X-ray beams. Also, the arrangement of atoms within the unit cell is

obtained from the relative intensities of the diffracted beams.

3.2.5 Energy dispersive X-ray analysis

Energy dispersive X-Ray analysis (EDAX) or Energy dispersive X-Ray spectroscopy
(EDS) is an analytic technique used to determine the chemical composition of a
material. This method is a non-destructive method and gives immediately record of all
elements having Z > 11. When the sample is bombarded by an electron beam,
electrons are ejected from the atoms comprising the sample’s surface. The resulting
electron vacancies are filled by electrons from the higher states, and an X-ray is
emitted to balance the energy difference between the two electron’s states. EDAX
technique detects the X-rays emitted from the sample and the energy of the X-rays is
strictly related to the atomic number of the elements excited. Hence the constituents
of the specimen can be determined. The intensity of the emitted X-rays will be
proportional to the concentration of the elements in the sample. The X-ray energy is
characterization of the element from which it is emitted. The EDAX spectrum is a
curve between binding energy and intensity of emitted photoelectrons. The peak
heights are the measure of the quantity of the concentrated elements incorporated in
the specimen. The comparison of the EDAX peaks of two elements in a sample gives
an approximate proportion of the elements present. During the present investigation,
an energy dispersive spectrometer (OXFORD ISIS-300 system) was used to identify
the presence of terbium and oxygen in the grown crystals by determining the atomic

as well as weight percentage of terbium and oxygen atoms in the grown crystals.
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3.2.6 Carbon Nitrogen and Hydrogen (CHN) analysis
The elemental analysis of Carbon, hydrogen and nitrogen is the most essential so as to
prove the elemental composition in an organic sample or a sample containing organic

ligands. In its simplest form, simultaneous CHNS analysis requires high temperature

combustion (furnace at ca. 1000 0C) in an oxygen-rich environment. In a typical CHN
analysis, the sample under test is weighed in a tin capsule. The required quantity of
the material is 2 to 3 mg. The sample is then wrapped in a tin capsule and inserted
into a furnace. During the process of combustion, carbon is converted to carbon
dioxide; hydrogen to water; nitrogen to nitrogen gas/ oxides of nitrogen and sulphur
to sulphur dioxide. The other elements present in the sample get converted into
combustion products which are removed by a variety of absorbents and we are left
with only carbon dioxide, water, nitrogen and sulphur dioxide. Quantification of the
elements requires calibration for each element by using high purity ‘micro-analytical
standard’ compounds such as acetanilide and benzoic acid.  In the present study, the
grown materials are coordination compounds of terbium and gadolinium with
fumarate as a ligand. Therefore, it becomes necessary to carry out CHN analysis of
the materials to determine the percentage composition of Carbon and Hydrogen. In
the present investigation Carbon and hydrogen contents in the grown crystals were

determined by using Vario-EL Il CHNS-analyzer.

3.2.7 Thermal analysis

Thermal analysis consists of different techniques in which a physical or chemical
change of a material is measured as a function of temperature when the substance is
subjected to a controlled increase, or decrease of temperature. These temperature
programmed techniques are TGA, DTA or DTG. In the present study, the thermal
analysis was carried out by using a Perkin-Elmer thermal analyser in N, atmosphere at

a heating rate of 10 °C min™.

3.2.7.1 Thermal gravimetric analysis

Thermo gravimetric analysis (TGA) is a simple technique in which weight loss or
gain due to dehydration or decomposition of a material as a function of temperature
during controlled heating is measured [157]. The sample placed in a small pan

connected to microbalance is heated isothermally in a controlled manner for a given
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time. The atmosphere around the sample may consist of an inert gas, such as nitrogen.
The TGA curve plots TGA signal i.e. percent weight loss or gain on the y-axis against
the reference material temperature on the x-axis. This weight loss or gain is as a result
of the processes involving water desorption, structural water release, structural
decomposition, carbonate decomposition, gas evolution, sulfur oxidation, fluoride

oxidation, rehydration, and other transformations.

3.2.7.2 Differential thermal analysis

In differential thermal analysis (DTA) the difference in temperature of the sample and
a thermally inert reference material are measured as a function of temperature, when
both materials are subjected to an identical heat treatment [158]. During the heating or
cooling of the sample, it will absorb or liberate energy depending on the transitions
that are taking place. The corresponding derivative of the sample temperature from
that of the reference material (AT) versus the programmed temperature (T) is recorded
and explains whether the transition is endothermic or exothermic. Generally phase
transition, dehydration, reduction and some decomposition reactions produce
endothermic effects, where as crystallization, oxidation and some decomposing
reactions produce exothermic effects. The DTA studies in conjunction with TGA
provide detailed information regarding the dehydration, decomposition and phase
transition of the material during heating.

3.2.8 Fourier transformation infra-red spectroscopy

Fourier transformation infrared spectroscopy (FT-IR) is an analytical technique used
to identify organic inorganic materials. This technique measures the absorption of
infrared radiation by the sample material versus wavelength. The IR absorption bands
identify the functional units, internal structure of molecules and nature of chemical
bonds of a compound [159]. In FT-IR technique, the frequency of the incident
radiation is varied and the quantity of radiation transmitted or absorbed by the sample
is obtained. When the frequency of the incident radiation coincides with the
vibrational frequency of some part of the molecule, resonance occurs and absorption
of energy takes place. As the molecules return from their excited states to original
ground states, the absorption energy is released which results distinct peaks in IR
spectrum. Thus FT-IR spectra absorption bands provide a unique fingerprint of the
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molecules present in the sample. The FT-IR spectra are usually represented as the
plots of intensity versus wave number (in cm™). To identify the materials being
analyzed, the unknown IR absorption spectrum is compared with standard spectra
with a spectrum obtained from a known material. Spectrum matches identify the
polymer or other constituents in the sample. In the present work, the FT-IR spectra of
the grown crystals in the wave number range of 400-4000 cm™ were recorded on a
Bruker Vector-22 spectrometer using KBr pellet technique. So, what information can
FT-IR provide?

« It can identify unknown materials.
« It can determine the quality or consistency of a sample.

* It can determine the amount of components in a mixture.

3.2.9 Ultraviolet and Visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is measured by an instrument called UV-
Vis spectrophotometer. The basic parts of a spectrophotometer consist of a light
source, a holder for the sample, a diffraction grating in a monochromator or a prism to
separate the different wavelengths of light, and a detector. The radiation source used
for the spectrophotometer is a Tungsten filament (300-2500 nm) or a deuterium arc
lamp (190-400 nm) or Xenon arc lamp (160-2000 nm) or more recently, light emitting
diodes (LED) [160] for the visible wavelengths. It measures the intensity of light
passing through a sample (1), and compares it to the intensity of light before it passes
through the sample (lo). The ratio I/lo is called the transmittance, and is usually
expressed as a percentage (% T). The absorbance ‘A’ is based on the transmittance
and is given by: A = —log [(% T)/(100 %)]. The UV-visible spectrophotometer can
also be configured to measure reflectance. In this case, the spectrophotometer
measures the intensity of light reflected from a sample (1), and compares it to the
intensity of light reflected from a reference material (o). The ratio I/lo is called the
reflectance, and is usually expressed as a percentage (% R).

During the present investigation the UV-Vis analysis was carried by Cary 5000
spectrophotometer at SAIF STIC Cochin Kerela.
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3.2.10 Photoluminescence spectroscopy

Photoluminescence (PL) is the phenomenon of light emission from a material after it
absorbs the photons of an electromagnetic wave. It is the light emission produced by
the photo excitation. Following excitation various relaxation processes typically occur
in which other photons are re-radiated. The time period from absorption to emission
may vary from 10 s to 10 s and under certain circumstances delay of emission may
even spread to minutes or hours. Photoluminescence (PL) is a non-destructive optical
technique used for the characterization of materials which involves the irradiation of
the crystal to be characterized with photons of energy greater than the band-gap
energy of that material. In case of a crystal scintillator, the incident photons will
create electron-hole pairs. When these electrons and holes recombine, this
recombination energy will transform partly into non-radiative emission and partly into
radiative emission. PL consists of impinging relatively high frequency (hv > Eg ) light
onto a material, exciting atomic electrons. Subsequent relaxation may result in the
production of photons that are characteristic of the crystal or defect site that emits the
light. The variation of photoluminescnce intensity, which depends on the power of the
excitation light source, can be used to identify the underling recombination process
[161]. For the compounds under study the photo luminescence spectrum was obtained
by using Varian Cary-Eclipse spectrophotometer.

3.2.11 Vibrating sample magnetometery

The vibrating sample magnetometer (VSM) is a versatile instrument which makes
precise magnetic moment measurements of a sample as a function of temperature,
magnetising field and crystallographic orientations.Its sensitivity is extremely high
and can be detected from 5x107 - 5x10° e.m.u. VSM is also used for recording M-H
hysteresis loops and from these loops the parameters such as saturation magnetization,
remenant magnetization and coercivity of the sample can be measured directly from
hysteresis loops. It is based on the principle of change in flux in a coil when a sample
is made to vibrate between the electromagnets. In the vibrating sample magnetometer,
the sample vibrates perpendicular to the applied field. The oscillating magnetic field
of the vibrating sample induces a voltage in the stationery detection coils. From this
voltage, the magnetic properties of the sample are deduced. The idea of a vibrating

sample came from Smith’s [162] vibrating coil magnetometer. For the present work,
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the magnetic moments of the samples were measured by using the Microsense EZ9
vibrating sample magnetometer (Make USA). The facility is availble in the
Department of Physics, University of Kashmir.

3.2.12 Electric impedance spectroscopy

The dielectric constant is an essential property of dielectric materials and therefore its
determination is very important. Arthur Kennelly was the first to represent impedance
with complex numbers [163]. The instrument used for its measurement is called an
impedance analyzer or LCR meter. It is based on the principle of a parallel plate
capacitor, in which the pellet (sample) is silver coated to act as the capacitor with the
sample as the dielectric medium.

It consists of a sample holder which acts as a parallel plate capacitor with the
sample as dielectric medium. The measurements are made at low frequencies,
typically below 1GHz. The method in which the range of frequency used is from 20
Hz-1GHz has high measurement accuracy.The material is stimulated by an ac source
and the actual voltage across it is monitored. The dimensions of the sample, its
capacitance and dissipative factor are measured. The measured capacitance is then
used to calculate the permittivity of the medium. The dielectric spectroscopy of the
compounds grown in the present work was carried out in the frequency range of 20
Hz to 3 MHz and over the temperature range of 15-130 °C using an electric
impedance analyser (Wayne Kerr) and the data was recorded. This facility is also
availble in the Department of Physics, University of Kashmir.

The parameters such as dielectric constant € and ac conductivity o . Of the
compounds were calculated by using the relations:
g'= C.t/geoA and o 5= 2nfeye' tand.
where, C represents the capacitance (in farads) of the sample, t is the thickness (in
meters), A the area (in meter?) of the sample, &= 8.85x10™2 Fm™ and f is the
frequency (in Hertz) of the applied electric field.
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CHAPTER-4

Growth and characterization of terbium, gadolinium
and mixed gadolinium-terbium fumarate

heptahydrate single crystals.

4.1 Introduction

The methods of growth for obtaining single crystals may be classified according to
their phase transition i.e., liquid phase, solid phase and the vapor phase. Though there
are so many methods for growth of crystals, no method can be called as an ideal
method. Crystal growth in gels [109, 110] is used for growing single crystals of the
materials that show poor solubility in water. This technique has been recognized as an
alternative to solution-growth method. The gel growth technique has gained
considerable importance due to its simplicity and effectiveness in growing single
crystals of various compounds. Despite the limitation in the sizes of the gel grown
crystals, the main advantage of the gel diffusion technique is that in this method the
crystals normaly grow at low temperatures, therefore, there is a minimum
concentration of equilibrium defects in the crystals. The gel also prevents the
convection currents or turbulences and being chemically inert provides a three
dimensional crucible. Moreover, due to the transparency of the gel medium, the
growth of crystals can also be monitored regularly in this technique. On the other
hand, high temperature techniques are usually expensive and may not be within the
reach of every laboratory. A variety of crystals required for the purpose of research
and application have been grown in silica gels [164, 165]. Fumarates being insoluble
in water and decompose before melting, therefore, for the growth of terbium fumarate,

gadolinium fumarate and their mixed fumarate heptahydrate single crystals we have
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adopted the single gel diffusion technique. During the single diffusion, one reagent is
incorporated in gelling mixture (lower reactant) and another is diffused into the gel
(upper reactant), leading to high supersaturation followed by nucleation and the
crystal growth. While as in the double diffusion technique, the gel is used to separate
the solution containing the reagents by placing the gel in the bent portion of a U-tube
and the reagents in its arms.

So far as the crystallization of these coordination compounds is concerned, the
high affinity of rare-earth elements for oxygen donor atoms make carboxylates
excellent candidates as bridging ligands for preparing stable materials which favours
the formation of cluster like solids [166, 167]. The literature survey shows that there
are interests in the research of coordination compounds from fumaric acid describing
the studies about crystallinity, luminescence, and magnetic properties [65-67, 168].
The thermal decomposition of fumarate with the following metal ions have also been
reported in the literature: gadolinium [169], ytterbium [170], transition metals (1)
[171], copper [172]. As for as, the rare-earth coordination compounds are concerned,
they are the potential candidates which besides showing ferroelectric properties are
also thermally stable [173, 174]. Moreover, these types of compounds can be readily
characterized by X-ray crystallography methods, which facilitates establishment of
structure-property relationships.

The significance of the growth of mixed crystals is that their characteristics are
different from that of the crystals of single components grown separately. For
example, the variations in the hardness of pure and mixed KBr and KI system are
reported in the literature [175]. The physico-chemical characteristics of mixed
crystals have brought significant changes in comparison with those of the pure
crystals [176]. The structural transitions, variation in thermal stability and
modifications in external morphology of mixed crystals are also reported in the
literature [138,177-179].

In the present work, fumaric acid (HOOC-CH=CH-COOH) having relatively
small central moiety was used as a ligand for the growth of terbium fumarate,
gadolinium fumarate and mixed Gd-Tb fumarate heptahydrate single crystals. The
growth of solid state compounds of rare-earth fumarates by gel diffusion method and
hydrothermal methods are also reported in the literature [180-184]. For the materials

characterization of the crystals grown in the present study, we report the results
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obtained by X-ray diffraction, FT-IR spectroscopy, elemental analysis (CHN and
EDAX), thermo-analytical techniques such as thermogravimetry (TG) and differential
thermal analysis (DTA). An attempt has also been made to relate the results on

nucleation kinetics with the classical nucleation theory.

4.2 Experimental Procedure

A number of experiments were carried out to grow single crystals of terbium fumarate
heptahydrate (TFH), gadolinium fumarate heptahydrate (GFH), and mixed Gd-Tb
fumarate heptahydrate (GTFH) crystals in silica gel and agar-agar gel using gel
diffusion technique. The chemicals such as terbium nitrate hexahydrate and
gadolinium chloride hexahydrate each (99.9 %) were purchased from Chengdu
Haoxuan Technology Co.Ltd. China, while as fumaric acid (99.5 %) and sodium
meta-silicate (99.5 %) were purchased from Thomas Baker Mumbay, India. For
carrying the experimental work for the growth TFH, GFH and GTFH single crystals,
the chemicals were used without any further purification. For the growth of TFH and
GFH single crystals, terbium nitrate hexahydrate and gadolinium chloride
hexahydrate each of molarity (0.1-0.6 M) were used separately as the upper reactants
and fumaric acid (0.06-0.08 M) encapsulated in the gel medium was used as the lower
reactant. However, for the growth of mixed GTFH crystals an aqueous solution of
terbium nitrate hexahydrate (0.1-0.6 M) and gadolinium chloride hexahydrate (0.1-0.6
M) in the volume ratio of 1:1 were used as an upper reactant. The crystals were grown
in the crystallizers consisting of glass test tube of length 200 mm and diameter 25
mm. The gel can be prepared by adopting the method of alkali-set gel or acid-set gel.
In an alkali-set gel method, a solution of sodium meta silicate of molarity (0.3-0.6 M)
was added drop by drop with continuous stirring to an aqueous solution of fumaric
acid of molarity (0.06-0.08 M) in the volume ratio of 1:2. The pH of the solution was
maintained to the desired range 5.0 < pH < 6.0 by adding 3-4 ml of concentrated nitric
acid to about 300 ml of gel solution. A digital pH meter (HANNA instrument; Model
pHep) was used for measuring the pH of the gel solution. Gel solution was then
transferred to a number of crystallizers up to the three-fourth of their volume. The
crystallizers were left for gelation for a few days and the gelation was observed to
depend on both the pH of the solution and the environmental temperature. Gel

solution with lower pH required more time for gelation than that of the gel solution of
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higher pH. Also, it was found that the gel solution of a desired pH required less time
for gelation at high temperature and vice-versa. Supernatant solution acting as an
upper reactant was then carefully poured over the set gel without damaging the
gel/solution interface. A series of experiments were carried out in the temperature
range of 15-35 °C. During the process of nucleation, tripositive rare-earth ions Th**
and Gd*" ions diffuse through the narrow pores of the gel to react with the fumarate
ions (C404H,)* encapsulated in the gel as a lower reactant, giving rise to the
formation of TFH and GFH single crystals respectively. But for the mixed fumarate
complex, due to the substitutional exchange of the two rare-earth ions (Tb** and
Gd*"), both of the ions coordinate with the fumarate ligand in the ratio of 1:1 for the
formation of mixed gadolinium-terbium complex.

The experiments for the growth of pure and mixed rare-earth fumarate crystals
were conducted in two types of gels: silica gel and agar-agar gel. The experiments
conducted in agar-agar gel did not yield any fruitful results for a very long time. So,
most of the work was therefore conducted in silica gel and the following chemical
reactions were expected to take place in the silica gel medium for the formation of
TFH, GFH and GTFH single crystals.

2Th (N03)3 + 3C4H404 — Th, (C4H204)3 + 6HNO;
2Gd Cl; +3C4H,04 — Gdy ( C4H204)3 + 6HCI
Th (NOg) 3 +Gd C|3 + 3C4H40, — Gd Tb ( C4H204)3 + 3HNO3 +3HCI

The crystallizers were regularly monitored and the crystals were visible just 3-
4 days after the upper reactant was added to the set gel. The crystals were harvested
after a growth period of 3-4 weeks. The gel was washed away by distilled water and
the crystals were left to dry at room temperature. The external morphology of as-
grown crystals was studied by using a Hitachi S-3000H Scanning Electron
Microscope and a Polarising Optical Microscope (Ortholux-Wetzlar, Germany). The

size of these crystals was found to be just equal to Imm?.

4.3 Nucleation rate of gel grown crystals

The nucleation rate may be defined as the number of crystals produced in the entire
gel column for a fixed time period. The appearance of a crystal at any place inside the
gel column may be associated with the critical nucleation at that place. Hence, the
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nucleation rate in a gel system was studied by observing the effect of various growth
parameters, such as concentration of upper reactant, gel age (time period from the
setting of gel up to the time when the the upper reactant is added), gel density, gel pH
and the temperature on the number of crystals that appear in the entire gel column for

a specific period of time.

4.3.1 Effect of various growth parameters on nucleation rate of terbium
fumarate heptahydrate single crystals

4.3.1.1 Effect of upper reactant concentration

The gel system of pH 5.5 was prepared with sodium meta silicate (0.5 M) and fumaric
acid (0.07 M) and kept for gelation in a number of crystallizers. After the gel age of
24 hours, 20 ml of terbium nitrate hexahydrate of different concentrations varying
from 0.1-0.6 M was used as an upper reactant and poured over the set gel. The
number of crystals in each crystallizer was recorded just after one week of pouring of
the upper reactant. It was observed that the number of crystals increases exponentially
by increasing the concentration of upper reactant as shown in Fig. 4.1. This type of
behaviour has been reported in the literature for crystalization of KCIO,4 crystals
[142]. However, by increasing the upper reactant concentration beyond 0.8 M, a fast

precipitation was observed and hence no single crystal growth was observed.

4.3.1.2 Effect of gel age

Gel age may be the time interval between the setting of gel and the time when the
upper reactant is added. The setting of gel depends on the gel pH and the temperature.
The gel of higher pH and higher temperature takes less time for gelation and vice
versa. Gel system of pH 5.5 was prepared with 0.3 M sodium meta silicate and 0.07
M fumaric acid and allowed to set in a number of crystallizers. 20 ml of terbium
nitrate hexahydrate (0.5 M) as an upper reactant was carefully poured over the set gel
in each crystallizer, kept at different gel ages of 48 hrs, 96 hrs and 192 hrs. It was
observed that the crystal count corresponding to the different gel ages decreases
linearly with the increase in gel age as shown in Fig. 4.2. Due to increase in gel age,
the pore size becomes small and the gel also becomes hard as a result of which the

nucleation rate decreases.
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Figure 4.1: Variation of crystal count with upper reactant concentration, keeping other parameters like
gel age, gel density and gel pH as constant.
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Figure 4.2: Variation of crystal count with the gel age, keeping all other parameters constant.
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4.3.1.3 Effect of gel concentration

Gel systems of different gel concentrations were prepared in a number of test tubes
keeping all other parameters like gel pH, gel age, temperature and the concentration of
upper and lower reactant constant. The crystal count in each test tube was made just
ten days after the upper reactant was added. It was observed that the crystal count
corresponding to different gel concentrations decreases linearly as shown in Fig. 4.3.
Due to increase in gel concentration, the pore size may become small and the gel also
becomes hard, therefore the nucleation rate may decrease.
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Figure 4.3: Variation of crystal count of with gel concentration at room temperature, keeping other

parameters such as gel age, gel pH and upper reactant concentration as constant.

4.3.1.4 Effect of gel pH

For studying the effect on the number of crystals formed inside the gel due to the gel
pH, gels of different pH values in the range 5.0 < pH < 6.0 were prepared by keeping
all other parameters like gel density, gel age, gel temperature and the concentration of
upper and lower reactant constant. The gel pH was adjusted by adding a few drops of

conc. HNOg to the gel solution. After seven days of growth period, the number of
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crystals in the crystallizers maintained at different pH values was counted. It was
observed that within a pH range 5.0 < pH < 6.0, the crystal count increased
exponentially corresponding to the increase in gel pH as shown in Fig. 4.4. However
for the gels of pH less than 5 hardly any crystal was found to nucleate and for the gels
of pH > 6, a strong precipitation was formed. A photograph as shown in Fig 4.5
depicts that in a desired pH range of 5.0 < pH < 6.0, the nucleation rate increases

exponentially with increasing pH.

4.3.1.5 Effect of temperature

The temperature is another important factor for the growth of crystals as well as for
gel setting. In the present case, the gel setting was found very weak in winter and the
fruitful results of gel setting was found only in summer. A gel system of sodium meta
silicate (0.5 M), fumaric acid (0.07 M) and gel pH 5.0 was prepared and after the gel
age of 48 hours, 20 ml of terbium nitrate hexahydrate (0.2 M) was carefully poured
over the set gel as an upper reactant. The crystallizers were maintained at different
temperatures of 15 °C, 25 °C, 30 °C and 35 °C. As far as the growth of these crystals
is concerned, it was observed that at lower temperature of 15 °C, there were few
nucleation sites found in the crystalizer placed on the left and it took longer time to
grow the crystals. This may be due to the reason of slow diffusion of the reagents in
the gel medium. The number of crystals grown in the crystallizers goes on increasing
as the temperature was increased and at a higher temperature of 35 °C the diffusion
rate was observed to be fast, as a result of which there were large number of
nucleation sites as depicted in the photograph in Fig. 4.6. After about 7 days of
growth period, the number of crystals in each test tube was counted and was observed
that the number of crystals increases exponentially with the increase in temperature as
shown in Fig. 4.7. Due to the increase in temperature the rate of diffusion of the ions
increases, which increases the nucleation rate as per classical nucleation theory [185].
The effect of temperature on the nucleation of tetragonal lysozyme crystals has been
reported in the literature [186]. It has also been reported that the free energy of

formation of a critical nucleus increases with the increase in temperature [187, 188].
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Figure 4.5: Photograph showing increase in nucleation rate with pH in the range 5.0 < pH< 6.0.
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Figure 4.7: Variation of crystal count with temperature at a gel pH of 5.0, keeping the gel density, gel
age and upper reactant concentration as constant.
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4.3.2 Effect of growth parameters on nucleation rate of gadolinium fumarate
heptahydrate (GFH) crystals

A number of experiments were conducted with an aim to grow good quality
gadolinium fumarate single crystals suitable for characterization and to observe the
effect of various factors on the nucleation rate. The experiments were conducted for
different concentrations of upper/lower reactant, gel pH, gel age, gel concentration
and for different temperatures. The optimum conditions for the growth of better size
and better quality of these crystals are: gel pH 5.0; UR concentration, 0.25 M; LR
concentration, 0.07 M; gel ageing, 72 h and gel concentration, 0.4 M. The effect of
various growth parameters on the growth of gadolinium fumarate heptahydrate single
crystals is summarized in table 4.1.

4.3.3 Effect of growth parameters on nucleation rate of mixed gadolinium-
terbium fumarate heptahydrate (GTFH) single crystals

It was again observed that a gel pH in the range 5.0 < pH < 6.0 remained fruitful in
yielding mixed single crystals of Gd-Tb fumarate heptahydrate in the upper part of
gel column just after 3-4 days of pouring of the upper reactant. For the gel solution of
pH > 6.0, a strong precipitation was observed to form within an hour near the
gel/solution interface after pouring of the upper reactant. The experiments were
conducted for different concentrations of upper/lower reactant, gel pH, gel age, gel
concentration and for different temperatures and the effect of these parameters on the
nucleation rate was found exactly the same as that of for the production of pure TFH
and GFH single crystals as discussed in section 4.3.1 and 4.3.2. The morphology of

the crystals is well faceted and clearly exihibits the symmetry of a monoclinic system.

4.4 Super-saturation as the cause of nucleation

In the pH range 5.0 < pH < 6.0, due to the high electron affinity of oxygen atoms
only two H-atoms of the carboxyl group will leave the precipitant ion as (C404H,)*,
which are anions of fumaric acid and the other two oxygen atoms of fumaric acid are
doubly bonded with C-atoms. A decrease in pH results in the addition of more H* ions
to the system and therefore the concentration of precipitant ions decreases with the
decrease in pH [189]. This is due to the common ion effect in which more

fumarate ions get neutralized by H™ ions. Thus, the ionic concentration product
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Table 4.1: The effect of different parameters on the nucleation kinetics of gadolinium

fumarate heptahydrate single crystals

Experiment Constant Changing Results
Parameters Parameters
Variationof LR conc.(0.07 M)  UR conc. (1) Nucleation rate increases exponentially with
UR Gel age (48h) 0.2 M, increase in UR conc.
concentration  Gel pH (5.8) 0.3 M, (ii) Crystal size of same morphology decreases
Gel conc. (0.4 M) 0.4 M,0.5M) withincrease in UR conc.
Variation of  UR conc. (0.25M) LR conc. (i) Nucleation rate increases exponentially with
LR Gel age (72 h) (0.06 M, increase in LR conc.
concentration  Gel pH (5.0) 0.07 M, (ii) Crystal morphology remains same as above.
Gel conc. (0.4 M) 0.08 M,
0.09 M)
Variationof  UR conc. (0.25 M) Gel pH (i) Nucleation rate increases exponentially with
gel pH LR conc. (0.07 M) (5.0,5.4, increase in pH for the range 5< pH <6.
Gel pH (5.5) 5.8,6.0) (ii) Single crystal growth conducive for 5 < pH
Gel conc. (0.4 M) <6
(iii) Fast precipitation at pH > 6.
Variation of  UR conc. (0.3 M)  Gel ageing (i) Nucleation rate decreases linearly with
gel age LR conc. (0.07 M) (24,48, increase in gel age.
Gel pH (5.3) 72,96 hours)  (ii) Crystals of different
Gel conc. (0.4 M) Morphologies are formed at higher gel ages.
Variation of UR conc. (0.25M) Gel conc. (i) Nucleation rate decreases linearly with
gel Gel age (48h) (0.2M, increase in gel conc.
concentration  Gel pH (5.5) 0.3 M, (ii) Well faceted crystals are formed at gel conc.
LR conc. (0.07M) 0.4 M,05M) of 0.4 M.
Variation of  UR conc. (0.25M) Temperature (i) Nucleation rate increases exponentially with
temperature Gel age (48h) 15°C increase in temperature.
Gel pH (5.0) 25°C (if) Size of crystals decreases with increase in
LR conc. (0.07M) 30°C temperature.
Gel conc. (0.4M)  35°C

Abbreviations used: Upper reactant (gadolinium chloride) UR; Lower reactant (fumaric acid) LR.
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[Th**] [(C404H,)?] or [Gd*] [(C404H,2)*] decreases and becomes just equal to the
solubility product Ks,. As such, the value of local supersaturation at different sites
inside the gel changes and thus the initial nuclei get sufficient time to grow both in
lateral and longitudinal direction for the formation of single crystals. But, at very low
pH less than 5.0, the ionic product becomes much less than the solubility product Ks,
and the solution becomes under-saturated. At this very low pH, the crystals do not
grow at all. However, at higher pH, the ionic concentration product is greater than the
solubility product Ksp,, therefore, a strong precipitation occurs near the gel- solution
interface [190]. The experimental results as described in section 4.3.1 reveal that the
number of crystals grown in the entire gel column for a fixed period of time increases
exponentially with the increase in concentration of upper reactant, gel pH and
temperature as shown in Fig. 4.1, Fig. 4.4 and Fig. 4.7 respectively. Whereas, the
crystal count decreases linearly with the increase in gel age and gel concentration as
shown in Fig. 4.2 and Fig. 4.3 respectively. This type of behaviour has been reported
for crystal growth of some other rare-earth compound [191]. Such types of trends in
crystal count corresponding to various growth parameters were also observed by
Arora et al [192]. The linear variations of these trends are consequences of variation
of gel structure which may include pore size, cross linkage of cell boundaries etc. Due
to increase in gel age and gel concentration, the pore size becomes small and the gel
also becomes hard, as a result of which the nucleation rate decreases [109]. Due to
this the supersaturation and hence nucleation probability decreases as many nuclei
find themselves in cells of too small size to support growth to visible crystal sizes.
The exponential growth of crystals may be discussed in the light of classical
nucleation theory [140]. As discussed in section 2.3.1 of chapter-2, the = n. (2.13)

gives the nucleation rate i.e, the number of nuclei formed per unit time per unit

—167ma3 Q2

volume can be expressed as, ] = Joexp [W

], where J, is a pre-exponential

numerical factor.

The above equation shows that the nucleation rate depends on three main
variables; temperature T, degree of supersaturation S, and interfacial tension . The
interfacial tension ¢ has negligible effect on the probability of nucleation, if the
growth occurs in the same medium and at constant temperature the probability of

nucleation is mainly determined by the concentration of reactants and the gel structure
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which can be affected by gel pH, gel concentration and gel age etc. Thus, by
increasing the molarity of upper reactant and keeping the other parameters constant,
probability of Th** ions to react with fumarate ions in the gel increases. This increases
the supersaturation and leads to an increase in the probability of nucleus formation as
per classical nucleation theory. Thus, it is expected that the number of crystals will
increase with the increase in probability of nucleation, hence the number of crystals in
the gel column increases exponentially as shown in Fig. 4.1. The increase in
supersaturation leading to an increased number of lysozyme crystals has also been
reported by Judge et al. [186]. Further at constant temperature, by increasing the value
of pH within a range 5.0 < pH < 6.0, the ion concentration product [Tb**] [(C404H,)*]
or [Gd* [(Cs04H2)*] increases and may lead to increase in the crystal count as
shown in Fig. 4.4. From the classical nucleation theory, the nucleation rate increases
exponentially up to a certain temperature called the critical temperature. Beyond the
cricitical temperature the nucleation rate falls because of the degree of superaturation
S, for which critical nucleation decreases as a function of temperatute (InS < 1/T).
As a result of which the nucleation rate goes through a maximum only up to the
critical temperature. However, in the present investigation the variation of number of
crystals with temperature has been obtained much below the critical temperature after
which the nucleation rate starts decreasing. The difficulty in obtaining the complete
nucleation rate curve for gel systems is due to instability of the gel itself at high
temperatures. Fig. 4.7 shows the variation of crystal count corresponding to the
different temperature of crystallizers. The dependence of nucleation rate on the
crystallization temperature has been reported to be in accordance with the classical
nucleation theory [193].

4.5 Characterization

4.5.1 General morphology

As far as the morphology of crystals grown in the present study is concerned, the
experimental results for a gel solution of gel pH in the range 5.0 < pH < 6.0 yielded
the single crystals in the upper part of gel column just after 3-4 days of pouring of the
upper reactant at a normal room temperature environment. Fig. 4.8 (a) and (b) shows

an optical micrograph and SEM micrograph of a typical single crystal of terbium
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fumarate heptahydrate (TFH), whereas, Fig. 4.8 (c) shows a SEM micrograph of a
small region of (100) face at a magnification of 8500X. The magnified image of the
crystal face shows that the growth of (100) face takes place by two-dimensional
spreading and piling up of layers. Such type of growth normally takes palce when the
supersaturation is high. Fig. 4.8 (d) shows a schematic diagram depicting the general
morphology of a typical TFH single crystal. This diagram has been obtained by using
the Krystal Shaper software (http://www.jcrystal.com/products/krystalshaper). The

morphology of the crystal is well faceted and clearly exihibits the symmetry of a
monoclinic system. Fig. 4.9 (a) shows SEM micrograph of a typical single crystal of
gadolinium fumarate heptahydrate (GFH) and Fig. 4.9 (b) shows its schematic
diagram depicting the general morphology. Fig. 4.10 and Fig. 4.11 show the SEM
micrograph and optical micrograph of mixed gadolinium-terbium fumarate

heptahydrate (GTFH) single crystals respectively.

Figure 4.8: (a) Optical micrograph (b) SEM micrograph at a magnification 65X. (¢) SEM micrograph
of (100) face at a magnification 8500X illustrating the two dimensional layered growth and (d)
Schematic diagram illustrating the general morphology, of a typical terbium fumarate heptahydrate

single crystal.
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Figure 4.9: (a) SEM micrograph at a magnification 60X and (b) Schematic diagram depicting the
general morphology, of a typical GFH single crystal.

Figure 4.10: SEM micrograph of mixed GTFH single crystal at a magnification 65X.
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Figure 4.11: Optical micrograph of some typical single crystals of mixed GdTbh fumarate.

4.5.2 Powder X-ray diffraction results

As far as the powder X-ray diffraction of any material is concerned, the occurrence of
highly resolved peaks at specific Bragg angles indicates that such a material is a
crystalline solid. Each peak represents a certain lattice plane and can therefore be
characterized by a Miller index. The powder XRD patterns of the compounds grown
in the present work are given below. Powder X-ray diffraction (PXRD) data was
collected using a Bruker D8 advance X-ray diffractometer with monochromated Cu-
Ka radiation (A=1.5406 A).

4.5.2.1 Powder XRD of terbium fumarate heptahydrate crystals

Fig.4.12 shows the powder XRD pattern of terbium fumarate heptahydrate. Well
defined peaks in the pattern suggest the crystallinity of the grown compound. To
identify the phase of terbium fumarate heptahydrate (TFH) complex, a phase
matching search was carried out using the Crystallography Open Database [COD ID
#7006886] [194]. The powder pattern of samarium fumarate was simulated using a
program, Reflex, incorporated in the Accelrys Materials Studio software. Reflex uses
a novel indexing algorithm X-Cell [195], along with three well known and popular
indexing algorithm, TREOR90, DICVOL91, and ITO. The Reflex simulates X-ray,
neutron, and electron powder diffraction patterns based on models of crystalline
materials. The simulated powder pattern of samarium fumarate was generated from its
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Crystallographic Information File (cif) obtained from the Crystallography Open
Database website. The simulated powder pattern of samarium fumarate heptahydrate
and the experimental powder pattern of TFH compound is shown in inset of Fig. 4.12
(a, b). The powder XRD pattern of the compound matches well with the simulated
powder XRD pattern of samarium fumarate heptahydrate. As such, it is suggested that
TFH compound grown in the present work is isomorphous with samarium fumarate
heptahydrate [66], belonging to space group P2:/n. This space group belongs to a

centro-symmetric class of crystals.
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Figure 4.12: PXRD of terbium fumarate heptahydrate with inset graph showing: (a) Simulated powder

pattern of samarium fumarate heptahydrate (b) powder pattern of terbium fumarate heptahydrate.

4.5.2.2. Powder XRD of gadolinium fumarate heptahydrate crystals

The powder XRD pattern of gadolinium fumarate heptahydrate crystals is shown in
Fig. 4.13. The powder X-ray data was indexed using CRYSFIRE program [196]. The
as-grown GFH crystals belong to monoclinic system withspace group P2:/n. The cell
parameters obtained are: a= 9.225 A, b=14.501 A, c=14.645 A, a = 90°% B = 91.26°
and y = 90°.
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Figure 4.14: PXRD pattern of mixed gadolinium-terbium fumarate single crystals.
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4.5.2.3. Powder XRD of gadolinium-terbium fumarate heptahydrate crystals
Fig.4.14 shows the powder XRD pattern of mixed gadolinium-terbium fumarate
heptahydrate (GTFH) crystals. Its powder data was also indexed using CRYSFIRE
program in the same way as mentioned before. The mixed GTFH crystals were also
found to belong to monoclinic system with the space group P2;/n. The cell parameters
were found to be: a= 9.2705 A, b= 14.3701 A, c=14.3602 A, 0.=90% B =91.41° and
¥ =90°

4.5.3 Comparative study of X-ray diffraction results

From the powdered X-ray data of the title compounds, various planes of reflections
were indexed by using Crysfire programme [196]. The observed d-values for different
20 with hkl indices of the corresponding planes for GFH and mixed GTFH crystals
were matched with the simulated powder pattern of terbium fumarate heptahydrate
(TFH) crystals and their comparative results are tabulated in Table 4.2. The close
agreement between the d-values of single and mixed rare-earth fumarate crystals
support our assumption that the fumarate crystals containing two rare-earth elements
of comparable ionic radii (Th= 1.095A; Gd= 1.107 A) can be formed by substitutional
exchange of ions and are isostructural with single rare-earth fumarate crystals. The
substitutional exchange of ions of two rare-earths of comparable ionic radii and the
iso-structurality of mixed compound with single component crystals is also reported
in the literature [197]. Moreover, from the powdered X-ray data of GFH and GTFH
crystals, their lattice parameters were evaluated. These lattice parameters were found
very close to the lattice parameters of TFH crystals as obtained from its single crystal
X-ray diffraction analysis which will be discussed in section 4.5.4. Therefore, the
isostructural nature of as-grown crystals can also be confirmed by their comparative
study of lattice parameters as tabulated in Table 4.3. As such, it is suggested that both
pure and mixed rare-earth fumarate crystals grown in the present work are

isomorphous to each other.
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Table 4.2: Comparative results of observed d-values, 20 values and miller indices of

XRD results of pure and mixed rare-earth fumarate heptahydrate crystals.

Terbiumfumarate

Gadoliniumfumarate

Mixed fumarate heptahydrate

heptahydrate heptahydrate
20(deg) (hkl) 26(deg) (hkl) 26(deg) hkl
d- values d- values d- values

8.544 10.387 011 8.577 10303 011 8.698 10156 011
11.045 8.035 -101 11076 7.882 -101  11.242 7.875 -101
12.045 7.328 020 12075 7.321 020 12161 7.185 020
12.878 6.933 111 12875 6.925 -111 12895 6.906 -111
15.358 5.743 102 15363 5.796 -102 15386 5.744 -102
16.358 5.415 -121 16.344 5.382 -112 16.399 5.333 -112
19.192  4.637 031 19.218 4.611 013 19210 4.634 200
20.838 4.274 211 20.743 4281 130 20.863 4.255 130
21.839 4.071 032 21863 4.049 023 21.867 4.067 131
23.172  3.852 -221 23195 3.864 202 23122 3.850 202
25.652  3.523 -222 25597 3.463 -222 25674 3.453 222
28.986  3.079 310 28.780 3.099 -124 28.878 3.198 300
30.486 2.936 043 30505 2928 311 30505 2941 311
32.133 2.778 -115 32770 2.734 -241 32,670 2.745 150
33.466 2.674 322 33391 2.668 -242 33.627 2.660 -322
36.125 2.231 -251 36.104 2222 -251 36.121 2.231 251
42.159 2111 216 42131 2119 216 42142 2125 216
46.094 1.967 404 46.102 1971 -404 46.102 1.969 -404
49.407 1.844 227 49401 1841 450 49301 1.845 173
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Table 4.3: Comparative study of lattice parameters of terbium fumarate, gadolinium

fumarate and mixed gadolinium-terbium fumarate heptahydrate crystals.

Chemical Thy(C4H204).7TH,0  Gdy(C4H204).7H,O  GATh(C4H204).7H,0

formula (From SXRD (calculated) (calculated)
analysis)

Space group P2:/n P2:/n P2:/n

Lattice type Monoclinic Monoclinic Monoclinic

a, A 9.4495 9.225 9.2705

b, A 14.6561 14.501 14.3701

c, A 14.7272 14.645 14.3602

a, deg 90 90 90

B, deg 91.318 91.26 91.41

v, deg 90 90 90

v, A? 2039.1 2076.3 1913

4.5.4 Single Crystal X-ray diffraction of terbium fumarate heptahydrate

4.5.4.1 Introduction

Single crystal X-ray diffraction is a versatile analysis and its importance has increased
by the improvement of the experimental devices, which resulted in the progress of
crystal structure solution and refinement methodologies [198]. The size of the crystal
used should be 0.1-0.2 mm in the three direction of space. From single crystal X-ray
data it is possible to solve and refine the crystal structure of any new material. For the
determination of crystal structure of a TFH crystal, its single crystal XRD analysis
was carried out by using Bruker Kappa Apex ii single crystal X-ray diffractometer.
The structure was solved by direct methods and refined by full-matrix least squares
cycles in SHEL XL-97 [199].

4.5.4.2 Structural analysis
Fig. 4.15 shows the asymmetric unit of terbium fumarate heptahydrate in which the
unique Th-ion is 8-fold coordinated by four fumarate groups and two water molecules

to accomplish a very distorted tri-capped trigonal prism around the Th-ion. Two of the
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fumarate ligands are coordinated in monodentate and the other two in bidentate mode.
Thus out of the eight coordinated oxygen atoms, two originate from water molecules
and six from fumarate ligands. But, in the asymmetric cell structure the fourth
fumarate group with monodentate mode is not seen. The coordination of oxygen
atoms with each Tb* ion can be seen from the ORTEP diagram as shown in Fig. 4.16,
where Tb cation is coordinated to eight oxygen atoms. Unit cell of terbium fumarate
crystal contains four Th atoms (Z=4) is shown in Fig. 4.17 and its selected bond
lengths (A) are given in table 4.4. The molecular structure has 2-fold symmetry so
that asymmetric unit comprises of one Tb cation, 1.5 fumarate anion and two water
molecules. Tb-O distances are from 2.332A- 2.595A, with an intradimer Tb....Tb
distance of 4.165A.

Table 4.4: Selected bond lengths of terbium fumarate single crystals.

Selected Bond lengths (A) Selected Bond lengths (A)
Th(1)-0(1) 2.439 C(10)-H(101) 0.9250
Th(1)-0(2)w 2.423 C(11)-C(12) 1.470
Th(1)-0(3) 2.451 C(11)-H(111) 0.9350
Th(1)-0(4) 2.376 C(12)-0(13) 1.277
Th(1)-O(5) 2,595 C(12)-0(14) 1.257
Th(1)-0(6) 2.435 0(15)-C(16) 1.261
Th(1)-0(7) 2.416 C(16)-0(17) 1.267
Th(1)-0(8)w 2332 Th(1)-C(8) 2.929

As expected, the frame work of the compound is microporous and has small
1D void channels as shown in packing diagram shown in Fig. 4.18, which gives a
view of 3-D porous frame work. The small channels are partially occupied by both the
lattice and coordinated water molecules. In this diagram colour code for Tb is blue; C,
green; O, red and H, white. It can be seen that each fumarate ligand acts as a bridging
ligand connecting two Th atoms into two dimensional chiral structure. The layers are
linked together through a complicated H-bonding scheme involving the water ligands,
hydroxyle O-atoms and carboxylate O-atoms as shown in packing diagram.
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Figure 4.15: Assymmetric unit of terbium fumarate heptahydrate.

ae
19

05 017
aid

Figure 4.16: ORTEP diagram showing lattice and co-ordinated water molecules in TFH crystals.
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Figure 4.17: Unit cell of terbium fumarate crystal.

4.5.4.3 Co-ordinating behaviour of fumarate ligand

The carboxylate group of fumaric acid exhibits different co-ordinating behaviour. In
certain cases, its both oxygen atoms are bonded to the same Tb*" ion forming a loop
while as in other cases it acts as a bridge wherein one oxygen atom is bonded with
one Th** ion and the other oxygen atom with other Tb*" ion as shown in Fig. 4.19.
Fumarate ligand shows three types of bridging coordination modes with Th** ion.
Two of them (L1 and L2) consist of mixed bidentate bridging and chelating modes,

while the third type (L3) shows bis-chelating mode.

4.5.4.4 Crystal structure refinement

Crystal structure data for terbium fumarate heptahydrate and its isomorphous
compound samarium fumarate heptahydrate crystals is given in Table 4.5. It is
observed that the compound under investigation, being isomorphous with samarium
fumarate heptahydrate [66], consists of seven water molecules. The presence of these

water molecules has been confirmed by the strong absorption band at 3395.28 cm™ in
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Figure 4.19: Three distinct bonding modes of fumarate ligand in terbium fumarate compound.
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Table 4.5: Crystal structure and refinement data for terbium fumarate heptahydrate

and its isomorphous compound samarium fumarate heptahydrate single crystals.

Present compound

Samarium fumarate

Empirical formula
Formula weight
Crystal size, mm?
T,K

Space group
Crystal system

A A

a, A

b, A

c, A

a, deg

P, deg

Y, deg

v, A®

z

d, g/cm?

F(000)
Absorption co. u(mm™)
Reflns. Collected

Unique reflns.

C12 Hs O19 Th,
772.01
0.60 x 0.50 x 0.30
296(2)
P2:/n
Monoclinic
0.71073
9.4495(7)
14.6561(13)
14.7272(12)
90
91.318(3)
90
2039.1(3)
4

2.515

1440

6.976
15134

4847

C12Hs010SM;
768.98
0.28x0.21x 0.11
293(2)
P2./n
Monoclinic
0.710 73
9.5178(2)
14.6999(3)
14.8740(3)
90
91.2425(3)
90
2080.54(7)
4

2.363

1472

5.685
36935

6765

fourier transform infrared spectra of the sample as discussed in section 4.5.7. From

the crystal structure refinement data, the space group of the title compound has been

found as P2:/n. The ORTEP diagram as shown in Fig. 4.16 shows the presence of
both coordinated and lattice water molecules in the title compound which has also
been reported elsewhere [200]. It is clear from this figure that each Th** ion is
coordinated to eight oxygen atoms; out of which six oxygen atoms originate from
fumarate ligands and the two from coordinating water molecules (O34 and O;s). The

three non-bonded water molecules (O17, O15 and Oyg) are also shown in the ORTEP
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diagram. This is in total conformity with the empirical formula of the compound
[Thy(fumarate)s(H20)4].3H,0 for which each Tb*" ion is bonded with 1.5 fumarate
ions and two oxygen atoms of water. The compound has same terbium-fumarate ratio

of 2:3 as per reported samarium fumarate complex [66].

4.5.5 Elemental analysis

4.5.5.1 EDAX analysis

EDAX analysis is a technique which is widely used to analyze the chemical
components in a material under SEM. In this method, the X-rays produced as a result
of the electron beam interactions with the sample are detected to analyse it. The X-ray
data is processed to obtain the percentage of each measured element present in the
sample. In order to confirm the presence of heavy elements, like terbium, gadolinium,
carbon and oxygen in the grown samples, all the crystals were characterized by
EDAX. In the present work an energy dispersive spectrometer (OXFORD ISIS-300
system) was used to identify the presence of these elements. Fig. 4.20, Fig. 4.21 and
Fig. 4.22 show the EDAX spectra of TFH, GFH and GTFH crystals. Table 4.6 shows
the comparative atomic and mass percentage of the elements like oxygen, carbon,
gadolinium and terbium as obtained from EDAX of the three compounds. So it

confirms that the mixed GTFH crystal consists of Gd and Tb in the ratio of 1:1.

Table 4.6: Comparative quantitative EDAX data of TFH, GFH and GTFH crystals.

Terbium fumarate Gadolinium fumarate Mixed Gd-Tb fumarate
Element Energy Mass Atom Energy Mass Atom Energy Mass Atom
(keV) 9%age %age (keV) %age %age (keV) %age % age
Carbon  0.277 3486 50.35 0.277 29.66 43.68 0.277 19.98 37.75
Oxygen 0.525 4295 47.22 0.525 48.75 53.89 0.525 40.57 56.52
Terbium 1.24 2219 243 - - - 1.24 20.09 284
Gadolini - - - 6.053 21.59 243 1.185 19.36 2.87
-um
Total 100 100 100 100 100 100

61



Counts

1000

900 —

800 —

700 —

600 —

500 —

400

300

200

100

Counts

0.00

CKa

Tolvk

1.00

— Thlvk

2.00 3.00 4.00 5.00 6.00 7.00 8.00
k¥

Figure 4.20: EDAX spectrum of terbium fumarate crystals.
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Figure 4.21: EDAX pattern of gadolinium fumarate crystals.
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Figure 4.22: EDAX spectrum of mixed Gd-Tb fumarate crystals.

4.5.5.2 CHN analysis

From the CHN analysis of three different compounds as shown in table 4.7, their
chemical formula was suggested to be Th, (C404H>)3.7H,0; Gd, (C404H5)3.7H,0 and
GdTb (C404H,)3.7H,0 respectively. The presence of seven water molecules in each
compound has been supported by their respective thermal analysis as discussed in
section 4.5.6. The carbon and hydrogen contents in the grown crystals were

determined by using Vario-EL 111 CHNS-analyzer.

Table 4.7: CHN analysis of TFH, GFH and GTFH crystals.

Terbium fumarate Gadolinium fumarate Mixed Gd-Tb fumarate

Element % Mass % Mass % Mass % Mass % Mass % Mass

Calculated  Experimental Calculated Experimetal Calculated Experimental

Carbon 18.33 18.56 18.28 18.06 18.37 18.45
Hydrogen  2.56 241 2.55 211 2.57 2.02
Nitrogen 0 0 0 0 0 0
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4.5.6 Thermal analysis

Thermo gravimetric analysis (TGA) and differential thermal analysis (DTA) are very
important characterization techniques which throw light on the thermal stability of the
substances. These are utilized for the characterization of decomposition behaviour of
the materials.

Simultaneous TGA/DTA curves of TFH, GFH and GTFH single crystals are
shown in Fig. 4.23, Fig. 4.24 and Fig. 4.25 respectively. For each compound, the
thermal analysis was carried out on a powdered sample by using a Perkin-Elmer
thermal analyser in N, atmosphere at a heating rate of 10 °C/min. The single
component rare-earth fumarates i.e TFH and GFH compounds displayed mainly two
steps of thermal decomposition for the formation of their oxides in the temperature
range of 30-715 °C. But the mixed GTFH compound displayed three steps of thermal
decomposition for the formation of its oxide in the temperature range of 24- 840 °C.
Thus, in the temperature range of 80-150 °C, TFH compound loses all the seven
water molecules corresponding to an endothermic DTA peak at 132.63 °C with a
weight loss of 16.40 % (calculated weight loss : 16.04 %) and GFH compound also
loses all the seven water molecules corresponding to an endothermic DTA peak at
133.63 °C with a weight loss of 16.40 % (calculated weight loss : 16.33 %). After the
dehydration, both the compounds remain nearly intact until 410 °C, beyond which
they decompose. In the second thermal decomposition step of these compounds in the
temperature range 410-650 °C corresponding to an exothermic DTA peak at 481.5 °C,
the TFH crystals with experimental weight loss of 37.33 % (calculated loss= 37.42
%) attributes to the liberation of three intra water molecules, six molecules of carbon
monoxide and six carbon particles. And in the temperature range of 420-650 °C
corresponding to an exothermic DTA peak at 484.59 °C, the GFH crystals with
experimental weight loss of 37.33 % ( calculated loss= 38.10 %) also attribute to the
liberation of three intra water molecules, six molecules of carbon monoxide and six
carbon particles.The liberation of intra water molecules, carbon and carbon monoxide
from the anhydrous metal organic compound is also reported in the literature [201].
Therefore, in the temperature range of 38-650 °C for TFH crystals, the experimentally
observed weight loss of 53.73 % is much closer to the calculated weight loss of 53.46
% and for GFH crystals the experimentally observed weight loss of 53.73 % is much

closer to the calculated weight loss of 54.43 %. Likewise, formation of oxides of
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some other fumarate compounds is reported in the literature [66, 180]. Thus from
TGA/DTA graph of the two compounds, only two chemical reactions have been

proposed to take place for each during their thermal decomposition as under:

—7H,0
(1) Tby (C404H2)3.7H,0 — 1;0 = Th, (C404Ho)s.
6CO + 3H,0 + 6C
Thy (CaOaHy)y — CCO T 3H20+6C) 1) . (Terbium oxide)
150 — 650 °C
—7H,0
2) Gds (C404H,)s.7H,0 Gd, (C404H>)s.
(2) Gd2(C404H2)3.7H2 25— 150 °¢ 2(C404H2)3
6CO + 3H,0 + 6C - .
Gd; (C404H>)s _( ? ) Gd,05 (Gadolinium oxide).

150 — 650 °C
In order to confirm the oxide formation of these compounds during their second step
of thermal decomposition, the powder X-ray diffraction pattern was obtained for the
final product of one of the isomorphous compound terbium fumarate heptahydrate and

is discussed in section 6.3.1 of chapter-6.
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Figure 4.23 TGA/DTA curves of terbium fumarate heptahydrate crystals.
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Figure 4.24 TGA/DTA curves of gadolinium fumarate heptahydrate crystals.

% Weight loss

L e e S S e e e R 200
- 484°C Ho=16
—e—DTG| |
90 - 16.5% n
— 150
80 L
| e
149 °C — 100
70
i 33.5%
60 - — 50
50
6Y B
p "'
40 - i
—71r 1 =71 & °ra T r+r 1.1 7.1 ° -50
100 200 300 400 500 600 700 800 900 1000

Temperature °C

Figure 4.25 TGA/DTA curves of mixed GTFH crystals.
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Unlike pure fumarate crystals, the mixed fumarate crystals display three steps of
thermal decomposition in the temperature range of 24-1000 °C as shown in Fig. 4.25
The compound loses all the seven water molecules in the temperature range of 85—
150 °C. The DTG peaks at 85 °C and 149 °C may correspond to the liberation of three
lattice and four coordinated water molecules respectively from the title compound.
Thus, in the temperature range 85-150 °C for GTFH crystals the experimental weight
loss= 16.5 % (calculated weight loss: 16.18 %). After the dehydration, the anhydrous
GTFH compound remains nearly intact until 450°C, beyond which it decomposes in
two decomposition steps corresponding to DTG peaks at 484 °C and 840 °C
respectively. This decomposition temperature of the mixed dehydrated compound is
more than that of the pure fumarate compound reported earlier, thereby suggesting
that the mixed fumarate compound is more thermally stable than the pure fumarate
compounds. In the temperature range of 450- 820 °C, corresponding to the DTG peak
at 484 °C, the experimental weight loss of 33.5 % (calculated weight loss=32.11 %)
attributes to the liberation of three intra water molecules, four molecules of carbon
monoxide, and seven carbon particles for the formation of an unstable intermediate,
dioxy carbonate. The formation of dioxy carbonate of mixed rare-earth oxalates is
reported in the literature [197]. The intermediate dioxy carbonate formed by per oxo
linkage is stable only for a very narrow range of temperature (~ 20 °C) and is then
reduced to GdThOs. Thus, corresponding to the DTG peak at 840 °C in the
temperature range of 820- 1000 °C, the reduction of this intermediate compound into
the oxide form occurs with the release of one carbon dioxide molecule with the
experimental weight loss= 6 % (calculated weight loss=5.65 %). From TGA/DTG
graph, the total observed weight loss of 56 % (calculated weight loss=54 %) indicates
that the final product may be GdThOs. Likewise, the formation of oxides of mixed
rare-earth oxalate single crystals is reported in the literature [197]. The thermal studies
on GTFH crystals are in good agreement with the proposed chemical formula and
hydration number of these crystals. Thus, in the temperature range of 24-1000 °C, the
mechanism of thermal decomposition of GTFH crystals in different chemical
equations resulting the final product as the oxide of mixed rare-earth fumarate may be
described as follows:
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—7H,0
GATb (C404Hz)s5(H20)e] 3H;0 GATb (C.OaHy)s.
[CATD (Ca0Ra)(R0N] 30 s —ggmg CITP (Ce0HRs

(4CO + 3H,0 + 7C)

GATb (C404H,)s
450°C — 820°C

GdTbO,COs.

GAThO,COs  — 02 GdThOs
840°C — 1000°C

4.5.7 FTIR spectroscopy of terbium fumarate, gadolinium fumarate and mixed
gadolinium-terbium fumarate crystals

FTIR spectrum of the grown compounds in the wavenumber range of 400 - 4000 cm*
was recorded on a Bruker Vector-22 spectrometer using KBr pellet technique. Fig.
4.26, Fig. 4.27 and Fig. 4.28 show respectively the FTIR spectrum of TFH, GFH and
GTFH single crystals recorded at a resolution of 4 cm™ in the wave number range of
400-4000 cm™. These figures give the absorption peaks/bands assigned to the
different functional groups associated with the fumarate ion in three isomorphous
compounds. Table 4.8 gives the comparative study of the absorption peaks of three
isomorphous compounds showing the presence of water molecules due to the OH
stretching mode of vibration. Virtually the absence of bands in the range 1700-2900
cm™ suggests the replacement of acidic hydrogen of COOH group by metal cations. A
band centered arround 1540.84 cm™ is due to asymmetric stretching of coordinated
carboxylate group vas(COO’). Another absorption band arround 1399.92 cm™ is
attributed to the symmetric stretching of the carboxylate group vs(COQ") [159]. The
difference between the asymmetric v,(COQO") and symmetric vs(COO") absorption
frequencies indicates the bridging mode of the carboxylate group [202]. The value of
Av is 140.92 cm™, 136.4 cm™ and 137.97 cm™ respectively for TFH, GFH and GTFH
single crystals. It is generally believed that Av is below 200 cm™ for the bidentate
carboxylate moiety, but above 200 cm™ for the monodentate carboxylate moiety. As
such, in the present study, the carboxylate moiety acts as bidentate for both the pure
and mixed fumarate compounds grown in the present study. The strong and sharp
band at 1214.20 cm™may be attributed to in plane bending and 983.91 cm™ may be

attributed to symmetric C-C stretching vibrations. The sharp peaks observed arround
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804.72 cm™ and at 585.75 cm™ corresponds to the combined effect of in plane

bending motion & (O-C-O) and the presence of metal oxygen bond [203].
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Figure 4.26: FTIR spectrum of terbium fumarate heptahydrate single crystals.
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Figure 4.27: FTIR spectrum of gadolinium fumarate heptahydrate single crystals.
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Figure 4.28: FTIR spectrum of gadolinium-terbium fumarate heptahydrate single crystals.

Table 4.8: Comparative FTIR data of pure and mixed fumarate compounds.

(TFH) IR Peaks/ (GFH) IR Peaks/ (GTFH) IR  Assignments of

bands (cm—1) bands (cm—1) Peaks/ bands (cm—1) peaks/bands

3395.28 3380.01 3376.26 Vs (OH)+v,s (OH) of
water and carboxylic
acid

2649.06 2648 2639.27 C-H stretch

1540.84 1534.78 1537.56 Vas(COO)

1399.92 1398.38 1399.59 vs (COO)

1214.20 1205.33 1206.76 C-O —H stretching
vibration

983.91 976.05 976.29 C — C symmetric
stretching vibrations

804.72 804.55 805.37 3 (0-C-0)

- 668.01 668.36 M-O bond

585.75 - 581.16 M-O bond
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Conclusions

1. The single gel diffusion technique has been successfully used for the growth of
terbium fumarate, gadolinium fumarate and mixed Gd-Th fumarate heptahydrate
single crystals. The different growth parameters in the transparent gel medium were
observed to affect the nucleation rate of these crystals. The optimized parameters for
the good crop of these crystals are: gel pH= 5.0- 6.0; gel concentration = 0.5 M; gel
age= 72 hours; concentration of lower reactant= 0.06- 0.07 M; concentration of upper
reactant= 0.2- 0.3 M and temperature= 30— 40 °C.

2. The nucleation rate of these crystals in silica gel was found to be in conformity
with the classical nucleation theory.

3. EDAX analysis confirmed the presence of heavier elements in the grown
compounds and from their CHN analysis, a general formula could be established for
these compound as Th, (C4O4H,)3.7H,0; Gd, (C4O4H,)3.7H,O and GdTb
(C404H2)3.7H,0.

4. The crystallinity of the materials was evidenced by XRD analysis. The phase
matching search of the compounds showed that they are isomorphous to samarium
fumarate heptahydrate and hence isomorphous to each other.

5. The single crystal X-ray diffraction study of terbium fumarate crystal confirms the
earlier phase matching of its powder pattern with the simulated powder pattern of
samarium fumarate, thus confirming the isomorphous nature of the two compounds.
Moreover, from single crystal XRD refinement, the cell parameters and the water of
hydration of the compound were also confirmed. The single crystal XRD also shows
the porosity of the compound.

6. Well matching of observed ‘d’ values for different 26 and hkl indices of the
corresponding planes of terbium fumarate, gadolinium fumarate and mixed fumarate
crystals show that they are isomorphous to each other. The calculated cell parameters
of GFH and GTFH crystals were found nearly same as that of the cell parameters of
terbium fumarate single crystals as obtained from its single crystal X-ray diffraction.
As such, it substantiates our view point that the crystals grown in the present work are
isomorphous to each other.

7. Thermo gravimetric analyses of the compounds substantiated their proposed
formula as obtained from their elemental analysis. The pure fumarate compounds

show two steps of thermal decomposition till the formation of their oxides, while as
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the mixed fumarate complex showed three steps of thermal decomposition for the
formation of its oxide.

8. Presence of all the functional groups associated with a fumarate ligand was
confirmed by the FT-IR spectrum. FTIR comparative study indicates that the fumarate
ligand in both pure and mixed rare-earth fumarate crystals act as bidentate ligand as
well as monodentate.

9. Scanning electron microscopic results suggested that the external morphology of

both pure and mixed rare-earth fumarate crystals is monoclinic.
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CHAPTER-5

Dielectric and conducting behaviour of terbium,
gadolinium and mixed gadolinium-terbium fumarate

heptahydrate single crystals.

5.1 Introduction

Metal-organic compounds are highly being considered as an alternative to inorganics
for many reasons. They are cheaper and their structure can be easily modified through
chemistry, thus making them highly versatile. The single crystal growth of metal-
organic compounds with unusual dielectric, ferroelectric and second order non-linear
optical (NLO) properties is currently considered as one of the vital issues. In the class
of metal-organic coordination compounds the rare-earth coordination compounds are
potential candidates which besides showing dielectric and ferroelectric properties are
also thermally stable [204] and also have the ability to incorporate  both
photoluminescent centers and magnetic properties [205]. Study of dielectric
characteristics indicates the response of the material to an electric field. Different
polarizations may result into the variation in dielectric constant €' and dielectric loss
(tand) of a material. Study of variations in dielectric constant €' with respect to the
temperature is very useful in the study of phase transition taking place in the
materials. Bhat et al [206, 207] have reported dielectric studies of some rare-earth
coordination compounds. Torres et al [78] have observed two phase transitions in the
cadmium tartrate crystals, one due to structural changes and the other due to loss of
water molecules. Since, the title compounds belong to the centro-symmetric space
group P2:/n, therefore, their dielectric anomaly due to the structural changes is ruled

out at the very outset. The dielectric anomaly found in the compounds under report
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has been attributed to their dehydration. Dielectric properties of some inorganic
fumarate compounds have also been reported in the literature [208, 209]. During the
last few years, a number of efforts were made by the researchers to find out new
solids with high ionic conductivity for industrial applications, such as solid state
batteries, fuel cells, sensors, etc [91]. As reported in the literature, the proton
conduction of these solids may play a role in a number of processes. The direct
application of solid-state proton conduction occurs in the situations where there is a
requirement to transmit hydrogen across some intervening barrier. This occurs in fuel-
cell technology as already mentioned in general introduction chapter-1. The properties
which are relevant to the function in fuel cells is reported in the literature [94]. The
proton is the only ion which may be expected to form and be mobile in molecular
organic solids, and hence may play an important role in intra molecular biological
processes. Correspondingly, a number of specific biological processes appear to
depend on proton transfers [95-97] for example, photosynthesis, where a primary
process involves proton liberation and migration across a membrane, certain
enzymatic processes etc. In order to understand the dielectric characteristics and the
temperature and frequency dependence of ac conductivity of gel grown pure and
mixed rare-earth fumarate crystals, measurements of the concerned parameters were

taken and the results obtained thereof are presented in this chapter.

5.2 Dielectric polarization and its frequency dependence

In a dielectric medium which is also called an insulator, the polarization can be
produced by an external electric field. Therefore, the concept of polarization becomes
important in modifying the electric field both inside and outside the material. The
different types of polarization processes depend on the structure of molecules in a
material. For example, H,O molecule has a permanent dipole moment even in the
absence of an electric field and at the same time CO;, molecule posseses no permanent
dipole moment. It is because that unlike CO, molecule, in H,O molecule the two OH
bonds do not lie along the same straight line. Although a dipolar substance has
permanent moments, yet the net polarization vanishes in the absence of external
electric field due to the random orientation of moments. But, due to the external
electric field applied to a substance, the molecular dipoles tend to align with the field

and results a net polarizability, which is called dipolar polarizability.
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Thus, p=a, E (5.1)
where, p is dipole moment (C-m?) and a is the dipolar polarizability (F-m?).

For the molecules with ionic bonds, the external electric field tends to stretch
the length of these bonds by displacing the +Ve and —Ve ions towards the opposite
poles of the applied field. Due to the change of this dipole length, a net dipole
moment is produced in the unit cell, which was zero before the application of electric
field. This polarization produced as a result of relative displacements of oppositely
charged ions is called ionic polarizability.

Thus, p=0; E (5.2)
where p is dipole moment (C-m?) and o; is the ionic polarizability (F-m?).

Electronic polarisability occurs in case of neutral atoms due to the relative
displacement of its orbital electrons. In the absence of electric field the centre of —Ve
charges (cloud of electrons) coincide with the centre of nucleus, thus resulting the
formation of neutral atom. But due to the external electric field, the electron cloud
gets distorted in a direction opposite to the field. Thus each atom attains a charge
dipole which affects the applied field both inside and outside the material.

Thus, p=0e E (5.3)
Therefore the total polarizability is given by
0= 0o+ 0 + Ol (5.4)

In case of covalent crystals (Ge or Si) which are non-ionic and non-dipolar, the
polarizability is entirely electronic in nature and in dipolar substances all the three
contributions are present. But in general when the dielectric materials are not single
crystals and are either amorphous or polycrystalline, then they include space charge
polarizability as well.

Thus, o= ap+aj+tae+ag (5.5)
where, oq4 IS space charge polarizability.

The frequency dependence of several contributions to the polarizability over a
wide range extending from the static all the way up to the UV- regions [210], is
shown in Fig. 5.1. It can be seen that in the microwave region from o= 0 to ®= wq, the
polarizability is essentially constant and in the neighbourhood of wg, it decreases by a
substantial amount due to the dipolar contribution ®g. When the frequency exceeds myq
i.e > g, the field now oscillates so rapidly that the dipoles do not follow but remain

essentially stationary. Thus, the polarizability remains constant in the frequency range
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from ®q 1, ®; and then drops down at the IR region. For the frequency range o > w;,
the ions with their heavy masses do not follow the very rapidly oscillating field and
consequently the ionic polarizability vanishes. Thus, in the frequency range above the
IR only the electronic polarizability remains effective because of the fact that
electrons being very light follow the fast changes of the applied field at high
frequency. This range includes both the visible and UV regions. At still higher
frequencies i.e ®> e, the electronic contributions also vanishes as the electrons now

are also not able to follow the fast changes of oscillations.

Polarizability

ae!etronic
L ¥ L1 1 L |
10° 102 10* 10° 10® 10" 10' 10™ 10" 10

Frequency
Figure 5.1: Variation of total polarizability with frequency

M. A. Omar, Elementary Solid State Physics Pearson education, Inc. ; 381 & 410-412, (2007).

5.3 Dielectric dispersion: An overview
On the microscopic level we can say that the response of a polar molecule to the

externally applied electric field is dependent on the viscosity of the material. The
lattice vibrations/ intermolecular forces are responsible for the account of viscous

effects. The ability of the molecule to respond to the field is expressed in terms of a
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. ) . 1 .
relaxation time 1, where the angular relaxation frequency w= -. Above a certain
T

frequency of the field w,, the polar molecule can not follow the applied field and
hence will not contribute to the permittivity of the medium.

Out of different theories of dielectrics, the first model given by Debye [211]
relates to noninteracting polar molecules, for which the susceptibility function is
given by

i
X(w) e (5.6)

where, x is the complex susceptibility, ® the angular frequency and w, is the
frequency at which maximum loss occurs. This maximum loss occurs when
corresponds to the critical frequency , and the location of this peak gives the
magnitude of the relaxation time t [212]. The Debye theory occurs in the materials of
low concentration dipoles dispersed in a non- polar host polymer matrix and are not
bound to the polymer chains. Since Debye response is meant for liquids and gases,
therefore Cole-Cole model [213] modified the Debye equations by introducing a
parameter a. The Cole-Cole susceptibility function can be therefore written as

x©) (5.7)

1+ i(wi

)1—(Z
where, o is an impirical constant lies between 0-1.
Davidson and Cole [214] later modified this expression to fit the experimental data,

which is given by
1
©p

where, B is a parameter lying in the range of 0-1.
However, the best result can be obtained by using a generalized form of these two
equations given by Havrilak and Negami [215],

1
X((O) o W (59)

The Havrilak and Negami equation of two parameter function could be used for
getting best results for fitting of experimental data. However, a two parameter
equation for the susceptibility function (), claimed to be a universal relaxation law
was proposed by Jonscher by introducing the concept of power law frequency

response of dielectric relaxations suitable for fitting experimental data for a wide
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range of dielectric materials [216]. According to this law, the complete capacitance
and the corresponding susceptibility can be expressed as

v(©) x C(0) = B(io)"* =B [sinnz—” - icosnz—"] o"  (5.10)
where, C is the complex capacitance, B is the proportionality constant and the
exponent n whose value lies between 0 and 1 defines the frequency dependence.
Moreover, for this power law relation, the real and imaginary components maintain a

constant frequency-independent ratio, i.e.,

C')  _y'@ _ . mr
T e @ cot(2) (5.11)

Based on the concept of universal law, the experimentally observed behavior for
various dielectric dispersions can be explained with dipolar, quasi-dc, and diffusive
mechanisms. For the bound dipolar case, the fractional power law behavior is given
by

K@) <70 ()™ 1 0>>0p (5.12)

KO- @) g0 ()" to <<y (5.13)
where o, is the peak frequency and y(w) is the susceptibility at very low frequency.
We can write the alternative equations for bound dipolar case by using Eq.5.11 as:
x'(®) = cot () X (®) x o™ o >> (5.14)
x'(©) =tan (57) [x(0) - ¥ (@)] x ™o <<op (5.15)
where y' and " are the real and imaginary parts of the susceptibility, respectively.

According to Jonscher, this susceptibility function can be expressed as

1
"(® X — o
O <
14 14

(5.16)

The quasi-dc dispersion has been observed experimentally at frequencies below 1 Hz
in which some of the charges are weakly bound and partially free to move. For

frequencies less than characteristics rate w., the quasi-dc dispersion is represented by

wo) e x(0) (2) "
=%(0) (=) P x [cos(F) —sin(5)]  (5.17)

and for frequencies greater than the characteristics rate

78



o) o0 ()"

w 1 - nt . nt
=%(0) (m_c) X [Sln(7) - 1005(7)] (5.18)

The equivalent presentation for this behaviour can be written as

" () = cot ("2—”) Y(0) <™ o>>we; (5.19)

" (®) = tan (%) Y(0) xo™:o<<o. (5.20)

The exponent ‘n’ in dipolar response which defines the degree to which the
displacements of a dipole to those of its environment form a cluster and the exponent
m is a measure of the extent to which one cluster can affect the others and can be
taken as the efficiency of dipolar displacement between clusters. Therefore, when m
approaches unity, it shows the situation in which the disturbance is spread almost
homogeneously over the system as equilibrium is approached. In quasi-dc process, p
is a measure of the efficiency of the charge transport between the clusters. Any
deviation of p from unity defines the degree of inefficiency of the charge transport in
the system and is a measure of the degree of long-range homogeneity. In the quasi-dc
process, the real and imaginary parts of the susceptibility increase steadily with
decreasing frequency, with a small exponent value of p at frequency < wc, followed
by a flat loss behaviour above ®. The dielectric behaviour discussed so far involves
dielectric loss due to the polarization mechanism. But many of the dielectric materials
exhibit loss with the conduction of charge carriers that add to the total loss. This

conduction loss is given by

== (5.21)
where, ¢ is the dielectric loss factor and o is the electrical conductivity of the
material. In QDC process no loss peak is observed and the real and imaginary parts of
susceptibility increases rapidly towards low frequencies without any sign of saturation
and follows a parallel trend in a log-log representation and obey a power law of the
type:
yoco"™:;0<n <l (522
where, y is the electric susceptibility of the material which is related to real dielectric

constant as: x=¢€-1
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The universal fractional power law is obeyed by variety of solid materials, including
low loss dielectrics, dipolar materials, hopping electronic systems, ionic conductors,
semiconductors, p-n junctions, interfacial phenomena and mechanical relaxation
[217]. 1t should be noted that dipolar system will exhibit loss peaks, whereas carrier
dominated systems exhibit QDC responses. In the present study pure and mixed rare-
earth coordination compounds have been grown, all of which show QDC behaviour as
discussed in the proceeding sections of this chapter.

5.4 Experimental Procedure

Single crystals of terbium fumarate heptahydrate (TFH), gadolinium fumarate
heptahydrate (GFH) and mixed GdTb fumarate heptahydrate (GTFH) were grown by
single diffusion gel technique [109, 110] at a temperature range of 15-40° C using
sodium meta silicate gel as a medium of growth. These crystals grown by gel
diffusion technique were small in size to be used directly for dielectric analysis,
therefore, their dielectric studies were carried out on powdered samples in the form of
compressed pellets. For the preparation of pellets, the crystals were ground to a fine
powder by adding 2-3 drops of acetone and the powder was then pressed into circular
pellets of diameter 13 mm and thickness 1.0- 1.5 mm under a pressure of 200 kg/cm?
using a hand operated hydraulic press. Silver paint was used as a conducting paste and
was applied on both sides of the pellets to make them capacitors with the material as
dielectric medium. The dielectric spectroscopy of these compounds was carried out in
the frequency range of 20 Hz to 3 MHz and over the temperature range of 15- 130 °C
using an impedance analyser (Wayne Kerr) and the data was recorded. A
microprocessor based furnace fitted with a temperature controller along with a
temperature sensor and a specially designed sample holder was used to heat the
sample at a heating rate of 2 °C/min. The instrument directly provided the values of
capacitance C and dielectric loss tan (8). Other parameters such as dielectric constant
¢ and ac conductivity o a¢ of the compounds were computed by using the relations:

g'= C.t/goA and o 5= 2nfeye' tand.

where, C represents the capacitance (in farads), t the thickness (in meters), A the area
(in meter?) of the sample, &= 8.85x102 Fm™, f is the frequency (in Hertz) of the

applied electric field and the conductivity o 4 is measured in ohm™ m™.
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5.5 Dielectric characteristics

The variation of dielectric constant €', dielectric loss (tand) and ac conductivity ¢ 4
with temperature and frequency of terbium fumarate heptahydrate (TFH) , gadolinium
fumarate heptahydrate (GFH) and mixed gadolinium terbium fumarate heptahydrate
(GTFH) was carried out in the temperature range (15- 150 °C) under the application
of applied ac field in the frequency range (20Hz- 3MHz). The results obtained thereof

are described as follows:

5.5.1 Dependence of dielectric constant and dielectric loss on temperature
The variation of real part of dielectric constant €' of TFH, GFH and GTFH crystals
corresponding to different temperatures at different frequencies in the range (1 kHz to
3 MHz) of the applied ac field is shown in Fig.5.2, Fig.5.3 and Fig.5.4 respectively.
As can be observed from these figures, the dielectric constant remains temperature
independent up to 60 °C or 70 °C as the case may be and then it increases almost
exponentially with the temperature and attains a peak around a temperature of 85 °C
in case of TFH crystals and 95 °C in case of GFH and GTFH crystals. The dielectric
constant then decreases on further increasing the temperature. The dielectric anomaly
of the three compounds found at a temperature of 85 °C or 95 °C may suggest a phase
transition of the materials. To account for this behaviour, we have two possibilities:
(1) due to dehydration of water molecules associated with the title compounds and/or
(2) due to the structural changes of the compound. Torres et al [78], have observed
two phase transitions in the cadmium tartrate crystals; one due to structural changes
and the other due to loss of water molecules. Though each of the compounds belong
to the Centro symmetric space group P2:/n , therefore, the dielectric anomaly in these
compounds due to the structural changes is ruled out at the very outset. This dielectric
anomaly can be attributed to the dehydration of the compounds, which is also in good
agreement with their thermo gravimetric analysis. The fact that the water molecules in
the crystal boundary bring the anomalous dielectric peak may be discussed as follows:
As a matter of fact, water is a typical polarized molecule. When the temperature
is lower than 60 or 70 °C, water molecules are confined at the crystal surface of the
compounds by slight interaction, which would prevent the reorientation of a

molecular dipole. However, with the increase in temperature, the interaction would be
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broken down step by step and the water molecules could re-orientate freely. This
leads to an increase of dielectric constant beyond 60 or 70 °C and reached a maximum
at about 85 °C for TFH crystals and 95 °C for GFH and GTFH crystals. The
orientational polarization occurs only in the materials composed of molecules with an
asymmetrical structure in which the centroid of the negative charge (mainly electrons)
and that of the positive charge (mainly nuclei) are not coincident. These molecules
will, therefore, possess permanent dipole moments in the absence of external fields. In
water molecules the bonding structure is asymmetrical, so the centroid of the negative
charge is not coincident with that of the positive charge, thus resulting in a net
permanent dipole moment. Beyond the transition temperatures, T,= 85 °C or 95 °C the
decrease in dielectric constant of the materials may be due to the decrease in
orientational polarization by gradual loss of water molecules and by the randomness
of the permanent dipole moments. The terbium fumarate complex being isomorphous
with samarium fumarate heptahydrate [66] contains three lattice water molecules and
four coordinated water molecules. The presence of these seven water molecules in
TFH crystals has been shown by an ORTEP diagram after solving its crystal structure
reported in section 4.5.4 of chapter- 4, and reported elsewhere [200]. As discussed in
previous chapters that the mixed rare-earth compound is isomorphous to the single
component rare-earth compound, therefore, all the three compounds may contain
three lattice water molecules and four coordinated water molecules. From the thermal
analysis of all the three compounds, it is found that the three lattice water molecules
escape in the temperature range 80-130 °C, as such the dielectric constant of the
materials goes on decreasing beyond the transition temperature of 85 °C or 95 °C . In
the temperature range 124.5-150 °C corresponding to endothermic DTA/DTG peaks
at 132.63 °C and 149 °C for pure and mixed fumarate crystals, the remaining four
coordinated water molecules also escape from each compound. Hence, corresponding
to the complete dehydration, the dielectric constant of the compounds decreases much
and attains a small constant value. In order to confirm that the dielectric anomaly of
the materials is due to the presence of water molecules, another experiment was
carried out in which the pellets of different samples were heated for their dehydration
to a temperature of 150 °C for about 2 hours. The dielectric constant of the preheated
pellets was recorded corresponding to the different temperatures at a frequency of 1

kHz. It was found that the anomalous dielectric peak disappeared completely for both

82



»- 3MHZ
105 =

350 —m— 1kHz 1004 g}

@ 100kHz ol /0
300 o
; |

£

9.0 . H

854

Dielectric constant (z)

250 . \
&2 8.0 \
£
S 200 - ] 754 ' | ’ | I '
2 J / n 20 40 60 80 100 120 140
8 L) \ Temperature °C
o 150 4 / \
= ||
3] d
9 . %,
@O 100 A / .
o 1 X
/ [ ]

=
50 o Y
i — L ;
o0 0000000 00
0 I ! I I ! I ! I ! I ! 1
20 40 60 80 100 120 140

Temperature °C
Figure 5.2: Variation of dielectric constant (g') with temperature of terbium fumarate heptahydrate
compound at the frequencies 1 kHz, 100 kHz and 3 MHz.
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Figure 5.6: Graph between dielectric constant ( ') and temperature of dehydrated compound of mixed
gadolinium-terbium fumarate at 1kHz.

pure and mixed fumarate crystals as shown in inset Fig. 5.3, Fig. 5.5 and Fig.5.6
respectively for gadolinium fumarate, terbium fumarate and mixed gadolinium-
terbium fumarate compounds. As such, it is suggested that the dielectric anomaly of
all these crystals is mostly due to the presence of lattice and coordinated water
molecules. Thus the water molecules absorbed to the crystal boundary of a compound
could impose great impact on the dielectric property and may contribute to the
anomalous dielectric peak as also reported in the literature [218-220].

The dependence of dielectric loss (tand) also exhibits a similar type of variation
with frequency at different temperatures for pure and mixed rare-earth fumarate
crystals, showing again a peak around at 85 °C for pure terbium fumarate
heptahydrate and at 95 °C for mixed gadolinium terbium fumarate heptahydrate as
shown respectively in Fig.5.7 and Fig.5.8. It is obvious that the reorientation of a
molecule involves the energy required to overcome the resistance of the surrounding
molecules, so the orientation process is strongly temperature dependent. For terbium

fumarate heptahydrate the increase in dielectric constant in the temperature range
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60 < T < 85 °C, more energy is dissipated for reorienting the permanent dipoles in the
direction of the applied field, as such the dissipation loss also increases within the
temperature range 60 < T < 85 °C as depicted in Fig.5.7. And for mixed Gd-Th
fumarate heptahydrates, the dissipation loss increases in the temperature range 70 < T
< 95 °C, which is close to that of terbium fumarate heptahydrate. It is therefore clear
from the graph that the dielectric loss peak is almost frequency independent and is a
consequence of polar dielectrics, where apart from dipole losses, losses due to

electrical conduction also occur [221].

5.5.2. Dependence of dielectric constant and dielectric loss on frequency

The variation of dielectric constant €' and dielectric loss (tand) as a function of
frequency at different temperatures for TFH, GFH and GTFH crystals respectively
shown in Fig.5.9, Fig.5.10 and Fig.5.11 show a normal behaviour of the dielectric
materials. It is observed that the dielectric constant and dielectric loss both decrease
with increase in frequency. The decrease of dielectric constant with increase of
frequency, a normal dielectric behaviour can be explained on the basis of polarisation
mechanism. There are four primary mechanisms of polarisation in materials: i.e.
electronic, ionic or atomic, dipolar or orientational and space charge or interfacial
polarisation. At low frequencies, all the mechanisms of polarisation contribute to the
dielectric constant. Since the dielectric studies were carried out on pellet samples, we
expect the space charge polarisation to be dominant. The high rise of dielectric
constant at lower frequencies may be attributed to space charge polarisation due to
grain boundary effects. With the increase in frequency, the contributions from
different polarisations start decreasing. This exhibits that at very high frequencies the
mechanical system cannot follow the fast changes of the electric field, implying that
all types of polarization mechanisms vanish except electronic polarization. At high
frequency, the electronic polarization remains effective because of the fact that
electrons being very light follow the fast changes of the high frequency applied field.
This range includes both the visible and UV regions. At still higher frequencies
(above the electronic frequency e i.. ® > e, the electronic contributions also
vanishes as the electrons now are also not able to follow the fast changes of
oscillations. Thus, the response of the materials to extremely high frequencies of

the external field is missing. The dependence of dielectric loss (tand) also exhibits a
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Figure 5.11: Variation of dielectric constant (¢") and dielectric loss with frequency of mixed GTFH

crystals at a temperature 30 °C.

similar type of variation with frequency at different temperatures as shown in inset
figures of pure and mixed rare-earth fumarate crystals. With increasing frequency, the
dipoles cannot follow the rate of changes, so, they react to such fields more weakly. It
is observed that the losses are smaller at higher frequencies. In other words the
dielectric loss is almost frequency independent beyond the frequency of 100 kHz. The
low value of dielectric loss indicates that the grown crystals are reasonably of good
quality. From these figures, the absences of any loss peak in the dielectric dispersion
of the materials suggest their behaviour to be that of low frequency dispersion (LFD)
or the quasi-dc process [222]. The real and imaginary parts of the susceptibility
increase rapidly towards low frequency without any sign of saturation and follow a
parallel trend in a log-log representation and obey a power law of the type:

(1-n)

y«log @ 7, where 0 < n <1, where y is the electric susceptibility of the material

which is related to real dielectric constant as, x = € — 1.

In case of materials under study, i.e for pure TFH crystals, n = 0.7 and

for mixed GTFH crystals n= 0.34, which are obtained from the slope of log y verses
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log w as shown in Fig.5.12 and Fig.5.13 respectively. And as for as, the literature is
concerned, the value of ‘n’ has been estimated to lie between 0.5-1.0 [223]. As
reported earlier in this chapter that the universal fractional power law is obeyed by the
variety of solid materials, including low loss dielectrics, dipolar materials, hopping
electronic systems, ionic conductors, semiconductors, p-n junctions, interfacial

phenomena and mechanical relaxation [217].

5.6. Conduction behaviour

5.6.1. Temperature dependent ac conductivity

Fig. 5.14, Fig. 5.15 and Fig. 5.16 show the variation of ac conductivity with
temperature at different frequency of terbium fumarate, gadolinium fumarate and
mixed gadolinium-terbium fumarate heptahydrates respectively. The ac conductivity
oac Shows a strong dependence on both the temperature and frequency of the applied
ac field for both pure and mixed rare-earth fumarate compounds. The rise of
conductivity upon increasing the frequency and temperature is a common response for
polymeric and semiconductor samples [224]. It is due to the tremendous increase of
the mobility of charge carriers in the complex. An increase in the values of ac
electrical conductivity is driven by mobility of free charges (i.e. polarons and free
ions) as the temperature is increased. Such a type of behaviour is almost same as
reported for some other rare-earth co-ordination compounds by Bhat et al [206, 207].
In the temperature range 30 < T < 70 °C, the a.c conductivity of both pure and mixed
crystals is almost temperature independent. Above 70 °C, the ac conductivity
increases and approaches a maximum value at about 85 °C and 95 °C for TFH crystals
and mixed GTFH crystals respectively and then decreases beyond this temperature.
The increase in conductivity in the temperature range 70 < T < 85 °C for TFH crystals
or 70 < T < 95 °C for mixed GTFH crystals may be due to an increase in the
concentration of mobile charge carriers due to the dissociation of water molecules
present in the material into H* and OH™ ions. This type of conduction known as
protonic conduction is also reported in the literature [225]. When the temperature is
increased beyond the transition temperature, the concentration of dissociated ions
of water molecules decreases due to the dehydration of lattice and coordinated water
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molecules in the temperature range 80-150 °C as reported in the thermal analysis of
the compounds. Except gadolinium fumarate, the ac conductivity shown by TFH and
mixed GTFH crystals vary from 10  to 10 ® ohm ™ m ™ which is just more than that
of the reported values for other coordination compounds [225, 226]. The ac
conductivity shown by gadolinium fumarate crystals is however ~10 ® ohm * m ™.
The activation energy E, which is defined as the minimum energy to overcome
the potential barrier in the composite system was calculated before the transition
temperature by using the Arrhenius equation o = 60 exp (E./KT). Fig. 5.17 and 5.18
show a plot of In o, versus 1000/T at 10 kHz just before the transition temperature
and the slopes of these graphs give the activation energy of the ions before the
transition which is equal to 0.56 eV for TFH crystals and 0.86eV for mixed GTFH
crystals. The same order of activation energy has also been reported in the
imidazolium salts of dicarboxylic acids, where the electrical conductivity has been
explained as due to proton transfer through hydrogen bonds [227]. The other
hydrogen bonded systems in which a.c conductivity takes place due to proton transfer

is also reported [228]. In order to confirm that the conductivity of the material is due
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to the proton transfer in hydrogen bonded system, the sample was heated to 150 °C for
about two hours and its ac conductivity was carried out. Fig. 5.19 shows very small
conductivity of the dehydrated sample of terbium fumarate compound at 1 kHz which

is~0.2x 10® ohm™ m™ and remaining almost constant.

5.6.2. Frequency dependent ac conductivity

Fig. 5.20, Fig. 5.21 and Fig. 5.22 give a plot of In ¢ 4. versus In o for terbium
fumarate, gadolinium fumarate and mixed gadolinium terbium fumarate heptahydrate
crystals kept at a temperature of 50 °C. The slope of these graphs determined the
value of the exponents for each compound i.e for TFH, s= 0.46; for GFH, s=0.35 and
for GTFH, s= 0.9, which confirmed that for each compound, the value of ‘s’ so
obtained obeys Johnscher power law ()= o, +Aw’ and its value lies in the range 0 <
s < 1. g, is the d.c conductivity which is the frequency-independent plateau in the low

frequency region and can be obtained by fitting o(w)= o, +Aw® for both pure
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fumarate crystals (TFH crystals) and mixed fumarate crystals (GTFH crystals) as
shown in Fig. 5.23 and Fig. 5.24 and ® =2xf is the angular frequency.

The trend of conductivity with frequency indicates hopping conduction of
protons through hydrogen bonds [228]. Since the application of an electric field
causes directional flow of charge carriers by hopping mechanism, therefore there
occurs proton—phonon interaction. As such, when a proton tries to move, it has a
strain field (a cloud of virtual thermal phonons) forming a quasi particle like polaron.
The electrical conductivity 6 5. of many solids was shown by Johnscher [92] to
consist of strongly frequency dependent components in glasses, polymers and
crystals. In general, it was found that the a.c conductivity decreases with increasing
frequency in case of band conduction and it increases with increasing frequency in
case of hopping conduction.

The experimental results on the frequency dependence of a.c conductivity have
shown that at a given temperature, the magnitude of conductivity is higher at higher
frequencies, thereby supporting the small polaron hopping model [229]. But at
extremely low frequencies, the ordered solids show no frequency dependence of their
conductivity at frequencies below phonon frequencies. From the experimental data in
a limited frequency region, it was noted that the electrical conductivity increases with
frequency and follows the Johnscher’s universal power law [92, 230]. The power law
exponent ‘s’ is a weak function of temperature, approaching unity at low temperature
and zero at high temperature [231]. This power law is applicable for polymeric and
semiconductor materials. At higher frequencies of applied a.c field, this quasi-particle
disperses. When the cloud of phonons disperses, protons move and contribute to
conductivity. That is why in the inset graphs ( Figs. 5.14 and 5.16) of pure and mixed
fumarate compounds, the magnitude of conductivity increases from 3.5x 10 ohm™
m* to 1.1x 10* ohm™ m™ by increasing the frequency from 1 kHz to 3 MHz.
Therefore, in the hopping conduction, it is possible to distinguish different

characteristics regions of frequency.

96



m At50°C

. —— linear fit
7.5

-8.0 H [
-85 4
9.0 »

-9.5 4 [ ]

a.c

-10.0 H ™

Ino (Q'm"

-10.5 -
-11.0 4 "

11,5 4

T ; T ; T J T ] T T 1
8 10 12 14 16 18

In o
Figure 5.20: Variation of ac conductivity with frequency of TFH crystals at 50 °C.

m  Experimental Data

linear fit
-14.0 4
Slope=0.35 "
|
| |
n
-14.5
||
| |
S~ |
‘TE -
= 1504 e
G -
9 i 'l
o) o
[ -
~ 1554 o
-
.l
||
.l
|}
-16.0 n®
L T A T L T J T ¥ T ) T L T
6 7 8 9 10 11 12 13
In o
Figure

5.21: Variation of ac conductivity with frequency of GFH crystals at 50 °C.

97



—m— Experimental
linear fit

-8 -

-10 4
-11 4 ,.’//

12 -

ac
|

Ino_(Q'm")

13 .
-14 4 -

-15-_ 4.‘.

16 e e e e e e ———
10 11 2 13 14 15 16 17 18

Inw®

Figure 5.22: Variation of ac conductivity with frequency of GTFH at 50 °C.

At 50 °C
5.0x10™ - ]
I |
4.0x10* - _
| n
— 30X104 -1
E I ]
‘ | |
gq 2.0x10™
b -
| |
1.0x10™ .
n
| ™
mn
0.0 e ——
T 1 T T T T - T . . i . i ;
4 6 8 10 12 14 16 18

In®
Figure 5.23: Variation of ac conductivity with frequency of TFH crystals at 50 °C showing frequency-

independent plateau in the low frequency region.

98



| GdTb fumarate

3.0x10™ -
2.5x10™ - /
2.0x10 /

1.5x10™ - /

1.0x10™ L]

5‘0x10'5—- /

_m
mm-m-u "

6 (Q'm™
RN

0.0 4 (100 [ B 11 &

1 - 1 1 1" 1T I "1™
10 11 12 13 14 15 16 17 18

In®
Figure 5.24: Variation of ac conductivity with frequency of mixed GTFH crystals at 50 °C showing

frequency-independent plateau in the low frequency region.

Conclusions

1. The dielectric property and conductivity behaviour of TFH, GFH and mixed GTFH
crystals have been discussed. The studies of the dielectric behaviour of these
compounds show a strong dependence of dielectric constant on temperature and
frequency of the applied electric field. The dielectric constant (€) varies with the
temperature and attains a peak value nearly at 85 °C for terbium fumarate and at 95 °C
for gadolinium fumarate and mixed GdTb fumarate heptahydrates, thus establishing
this temperature as the transition temperature.

2. It is worth to mention here that the dielectric anomaly found in the title compounds
is attributed due to their dehydration and not due to the ferroelectric phase transition.
The thermal decomposition substantiates that the dielectric anomaly taking place in
the title compounds is due to the loss of water molecules and not due to any structural

changes.
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3. The ac conductivity o, of the materials show a strong dependence on both the
temperature and frequency of the applied ac field. The conductivity of the materials
suggests that they are protonic conductors making protons to transfer through
hydrogen bonds.

4. The ac conductivity of pure terbium fumarate compound is greater than that of pure
gadolinium fumarate and mixed GdTh fumarate compounds. At 100kHz, the ac
conductivity is 6x10™* ohm™ m™ and 6x10° ohm™ m™ for terbium fumarate and
gadolinium fumarate compounds respectively and for mixed fumarate compound the
conductivity is 1.1x10 * ohm™ m™.

5. The ac conductivity of both terbium fumarate and mixed fumarate crystals is
exactly same at 3MHz and is equal to 1.1x10° ohm™ m™.

6. The activation energy of mixed fumarate crystals is greater than that of pure
terbium fumarate crystals, thereby suggesting that the charge carriers in mixed
fumarate crystals are more bound with the metal ions than that of pure terbium
fumarate crystals.

7. The frequency dependent ac conductivity of both pure and mixed rare-earth

fumarate crystals obeyed Johnscher power law equation.
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CHAPTER-6

Thermal behaviour of terbium, gadolinium and

mixed Gd-Tb fumarate heptahydrate single crystals

6.1 Introduction

Thermal methods, generally referred to as thermo-analytical techniques give a deeper
insight into the mechanisms involved in changes in a given material besides leading to
novel intermediate and end products in large number of cases. There has been some
discussion on whether thermal analysis can really be regarded as an analytical
method. It was concluded that thermal analysis could be fitted into general systems on
theory model of chemical analysis [232] and is based on three elements i.e, the
sample, the reagent and the signal, by considering heat as a reagent. Thermal studies
are also very important to throw light on the thermal stability of the substances.
Thermal analysis is the measurement of changes in physical properties of a substance
as a function of temperature when the substance is subjected to a controlled
temperature programme [233-235]. Important information regarding the phase
transformations taking place in a material is also provided by the thermo-analytical
techniques. Thermal methods of analysis are now being used in a very large range of
scientific investigations. These techniques also provide a wide range application in
materials like building materials, ceramics, cements, glass, minerals, soils, catalysts,
explosives, plastics and rubber, textiles, oils, soaps, waxes, food, petroleum, and
biological samples [236]. In this chapter, the comparative study of thermal behaviour
of single crystals of terbium fumarate, gadolinium fumarate and mixed Gd-Tb
fumarate heptahydrate crystals is reported. The non-isothermal decomposition kinetics

of these compounds is also discussed.
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6.2 Experimental Procedure

Single crystals of terbium fumarate, gadolinium fumarate and mixed GdTb fumarate
heptahydrates were used for thermogravimetric and differential thermal analysis. For
the single component rare-earth fumarate crystals of gadolinium fumarate and terbium
fumarate heptahydrates simultaneous recording of TGA and DTA/DTG was
performed from room temperature to 750 °C. And for mixed rare-earth fumarate
crystals gadolinium-terbium fumarate heptahydrate crystals the thermal analysis was
made from the room temperature up to 1000 °C, in the Nitrogen atmosphere at a
heating rate of 10 °C/ min by using a Perkin-Elmer thermal analyser.

6.3 Results and discussions

6.3.1 Comparative study of the thermal behaviour of terbium fumarate,
gadolinium fumarate and mixed gadolinium-terbium fumarate crystals
Thermal gravimetric analysis (TGA) is one of the techniques of thermal analysis in
which changes in physical and chemical properties of materials are measured as a
function of increasing temperature with constant heating rate, or as a function of time
with constant temperature and/or constant mass loss. TGA/DTA can provide
information about physical phenomena such assecond order phase transitions,
including vaporizations, sublimation, absorption, adsorption and desorption.
Likewise, TGA can provide information about chemical phenomena
including desolvation (especially dehydration),  decomposition, and  solid-gas
reactions (e.g., oxidation or reduction). The TG curve can also give useful information
for the thermal stability and composition of the sample under investigation. The
recorded curve is first analyzed for obtaining the percentage weight loss of the
compound in different steps of thermal decomposition at different temperatures. Thus,
we are able to find the thermal stability and dissociation of the grown compounds.
Thermo grams shown in Fig. 4.23, Fig. 4.24 and Fig. 4.25 in chapter 4 show the
thermal decomposition stages of terbium fumarate, gadolinium fumarate and mixed
gadolinium-terbium fumarate heptahydrates respectively. The two pure rare-earth
fumarate crystals i.e. terbium fumarate and gadolinium fumarate decompose
completely in two stages till the formation of their oxides. But the mixed rare-earth

fumarate, gadolinium-terbium fumarate crystals decompose in three steps till the
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formation of its oxide GdTbOs. In order to identify the final product of the thermal
decomposition of terbium fumarate to be Th,03, its powder X-ray diffraction pattern
was obtained and a phase matching search was carried out with the ICDD
(International Centre for Diffraction Data) inorganic database, PDF2. The
experimental pattern was found to be similar to that of PDF #00-043-1032, which
belongs to Th,0s. Fig. 6.1 shows the XRD pattern of Th,O3 as the final product of
thermal decomposition of terbium fumarate heptahydrate single crystals. Like wise,
the oxide formation takes place for gadolinium fumarate and mixed
gadolinium-terbium fumarate heptahydrate compounds as the final product, which are
isomorphous to terbium fumarate heptahydrate as already discussed in chapter-4 of
the thesis. Table 6.1 gives the comparative study of thermogravimetric analysis

of pure and mixed rare-earth fumarate crystals. From this table, we come to know that

Table 6.1: Comparative study of temperature ranges, mass losses (%), and peak
temperatures observed in thermal analysis of pure and mixed rare-earth fumarate

crystals.

Compound/ Temp. Expt.  Calcul. Loss of Correspo  Product
decomposition StP  range °C  mass mass molecules in the nding

step loss% loss%  step peak in
DTG °C
1. Thy(C4,O4H,); 1 80-150 16.40 16.04 -7H,0 132.63 Tb,(C404H,)3
7H,0 2 410-650 3733 3742 - 481.5 Tb,03
(3H,0+6C0O+6C)
2. Gdy(Cs04Hy); 1 80-150 16.40 1633  -7H,0 133.63 Gdy(C404Hy)3
2 420-650 3733 3810 - 484.59 Gd,0;
7 H,0 (3H,0+6C0O+6C)
3 GdTh(C,0,4 1 85-150 16.5 16.18  -7H,0 149 GdTh(C,04H,)3
H,); 7 H,0O 2 450-820 335 3211 - 484 GdTbO,CO;
(3H,0+4CO+7C)
3 820-1000 6 5.65 -CO, 840 GdThO;
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the endothermic peaks for pure rare-earth fumarate crystals (terbium fumarate and
gadolinium fumarate) are nearly same respectively at 132.63 °C and 133.63 °C
respectively and that of the mixed GdTb fumarate is at a higher temperature of 149
°C. It has also been observed that complete dehydration for both the single component
rare-earth fumarates and the mixed rare-earth fumarate compounds takes place in the
same temperature range of 80-150 °C but the thermal stability of anhydrous terbium
fumarate, gadolinium fumarate and mixed Gd-Tb fumarate compounds is different
and upto 410 °C, 420 °C and 450 °C respectively.
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Figure 6.1: XRD pattern of terbium oxide (Th,05).

6.4 Non—isothermal decomposition kinetics

In most kinetic studies the variation in the concentration of reactants, or of products,
with time, is followed under isothermal conditions, and rate coefficients ‘k’ are
derived from the appropriate rate equations. Several experiments are then carried out
at a series of different, but constant temperatures and from the temperature
dependence of the rate coefficient , the Arrhenius parameters, i.e. the activation
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energy, E, and the pre-exponential factor, A, can be estimated. The time taken for an
adequate series of isothermal experiments is a considerable disadvantage and when
the amount of reactant material available is also limited, it becomes most desirable to
obtain maximum information from a single kinetic experiment where the reaction is
carried out at a controlled temperature, continuously increasing according to some
desired programme. In the present chapter non-isothermal kinetic methods have been
used to determine activation energy E and pre-exponential factor A. Most kinetics
start with the assumption that the rate of reaction is a function of degree of conversion

and sample temperature.
The degree of conversion is given by

da

a k(T) f () (6.1)

where, k (T) is the temperature dependent reaction rate constant, f(a) is the reaction
model and « is the conversion fraction.

Integrating the above equation gives the integral rate law,

gla) =kt (6.2)

where g(a) is the integral reaction model. The temperature dependence of the rate

constant is described by the Arrhenius equation [237].

E

k(T)= Ae F™ (6.3)

where A is the pre-exponential (frequency) factor, E is the activation energy, T is the

absolute temperature and R is the gas constant.

Substituting Eqg. (6.3) in the above rate expressions gives,

da —=

—=Ae ¥ f 6.4
i (o) (6.4)
And g(a) = Ae 7 t (6.5)
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Several reaction models for the thermal decomposition of ionic solids [238], using
(o) or g(o) are listed in Table 6.2.

Kinetic parameters can be obtained from isothermal kinetic data by applying these
rate laws or can be transformed into non-isothermal rate expressions describing

reaction rate

as a function of temperature at a constant heating rate by utilizing the following,

da_da dt
dT  dt dT

(6.6)

where, da/dT is the non-isothermal reaction rate, da/dt is the isothermal reaction rate
and dt/dT is the inverse heating rate (1/p).

Substituting Eq. (6.4) into Eq. (6.6) gives the differential form of the non-isothermal

rate law,

E
da _Aw f(g) (6.7)
dar g

Upon integration, Eq. (6.7) gives,
E

g(a) = %ie” dT (6.8)

If, :—T is replaced by “x” and integration limits transformed, Eq. (6.8) becomes,

AE re™
g(a)= R X dx (6.9)

X

Eqg. (6.9) can be written as,
AE

g(a) =—p(x) (6.10)
PR

where, p(x) is the exponential integral.
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Kinetic parameters can be obtained from non-isothermal rate laws by both
model-fitting and iso-conversional (model-free) methods. There are several non-
isothermal model-fitting methods, one of the most popular being the Coats and
Redfern method [239, 240]. This method utilizes the asymptotic series expansion for

approximating the exponential integral p(x) in Eq.(6.10), giving,
.n[mgq:.n(ﬁ(l_ﬁ)]_i 6.11)
T ES E RT

Plotting the left-hand side of Eq. (6.11), which includes the model g(a), versus 1/T

gives E and A from the slope and intercept, respectively. The model that gives the

best linear fit is selected as the model of choice.

Table 6.2: Solid-state rate expressions for different reaction models.

Model Differential form | Integral form g(a)) = kt
£() 1da
o= &
k dt
Nucleation models
Avarami-Erofe’ev (A2) | 2(1—o)[~In(1-a)] 2 [~In(1—o)]"?
Avarami-Erofe’ev (A3) | 3(1-a)[~In(1-a)]*? [~In(1—o)]*?

Geometrical contraction

models
Contracting area (R2) 2(1-0)'2 [1-(1-a)*4]
Contracting volume (R3) | 3(1-a)*® [1-(1-a)"?]
Diffusion models
1D Diffusion (D1) 12a a?
2D Diffusion (D2) [~In(1-o)]* [(1-a) In(1-a)] + @
3D Diffusion-Jander Eq. | 3(1-a)??/2(1-(1-a)*®) [1-(1-a)Y*]?
(D3)

(32((1-a) 2 -1) 1-Qa/3)~(1-a)??

Ginstling—Brounshtein
(D4)

107




6.4.1 Non-lIsothermal decomposition Kinetics of terbium fumarate crystals

The non-isothermal kinetic parameters have been worked out for terbium fumarate
heptahydrate single crystals for the complete stage 1 (100-150 °C) and stage 2 (410-
650 °C) by using the integral method by applying the Coats — Redfern approximation

[237, 238]. |n{g(‘f)} = In( AR (1_ 2RT ﬁ_i
T EA\ E )| RT

Table 6.3: Kinetic and statistical parameters values for the analysed models of

terbium fumarate heptahydrate from TG experiment.

Stage Model 1| E, (kJmole™)

1
D1 0.99382 211.35
D2 0.9946 210.83
D3 0.99474 49.493
D4 0.99499 212.902
A2 0.99588 51.064
A3 0.99525 31.99
R2 0.99485 103.8
R3 0.99541 105.337

’ D1 0.85866 184.50
D2 0.86237 187.83
D3 0.84713 43.10
D4 0.87292 195.46
A2 0.89 50.25
A3 0.85937 29.10
R2 0.86378 93.38
R3 0.88018 99.39
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where o is the fraction of reactant used, g(«) is the conversion function which is
dependent on the mechanism of the reaction, R the gas constant ( = 8.314 J K> mol™)
, E is the activation energy ( kJ mol™ ),T the absolute temperature ( K ), § the linear
heating rate ( K s™) and A is the frequency factor ( s™) .This equation is most often

used to describe the kinetics of thermal decomposition of solids in general. A plot of
In{%} versus 1/T gives a straight line for the correct model. The statistical

parameter such as the correlation coefficient ‘r’ was calculated to aid the selection of
the g (o) function best describing the experimental results [241]. The values of the
Kinetic and statistical parameters for all analysed models are listed in Table 6.3, from
which the best fitting expression for which the correlation coefficient for stage 1 and
stage 2 is maximum is for 2D nucleation model D (A2) with activation energy of
51.064 kJ/mole and 50.25 kJ/mole respectively. The Arrhenius for the best fitting
curve for the dehydration and the decomposition steps are shown in Fig. 6.2 and Fig.

6.3 respectively.

[R2]Contacting area
[R3]Contacting volume
[A2]2D-Nuc. & Growth
[A3]3D-Nuc.& Growth
[D1]1D diffusion
[D2]2D diffusion
[D3]3D diffusion
[D4]Ginstling
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Figure 6.2: Arrhenius plot of the best fitting function g(a) for the dehydration step (100-150 °C) of
TFH crystals.
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Figure 6.3: Arrhenius plot of the best fitting function g(o) for the decomposition step (410- 650 °C) of

terbium fumarate crystals.

6.4.2 Non-isothermal decomposition kinetics of gadolinium fumarate crystals
Like terbium fumarate, the non-isothermal kinetic parameters of gadolinium fumarate
have been worked out for the complete stage 1 (100-150 °C) and stage 2 ( 420-650
°C) using the integral method by applying the Coats — Redfern approximation as
described in section 6.4.1. The values of the kinetic and statistical parameters for all
analysed models are listed in Table 6.4. The Arrhenius plot for the best-fitting curve
for the stage 1 and stage 2 of gadolinium fumarate heptahydrate is shown in Fig. 6.4
and Fig. 6.5 respectively. It is clear from the Table 6.4 that the best fitting expression
for both the stage 1 and stage 2 is again for 2D nucleation model D (A2) with
activation energy of 45.61 kJ/mol and 45.36 kJ/mole respectively.

110



Table 6.4: Kinetic and statistical parameters values for the analysed models of

gadolinium fumarate heptahydrate from TG experiment.

Stage Model 1| E. (kimole™)

1
D1 0.97089 167.32
D2 0.97635 171.53
D3 0.9826 41.60
D4 0.97929 175.97
A2 0.98392 45.61
A3 0.98138 28.26
R2 0.97923 86.07
R3 0.9826 89.63

: D1 0.08608 171.49
D2 0.86597 173.75
D3 0.84839 39.01
D4 0.87704 180.71
A2 0.89182 45.36
A3 0.85781 25.84
R2 0.86708 85.78
R3 0.884 91.22
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Figure 6.4: Arrhenius plot of the best fitting function g(a) for the dehydration step (100-150 °C) of

gadolinium fumarate.
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Figure 6.5: Arrhenius plot of the best fitting function g(a) for the thermal decomposition step

(420- 650 °C) of GFH crystals.
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6.4.3 Non-isothermal decomposition kinetics of mixed mixed Gd-Tb fumarate
crystals

Like terbium fumarate and gadolinium fumarate heptahydrates, the non-isothermal
kinetic parameters of mixed gadolinium terbium fumarate heptahydrate have been
worked out for the thermal decomposition step 1 (100-150 °C) and step 2 ( 450-700
°C) using the integral method by applying the Coats — Redfern approximation as
already described in section 6.4.1 and 6.4.2. The values of the kinetic and statistical
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Figure 6.6: Arrhenius plot of the best fitting function g(o) for the dehydration step (100-150 °C) of
mixed GdTh fumarate.

parameters for all analysed models are listed in Table 6.5.The Arrhenius plot for the
best-fitting curve of mixed gadolinium-terbium fumarate heptahydrate for the stage 1
and stage 2 is shown in Fig. 6.6 and Fig. 6.7 respectively. It is clear from Table 6.5
that the best fitting expression for both the stage 1 and stage 2 for mixed fumarate
complex is again for 2D nucleation model D (A2) with activation energy of 48.63

kJ/mol and 44.93 kJ/mole respectively.

113



Table 6.5: Kinetic and statistical parameters values for the analysed models of mixed

Gd-Tb fumarate heptahydrate from TG experiment.

Stage Model || E, (kJmole™)

1 D1 0.96828 185.46
D2 0.97299 188.48
D3 0.97528 45.31
D4 0.97299 192.27
A2 0.98031 48.63
A3 0.97738 30.27
R2 0.9753 94.02
R3 0.97854 97.03

2
D1 0.7383 150.50
D2 0.74335 155.63
D3 0.71641 36.03
D4 0.76227 164.77
A2 0.79245 44.93
A3 0.73922 25.42
R2 0.74576 78.35
R3 0.77499 85.64
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Figure 6.7: Arrhenius plot of the best fitting function g(o) for the thermal decomposition 2nd step
(450-700 °C) of mixed GdTh fumarate.

Conclusions

1. From thermogravimetric analysis it is found that both the pure and mixed rare-earth
fumarate crystals loose their both lattice and co-ordinated water molecules in the first

step of thermal decomposition in the temperature range 80-150 °C.

2. The comparative study of thermogravimetric analysis of pure and mixed rare-earth
fumarate crystals show that the anhydrous mixed Gd-Tb fumarate heptahydrate is

thermally more stable than the pure rare-earth fumarate crystals.

3. Thermal decomposition of both pure rare-earth fumarate crystals (TFH, and GFH
crystals) take place in only two steps ultimately leading to the formation of their
corresponding oxides at a temperature of around 700 °C but the thermal
decomposition of mixed terbium-gadolinium fumarate heptahydrate crystals takes
place in three steps of thermal decomposition for the formation of its oxide and at a
higher temperature of 840 °C.
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4. The reactions corresponding to stages 1 and 2 in each of the three different
compounds are governed by 2D nucleation model A2, as is also evidenced by Fig
4.8.(c) of SEM micrograph of chapter 4.

5. The activation energy for stage 1 and stage 2 is respectively given as 51.064 kJ/mol
and 50.25 kJ/mol for terbium fumarate, 45.61 kJ/mol and 45.36 kJ/mol for gadolinium
fumarate and 48.63 kJ/mol and 44.93 kJ/mol for mixed GdTb fumarate crystals.
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CHAPTER-7

Luminescent properties of terbium and mixed Th-Gd
fumarate heptahydrate single crystals

7.1 Introduction

Luminescence is defined as the process in which light is produced by the absorption
of energy. It consists of two basic forms, fluorescence and phosphorescence,
depending on multiple spin state during the radiative relaxation process. Fluorescence
refers to the emitting of light between energy states of the same spin multiplicity, and
the process generally lasts no more than about 10 ns. However, phosphorescence
refers to the emitting of light between states with difference spin multiplicity, and the
process lasts a microsecond to seconds. In the past some inorganic and organic
luminescent materials have been extensively explored and realized for their diverse
functionalities and applications in lighting, display, sensing, and optical devices [242-
245].

As far as the luminescence of rare-earth elements is concerned, they have
unfilled 4f electron shells in their normal valence states and generally form trivalent
ions in a crystal. These trivalent rare-earth ions have various energy levels of the 4f "
electronic configuration and these 4f " energy levels are generally quite narrow, thus
resulting sharp optical transitions and accompanying narrow emission lines. The
unique functionalities of luminescence of rare-earth elements are due to the high color
purity and narrow emission generated from these ions. The organic luminescent
materials have developed their applications in organic light emitting diodes (OLEDS)
by incorporating the luminescent organic material between two conductors as reported
in the literature [246-248]. The Judd-Ofelt theory has been fruitful to characterize
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radioactive transitions for rare-earth doped solids, as well as aqueous solutions. By
applying this theory we can estimate the intensities of the transitions for rare-earth
ions [249-252]. This theory defines a set of three intensity parameters, Q, (A = 2, 4,
6), that are sensitive to the environment of the rare-earth ions. These parameters can
be determined experimentally from measurements of absorption spectra and the
refractive index of matrix. From these parameters the important optical properties,
including the radiative transition probability for spontaneous emission, the radiative
lifetime of the excited states can be found. From this theory the absorption spectrum
can be used to determine the oscillator strengths [253].

The hybrid materials of both inorganic and organic components in metal-
organic coordination compounds are very promising for a multifunctional luminescent
material [254-258]. For the energy transfer mechanism, the luminescent properties of
materials are heavily dependent on the structure and intermolecular packing of the
compounds, therefore, it is necessary to control the three-dimensional structure and
intermolecular packing at the molecular level such as Van der Waals interactions,
hydrogen bonding, and aromatic ©-7 interactions to control the 3D molecular packing
[259]. In some metal organic frameworks the permanent porosities and collaborative
luminescent properties are particularly useful to develop luminescent sensing
materials. Infact, to make use of the pores within luminescent MOFs for their
differential recognition of sensing substrates, a number of porous luminescent sensing
MOFs have been fulfilled [260-263]. Luminescence can arise from direct organic
ligands excitation (particularly from the highly conjugated ligands), metal-centered
emission (widely observed in lanthanide MOFs through the so-called antenna effect),
and charge-transfer such as ligand-to-metal charge transfer (LMCT) and metal-to-
ligand charge transfer (MLCT). Furthermore, the guest molecules can also result in
luminescence onto MOFs. Luminescent rare-earth compounds are interesting
materials not only due to their academic importance but essentially due to a variety of
potential technological applications, such as fluores- cence materials [264-266],
electro luminescence devices [267-270] and as fluorescence probes and labels in a
variety of biological systems [271-274]. Weissman and coworkers [73] first reported
the light- emission characteristics of a rare-earth complex of B-diketone. Since then,
much work has been carried out to obtain various rare-earth complexes with special

structures and luminescence behavior. The main ligands include aromatic carboxylic
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acid,1, 10- phenanthroline (phen), pyridine and b-diketon [275-277]. It is well known
that the luminescent mechanism is an intra- molecular energy transfer from the
ligands to the metal ions under excitation by near ultraviolet light, that is, ‘‘antenna
effect’” [278].

A group of particularly efficient light conversion molecular devices is formed
by the compounds of Eu** and Th** ions having one or more ligands. The function of
these ligands is to absorb strongly in the near UV-region and non radiatively the
energy is transferred to the rare-earth ion that may undergo a multiphonon relaxation
and subsequently emit in the visible. Such a process of energy transfer was first
invoked by Wiessman [73] to describe the strong luminescence of certain organo-
europium compounds and was later observed and studied by several other authors
[279-281]. The luminescence intensity, thus, depends on the balance between the

absorption, non radiative decay, energy transfer and emission rates involved.

7.2 UV-Vis spectral analysis

7.2.1 UV-Vis spectral analysis of terbium fumarate

UV-Vis spectrum for both terbium fumarate heptahydrate (TFH) and gadolinium-
terbium fumarate heptahydrate (GTFH) crystals was studied by Cary 5000
spectrometer in the range of 200-1000 nm. UV-Vis spectrum of TFH crystals is
shown in Fig. 7.1. The spectrum showing maximum absorption in the near-UV range
(200-350 nm) at 266 nm for which % reflectance is 14.426 was observed owing to
n—n* transition. This transition may be due to lone pair of electrons present on
oxygen and antibonding © orbital of C=C of fumarate ligand. At 489 nm with %
reflectance of 67.470, another dip is found in the UV-Visible spectrum. This
wavelength is attributed to n—n* transition and is because of C = C of fumarate part
of terbium coordination complex. At 586 nm, UV-Visible spectrum shows another dip
which may be due to d-f transition of terbium. From the spectrum, it has been inferred
that TFH crystals have sufficient transmission nearly in the entire visible and IR
region. The absorption coefficient is high at lower wavelength and the transparency in
the visible part of the spectrum from 500 nm suggesting their suitability for laser and

luminescent materials [279]. The band gap energy of terbium fumarate heptahydrate
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crystals with the maximum wavelength of absorption (266 nm) is calculated by using

the simple conversion equation, E= hc /Anax= 4.65eV.

7.2.2 UV-Vis spectral analysis of gadolinium-terbium fumarate

The UV-Vis spectrum of GTFH crystals is shown in Fig 7.2. The spectrum showing
maximum absorption in the near-UV range (200-350 nm) at 263 nm for which %
reflectance is 6.057, was observed owing to n—7* transition. This transition may be
due to the lone pair of electrons present on oxygen and antibonding 7 orbital of C=C
of fumarate ligand. The absorption coefficient is high at lower wavelengths and the
graph is more smooth for the compound and hence the transparency in the visible part
of the spectrum from 540 nm is suggesting its much suitability for laser and
luminescent materials [279]. For the maximum wavelength of absorption (263 nm),

the band gap energy is calculated by using the simple conversion equation:

Energy band gap, Eq = hc/ Amax
Eq= 4.66eV.
Since both pure and mixed rare-earth fumarate compounds being isomorphous show
the transparency in the visible part of the spectrum in the same range and also have

the approximately the same energy gap.
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Figure 7.1: UV-Vis spectrum of terbium fumarate crystals.
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Figure 7.2: UV-Vis spectrum of mixed Gd-Thb fumarate crystals.

7.3 Photoluminescence spectroscopy

7.3.1 Photoluminescence spectrum of terbium fumarate crystals

The photo luminescence spectrum of these crystals was obtained by using Varian
Cary-Eclipse spectrophotometer and recorded under the same experimental
conditions. The lanthanide ions suffer from weak light absorption due to the forbidden
f-f transitions, making the direct excitation of the metals very inefficient unless high-
power laser excitation is utilized. This problem can be overcome by coupling species
that can participate in energy transfer processes, known as “luminescence
sensitization” or “antenna effect” [243, 282, 283]. Fig. 7.3 shows the emission
spectrum of terbium fumarate heptahydrate single crystals recorded at room
temperature. The emission spectrum of terbium fumarate complex exited at 339 nm,
350 nm or 368 nm reveals well resolved strong luminescence of the f-f transitions of
Tb* ions.When terbium fumarate complex was exited at 339 nm,350 nm or 368 nm,
the intense peaks at 491 nm, 546 nm, 587 nm, and 621 nm are ascribed to the *D,—'F;
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(J=6,5,4 and 3 respectively) are the characteristic 4f— 4f transitions of Th*" ions in the
host lattice [65]. The luminescence spectrum of terbium fumarate is dominated at 546
nm in the green region, which is attributed to the °Ds— ’Fs transitions of Tb** ions.
Because of the intense absorption bands of organic chromophores, much more light
can be absorbed by the organic ligands than by the lanthanide ion itself. Therefore
ligand to metal ion energy transfer can take place by the antenna effect and the energy
absorbed by the ligand can effectively transfer to Tb**, thus the luminescence

efficiency of Tb®* ions is enhanced [284]. The four peaks of the Tb*" ions with
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Figure 7.3: Photo luminescence spectra of terbium fumarate crystals.

different excitations are similar except for the emission intensities. However, the
presence of water molecules in the grown crystals may quench the luminescence.
Indeed, it has been reported that vibrations of water molecules could effectively
remove the electronic energy of excited rare-earth ions, and the extent of the
guenching was directly related to the number of the coordinated water molecules
[285].
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7.3.2 Photo luminescence spectrum of mixed GdTb fumarate

Energy transfers from one lanthanide to another lanthanide ion have also been
observed to enhance the luminescence intensity in heterolanthanide MOFs. For
instance, the Eu®* emissions at 595 and 615 nm in the heterolanthanide MOF [(Eu,
Th)-(CsHgO4)3(H20)2] 3 (C1oHsN2) (CsHgO4 = butane-1,4-dicarboxylate, C1oHgN, =
4,40-bipyridine) are much stronger than those in [Eu(CgHgO4)3(H20)2] 3 (C10HsNy),
while the Tb*" emission at 545 nm in the heterolanthanide MOF [(Eu, Tb)-
(CsHgO4)3(H20)2] 3 (C10HgN>) is completely quenched [286]. Within heterolanthanide
MOF [(Eu, Tb)(CsHgO4)3(H20)2] 5 (C1oHsNy), the Th** centers sensitize the Eu®"
leading to effectively enhanced Eu** emission.

As far as the luminescence of heteronuclear fumarate complex of Gd & Thb is
concerned, there is no obvious shift in wavelength of luminescent emission peaks.
However the luminous intensity in this mixed complex has unprecedently increased as
shown in Fig. 7.4. When the rare-earth complexes composed of active rare-
earth ions Tb* and inert rare-earth ions (La*, Y** and Gd*") were grown with some
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Figure 7.4: Photoluminescene spectra of mixed GTFH crystals.

organic ligand, the characteristic emission bands of active rare-earth ions Th** were

observed to get enhanced significantly. The reason may be concerned with both the
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coordination structure of the compounds and the intra-molecular energy- transfer
process. As reported in the literature [287], the exited states of other inert rare-earth
ions La®" and Y*' are much greater than the triplet energy level of the ligands.
Therefore, the absorbed energy of ligand also could not transfer to La** and Y*".
However, the introduction of inert fluorescent rare-earth ions could reduce
concentration quenching of Th®" ions, and more energy absorbed by the ligands could
be transferred to Th®" ion in the mixed complex through the bridging ligands. Thus,

the emission of mixed complexe is ascribed to direct excitation of the Th** ion [288].

7.4. Energy transfer mechanism

The increase in luminous intensity of mixed Gd-Th complex as compared to pure
terbium fumarate complex may be because of the energy transfer probabilities of
electric dipole transitions. Gadolinium may have transferred energy by means of
intramolecular / intraionic energy transfer mechanism, accounts for the increase in the
luminous intensity. Another factor may be the closer ionic radius of Gd to that of
luminescent Th due to lanthanide contraction. It can also favour intramolecular energy
transfer. Closer the size of an ionic radius to that of luminescent ion, greater is the
enhancement of luminous intensity [289]. Another reason may be attributed to the
efficient packing of different moieties of hetreonuclear complex, thereby increasing
the symmetry of co-ordination sphere. Two lanthanide ions (Gd & Th) can bind the
ligand fumarate molecules more firmly, making the complex rigid, compact and
regularly oriented. The efficient packing may facilitate intramolecular and intra ionic
energy transfer thereby increasing the luminous intensity.

The intra-molecular energy transfer takes place from the triplet level of ligand to the
emissive level of Th®* ion. The triplet state energy level of the organic linkers such as
fumaric acid (24034 cm™) is higher than the resonance energy levels of Tb*" (20430
cm™), therefore the energy absorbed by the ligand can effectively transfer to Th**,
thus the luminescence efficiency of Th®* ions is enhanced [289]. When the rare earth
compounds composed of active rare-earth ions Th®" and inert rare-earth ions (La>*,
Y3* and Gd**) were grown with some organic ligand, the characteristic emission
bands of active rare-earth ions Tb®" were enhanced greatly. The reason may be
concerned with both the coordination structure of the compounds and the intra-

molecular energy- transfer process. In this co-luminescence system the lowest
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excitation energy level of Gd (I11) is 32200 cm ™, which is higher than the lowest

triplet level of the ligand. Therefore, the energy could not be transferred from ligand

to Gd (1) ions [287]. As reported in the literature [287], the exited states of other
inert rare-earth ions La>* and Y*" are much greater than the triplet energy level of the
ligands. Therefore, the absorbed energy of ligand also could not transfer to La®*" and
Y**. However, the introduction of inert fluorescent rare-earth ions could reduce
concentration quenching of Th®" ions, and more energy absorbed by the ligands could
be transferred to Th®" ion in the mixed complex through the bridging ligands. Thus,

the emission of mixed complexe is ascribed to direct excitation of the Th** ion [288].

Conclusion

1. The study of UV-Vis spectra suggests the suitability of TFH and GTFH crystals for
laser use and also from this study the band gap energy of the title compounds has been
calculated.

2. The comparative study of photo luminescence spectra of TFH and GTFH crystals
show that in case of mixed rare-earth complex (GTFH) the intensity was enhanced by
Gd (I11), which may be due to the intra-molecular energy transfer between inert rare-
earth ions and active rare-earth ions.

3. The introduction of inert fluorescent rare-earth ions could reduce concentration
quenching of the Tb®* ions, and more energy absorbed by the ligands could be
transferred to Th®" ion through the bridging ligands. Hence, based on these factors,

the materials with more luminescent intensity could be obtained.
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CHAPTER-8

Magnetic susceptibility measurements of pure and
mixed rare-earth fumarate crystals

8.1 Introduction

The magnetic properties are very important to understand the fundamental structure of
many solids, both metallic and non-metallic. Rare-earth compounds are interesting
because of their magnetic properties. The rare-earth elements comprise 17 metals,
starting from scandium (Sc) and yttrium (YY), to be complemented by the 15
lanthanoids ranging from lanthanum (La) to lutetium (Lu). Generally, the lanthanoids
can be classified into two sections: the lighter lanthanoids include the atomic
numbers from 57 to 64 from lanthanum to gadolinium and the heavier lanthanoids
exhibiting atomic numbers from 65 to 71 from terbium to lutetium. It is obvious that
the rare-earth elements have magnetically ordered structures and are associated with
unpaired 4f electrons except for those elements for which the 4f shell is either empty
or full. For example, for La, 4f° for Yb and Lu, 4f . Therefore, rare-earth
compounds are the potential candidates for their magnetic properties as reported in the
literature [290, 291]. The magnetic behaviour of many rare-earth compounds depend
only on the nature of the rare-earth ions incorporated in the compound [292, 293]. The
origin of magnetism of the trivalent rare-earths is in the angular momenta of the 4f
level in the atoms. These magnetic electrons in the 4f levels are relatively little
affected by the external influences. These 4f electrons which are responsible for the
magnetism in rare-earth ions are deep in the atoms and are fairly well screened from
intra-crystalline electric fields by a significant outer electron distribution. They
include 5s and 5p closed shells and function as true ions. The diversity and the

complexity of the magnetic behaviour of many rare-earth compounds depend only on
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the nature of the rare-earth ions incorporated in them [292]. The magnetic moments
reported for many lanthatlide compounds confirm this phenomena [294-297]. The
molar susceptibility and the magnetic moments of as-grown single crystals were

determined for different external fields.

8.2 Experimental

The magnetic susceptibility of pure and mixed rare-earth fumarate single crystals
(terbium fumarate, gadolinium fumarate and mixed gadolinium-terbium fumarate
heptahydrates) were measured by using the Microsense EZ9 vibrating sample
magnetometer (Make USA). Since the size of these crystals grown by gel diffusion
method was small, therefore, the crystals were ground to a fine powder by adding 2-3
drops of acetone. The powder was then pressed into high density circular pellets of
diameter 8 mm and thickness 1 mm at 10 MPa stress. Magnetic moment
measurements were carried out on these pellets in a magnetic field of 5- 22k Oersted

at a temperature of 20 °C.

8.3 Results and discussions

In the present study, the growth of rare-earth fumarates was undertaken which are
basically the coordination compounds of rare-earth with fumarate ions. Since the
unpaired electrons of rare-earth ions occupy the inner f-orbitals which are not
influenced by the coordinating ligands, therefore, the rare-earth ions function as true

ions even if they are coordinated to fumarate ions.

8.3.1 Theoritical magnetic moments of free tripositive rare-earth ions
In lanthanide ions, although the spin-orbit coupling is not negligible, however, the
crystal field effects are very weak and can be ignored. The strong R-S coupling
between the spin and orbital moments of the electrons in the unfilled 4f-shell
produces a ground state multiplet. The spin orbit coupling constants are quite high so
that L and S vectors couple effectively to produce J vector. The value of J in the
ground-state multiplet is given by Hund’s rule.
The value of J:

=| L-S | for filling n < 1/2.

= Sfor filling n = 1/2.
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= L+S for filling n > 1/2
Therefore, the theoretical values of magnetic moment of Tb** and Gd** for which the
ground states are ‘Fg and ®S;;, respectively have been calculated on the basis of

following relation:

JU+D+S(S+1)-L(L+1)

Herr = gyJU + Dugs g =1+ 5010 (8.1)
where, g is Lande g factor and up the Bohr magneton.
Table 8.1: Theoretical magnetic moment of tripositive rare-earth ions.
lon S L ! g Mert= gy/JU + 1) pp
La 0 0 0 0.00
Ce Y 3 512 6/7 2.54
Pr 1 5 4 4/5 3.58
Nd 3/2 6 9/2 8/11 3.62
Pm 2 6 4 4/5 2.68
Sm 5/2 5 15/2 4/3 0.85
Eu 3 3 0 - 0.00
Gd 712 0 712 2 7.94
Tb 3 3 6 3/2 9.72
Dy 5/2 5 15/2 4/3 10.65
Ho 2 6 8 5/4 10.61
Er 3/2 6 15/2 6/5 9.58
m 1 5 6 716 7.56
Yb Y 3 712 817 4.54
Lu 0 0 0 - 0.00

The theoretical values of magnetic moment of Th** and Gd*" are respectively 9.72 up
and 7.94 ug. For mixed gadolinium-terbium fumarate crystals the theoretical magnetic
moment was taken as the average of the two rare-earth ions (Gd** and Tb**) and is
equal to 8.83 up. The magnetic moment of Tb* and Gd** ions in the grown crystals

is well-described from the coupling of spin and orbital angular momenta ~ Russell-
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Saunders coupling to give J vector. It reveals that 4f-orbital of Tb** in terbium
fumarate and Gd** in gadolinium fumarate crystals remain unaffected by surrounding
fumarate ligands. The theoretical values of the effective magnetic moment of free

tripositive rare-earth ions by using equation (8.1) are reported in table 8.1.

8.3.2 Calculation of diamagnetic correction (in e.m.units)

Pascals constants are numbers which are used for calculating the magnetic
susceptibility of coordination compounds [298, 299]. Some of these constants used
for evaluating diamagnetic susceptibility of the title compounds are listed in table 8.2.
On the basis of this table, evaluation of diamagnetic correction of the ligand and the

title compounds has been calculated and are given below in table 8.3.

Table 8.2: Representative Pascal constants.

Ligand/Element/Bond-type % dia (10" emu mole )
H,0 -13

H -2.93

C -6.00

0] -4.60

Tb* -19

Gd** -20

Cc=C +5.5

Table 8.3: Diamagnetic corrections of grown compounds.

Ligand/ Compound Formula Diamagnetic ~ Correction

Y dia (éMu mole™)

Fumarate C4H,0, -46.76x10°
Terbium fumarate Th, (C4H204); .7TH,0 -2.57x10™
heptahydrate

Gadolinium fumarate Gd, (C4H,04)3 .7H,0 -2.59x10™
heptahydrate

Mixed Gd-Tb fumarate GdTb (C4H204)3 .7H,O -2.58x10™
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8.3.3 Experimental magnetic moments of pure and mixed Gd-Tb fumarate single
crystals

The magnetic moment of terbium fumarate, gadolinium fumarate and mixed
gadolinium-terbium fumarate heptahydrate single crystals was measured by using a
vibrating sample magnetometer in a magnetic field of 5- 22 k Oersted at a temperature
of 20 °C. Magnetic susceptibilities were corrected for diamagnetism of rare-earth ions,
fumarate ions, and water by using the value as (—20x10° for Gd and -19x107° for Th)
[297], —42.76x10°° for fumarate [298] and —13x10 ° for water [299] in cgs units,
respectively. The experimental correction for the sample holder was carried out. The

molar susceptibility . was obtained by using the following relation:

X _ XmassM
mol n

where M is molar mass of the compound, n the number of rare-earth ions per

molecule and y,,.ss 1S their gram susceptibility.
The gram susceptibility, Xmass:_r’ where H is the magnetizing field and M is the

magnetization per unit mass.

The susceptibility was corrected for the diamagnetism of the constituents by using the
Pascal's tables [10, 11] and the corrected value of molar susceptibility was calculated
by using the relation:

corr — dia

Xral =Xmot T (total diamagnetic correction)

When a paramagnetic substance obeys the Curie law, the product of molar
susceptibility and temperature is a constant. The effective magnetic moment, pes IS

then defined as

3k
Uefr = N’ué,/T)( ~ 2.82787\|Tx

Using x ¢ for y and T=293 K, the effective magnetic moments of the title
mol

compounds were calculated. The observed values of molar susceptibilities and
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effective magnetic moments of terbium fumarate, gadolinium fumarate and mixed
Gd-Th fumarate heptahydrate crystals for a maximum magnetising field of 22 k
Oersted are shown in Table 8.4. The results obtained as shown in the table reveal a
good agreement between the observed and the theoretical values of effective magnetic

moments of free rare-earth tripositive ions.This reveals that the diamagnetic behaviour

Table 8.4: Magnetic susceptibility measurements of pure and mixed rare-earth

fumarates at 22 kOe.

Rare-earth compound Experimental  Corrected (for  Observed Theoretical

molar diamagnetism  magnetic effective
susceptibility,  of constituent moment, magnetic
ywm(inem.u) atoms) molar  per= moment of

susceptibility,  2.828[(x Rare-earth

(Ot m) corr. Weor. TI¥?  ions,  peff=

B gl + ]2
HUp
Gd; (C4H,04)3.7H,0  2.20x10 2.23x10 7.23 7.94
Tby (C4H204)3.7H,0  3.89x10 2 3.91x10 9.58 9.72
GdTh(CsH,04)3.7H,0 3.00x10 2 3.02x10 8.42 8.83

of the organic part of the crystal makes only a negligible contribution to the total
magnetic moment of the compounds. Also, the experimental values of the effective
magnetic moment of the double rare-earth fumarate crystal is in close agreement with
the average value of the effective magnetic moments of the single component rare-
earth fumarates. This shows that in mixed gadolinium-terbium crystals, the rare-earth
ions coordinating the fumarate ligands are in the ratio of 1:1, which is also
substantiated by EDAX analysis of section 4.5.5 of chapter 4. The comparative study

of variation of molar susceptibility and the magnetic moments of the title compounds
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for the magnetising field of 5-22 kOe is shown in table 8.5. And, the variation of their

molar susceptibility in the magnetising field of range 5-22 kOe is shown in Fig. 8.1.

Table 8.5: Comparative study of molar susceptibility / magnetic moments of GFH,
TFH and GTFH crystals

Field Molar susceptibility Magnetic moment (ug )

in kOe GFH TFH GTFH GFH TFH GTFH
5 0.0226 0.0388 0.0304 7.26 9.53 8.44
6 0.0225 0.0389 0.0303 7.26 9.54 8.42
7 0.0224 0.0391 0.0303 7.24 9.57 8.42
8 0.0224 0.0393 0.0303 7.24 9.59 8.42
9 0.0223 0.0393 0.0302 7.23 9.59 8.41
10 0.0223 0.0393 0.0302 7.23 9.59 8.41
11 0.0223 0.0392 0.0302 7.23 9.58 8.41
12 0.0223 0.0392 0.0301 7.21 9.58 8.39
13 0.0222 0.0391 0.0301 7.21 9.57 8.39
14 0.0222 0.0391 0.0301 7.21 9.57 8.39
15 0.0222 0.039 0.03 7.21 9.56 8.38
16 0.0222 0.039 0.03 7.21 9.56 8.38
17 0.0221 0.0389 0.03 7.19 9.54 8.38
18 0.0221 0.0388 0.0299 7.19 9.53 8.37
19 0.0221 0.0388 0.0299 7.19 9.53 8.37
20 0.0221 0.0389 0.03 7.19 9.54 8.38
21 0.0222 0.0391 0.0301 7.21 9.57 8.39
22 0.0223 0.0392 0.0302 7.21 9.58 8.41

GFH= gadolinium fumarate heptahydrate; TFH= terbium fumarate heptahydrate; GTFH=

gadolinium-terbium fumarate heptahydrate.
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Figure 8.1: Graph between molar susceptibility and magnetizing field of GFH, TFH and
GTFH single crystals.

Conclusions

It may be concluded that the experimental values of magnetic moments for Gd,
(C4H20,4).7H,0, Thy (C4H204).7H,O and GdTb (C4H04).7H,O are in good
agreement with the theoretical magnetic moments of the tripositive rare-earth ions.
Moreover, the magnetic moment of mixed fumarate complex is equal to the average
of the magnetic moments of single component rare-earth fumarate crystals. As such, it
substantiates the EDAX analysis that the mixed fumarate complex consists of Gd and

Tb coordinating the ligand in the ratio of 1:1.
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CHAPTER-9

Summary and Future Scope

9.1 Summary

In the present work, the growth of terbium fumarate, gadolinium fumarate and mixed
Gd-Tb fumarate heptahydrate single crystals was accomplished by an inexpensive
silica gel diffusion technique. The effect of various growth parameters, such as gel
concentration, gel age, gel pH, upper reactant concentration, lower reactant
concentration and gel temperature on the nucleation rate of these crystals was studied.
The results found thereof, were in good conformity with the classical nucleation
theory. The optimized gel pH for the growth of well faceted crystals was found to be
of the range 5.0 < pH < 6.0.

The qualitative and quantitative elemental analysis, employing EDAX and
CHN techniques, confirm the presence of heavier and lighter elements of the
compounds. From CHN analyses, a molecular formula for terbium fumarate,
gadolinium fumarate and mixed gadolinium-terbium fumarate could be established
respectively as Th, (C404H,)3.7H,0, Gd, (C404H,)3.7H,0 and GdTb (C404H2)3.7H,0.
The crystallinity of these materials was confirmed by their X-ray diffraction analyses.
The presence of all the functional groups associated with the fumarate ligand was
confirmed by the FT-IR spectrum. Scanning electron microscopy suggested the
monoclinic morphology of the crystals with two- dimensional spreading and piling up
of layers. From single crystal XRD analysis, the crystal structure of terbium fumarate
heptahydrate was found to be monoclinic bearing a space group P2:/n, with the cell
parameters: a=9.4495 A, b=14.6561 A, c=14.7272 A and a=y =90° and B= 91.318°.
The cell parameters of gadolinium fumarate heptahydrate and mixed GdTb fumarate

heptahydrate were found by using Crysfire software programme. For gadolinium
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fumarate heptahydrate, a= 9.491 A, b= 14.772A, c= 14.813A and a= y= 90° and B=
91.26° and for mixed GdTb fumarate heptahydrate, a = 9.2705 A , b = 14.3701 A, ¢ =
14.3602 A and o = 90 °, p = 91.41° and y = 90°. The cell parameters of gadolinium
fumarate and mixed gadolinium-terbium fumarate heptahydrates were seen to be
nearly equal to the cell parameters of terbium fumarate heptahydrate as obtained from
its single crystal X-ray diffraction. As such, the three compounds grown in the present
work are isomorphous to each other. A phase matching search was also followed,
which showed that samarium fumarate heptahydrate crystals are isomorphous to
terbium fumarate heptahydrate and hence isomorphous to gadolinium fumarate
heptahydrate and mixed GdTb heptahydrate. ~ The molecular formula for each of the
compounds was substantiated by their thermogravimetric analyses. The thermal
stability of terbium fumarate and gadolinium fumarate crystals was found to be 110
°C and that of the mixed GdTb fumarate crystals was 120 °C. DTA/DTG peaks for
each of the compounds corresponding to nearly the same temperature suggest an
isomorphic phase transition. The dehydration of coordinated water molecules of these
compounds correspond to the DTA peaks respectively at 132.63 °C, 133.63 °C and
149 °C for terbium fumarate, gadolinium fumarate and mixed terbium-gadolinium
fumarate heptahydrates. The pure rare-earth fumarate crystals decompose in two steps
of thermal decomposition with the formation of their corresponding oxides, while as
the mixed rare-earth fumarate decomposes in three steps till the formation of its
oxide. The decomposition peaks of the dehydrated compounds correspond to 481.5
°C, 484.59 °C and 493.45 °C respectively for terbium fumarate, gadolinium fumarate
and mixed gadolinium-terbium fumarate. This suggests that the molecular structure of
these pure and mixed compounds could be same with the exemption that the mixed
compound could be a bit harder than the pure fumarate crystals.

The non-isothermal kinetic parameters have been worked out for the two stages
of thermal decomposition of terbium fumarate, gadolinium fumarate and mixed GdTh
fumarate crystals by using the integral method by applying the Coats — Redfern
approximation. The reactions corresponding to stages 1 and 2 in each of the three
different compounds are governed by 2D nucleation and growth model A, as is also
evidenced by Fig 4.8.(c) of SEM micrograph of chapter 4. The activation energy for
stage 1 and stage 2 is 51.064 kJ/mol and 50.25 kJ/mol respectively for terbium
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fumarate, 45.61 kJ/mol and 45.36 kJ/mol respectively for gadolinium fumarate and
48.63 kJ/mol and 44.93 kJ/mol respectively for mixed GdTb fumarate crystals.

The dielectric constant (¢) for each of the grown compounds slowly increases
with temperature and attains a maximum value and then decreases with further
increase in temperature. The dielectric anomaly for terbium fumarate heptahydrate
was found to be at 85 °C and that of the gadolinium fumarate and mixed gadolinium-
terbium fumarate was found to be at 95 °C. Since all the three rare-earth based
fumarate compounds belong to centro-symmetric space group, therefore, the
anomalous behaviour of dielectric constant found in the title compounds may be due
to their dehydration of lattice and coordinated water molecules and not due to the
ferroelectric phase transition. The conduction behaviour of the materials showed that
with increase in frequency of the applied field the conductivity increases, thus
suggesting a hopping conduction due to protons transferring through hydrogen bonds.
Therefore, these materials behave as protonic conductors. Though, the magnitude of
ac conductivity for gadolinium fumarate compound was low but the conductivity of
terbium fumarate and mixed Gd-Tb fumarate single crystals increased from 10 to
10 ohm™ m™, when the frequency was increased from 100 kHz to 3 MHz.

From the UV-Vis spectra it has been inferred that both terbium fumarate and
mixed GdTb fumarate heptahydrate crystals have sufficient transmission nearly in the
entire visible region and IR region. The high absorption coefficient at lower
wavelength and the transparency in the visible part of the spectrum suggests their
suitability for laser and luminescent materials. The study of luminescent properties of
terbium fumarate revealed that the compound exhibiting strong luminescent emissions
of Th* ions may come from the sensitizing effect of the fumarate ligand. Mean while,
in case of mixed rare-earth compound, the intensity was found to get enhanced by Gd
(1) which may be due to the intra-molecular energy transfer between inert rare-earth

ions and active rare-earth ions.

The magnetic susceptibility measurements show that the experimental values of
magnetic moments for pure and mixed rare-earth fumarates are in good agreement
with the theoretical magnetic moments of the tripositive rare-earth ions. The magnetic
moment of Tb** and Gd*" ions in the grown crystals is well-described from the

coupling of spin and orbital angular momenta ~ Russell-Saunders coupling to give J
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vector. Moreover, the magnetic moment of mixed fumarate complex was found to be
equal to the average of the magnetic moments of single component rare-earth
fumarate crystals (terbium fumarate and gadolinium fumarate), thus suggesting that in
mixed gadolinium-terbium fumarate compound both Gd and Tb are coordinating the
fumarate ligands in the ratio of 1:1. This is in conformity with the EDAX analysis
carried on mixed fumarate complex.

Almost whole of the work carried out in the present thesis has been published

in different international journals of well repute.

9.2 Future scope of the work

The ultimate aim of the present day technology is to work out an appropriate method
for getting good quality crystals by probing into the field of crystal growth. In the
present work attempts have been successfully made to grow pure and mixed rare-earth
fumarate crystals by a simple silica gel diffusion technique. These crystals have
shown dielectric, ac conductivity, thermal, optical and magnetic properties as already
discussed in different chapters of the thesis. An extensive research has been
performed in the growth of rare-earth fumarate single crystals. Since, the size of as-
grown single crystals was small, therefore, their dielectric study was performed on
pellets rather than on the single crystals. The density of pellet sample is oftenly less
than the density of single crystals, therefore, the porosity in the pellets could play its
role for decreasing the dielectric constant of the sample. It is, therefore, suggested that
there is a future scope of the work to increase the size of the single crystals so that
dielectric measurements could be more accurately done directly on the single crystals
rather than on the pellets. This may increase the dielectric constant of the compounds,
which substantiately may increase their ac conductivity and may lead their use for
technological importance. There is also the possibility of long range magnetic order in
mixed rare-earth fumarate crystals at low temperature. Since, the title compounds
grown in the present work belong to centrosummetric space group, which are non-
ferroelectrics and in case of solids most of the properties are structure dependent.
Therefore, for future research in growing substituted rare-earth fumarate crystals
rather than the mixed ones, the new compounds could be non-centrosymmetric and

may also exhibit ferroelectric and NLO properties.
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