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The thesis is divided into four chapters. They are: introduction, experimental, results
and discussion about the free ligands and results and discussion about the complexes.

The First Chapter, the introductory chapter, is a general introduction to the study of
solid state reactions.

The Second Chapter is devoted to the materials and experimental methods that have
been used for carrying out the experiments.

The Third Chapter is concerned with the characterisations of free ligands (Picolinic
acid, nicotinic acid, and isonicotinic acid) by using elemental analysis, IR spectra, X- ray
diffraction, and mass spectra. Additionally, the thermal behaviour of free ligands in air has
been studied by means of thermogravimetry (TG), derivative thermogravimetry (DTG), and
differential scanning calorimetry (DSC) measurements. The behaviour of thermal
decomposition of the three free ligands was not identical. Finally, a computer program has
been used for kinetic evaluation of non-isothermal differential scanning calorimetry data
according 1o a composite and single heating rate methods in comparison with the methods due
o Ozawa and Kissinger methods. The most probable reaction mechanism for the free ligands
was the Avrami-Erofeev equation (A) that described the solid-state nucleation-growth
mechanism. The activation parameters of the decomposition reaction for free ligands were
calculated and the results of different methods of data analysis were compared and discussed.

The Fourth Chapter, the final chapter, deals with the preparation of cobalt, nickel, and
copper with mono-pyridine carboxylic acids in aqueous solution. The prepared complexes
have been characterised by analyses, IR spectra, X-ray diffraction, magnetic moments, and
electronic spectra. The stoichiometry of these compounds was ML;x(H,0), (where M = metal
ion, L = organic ligand and x = water molecule). The environments of cobalt, nickel, and
copper nicotinates and the environments of cobalt and nickel picolinates were octahedral,
whereas the environment of copper picolinate [Cu(PA)2] was tetragonal. However, the
environments of cobalt, nickel, and copper isonicotinates were polymeric octahedral structures.
The morphological changes that occurred throughout the decomposition were followed by
SEM observation. TG, DTG, and DSC measurements have studied the thermal behaviour of
the prepared complexes in air. During the degradation processes of the hydrated complexes,
the crystallisation water molecules were lost in one or two steps. This was also followed by
loss of organic ligands and the metal oxides remained. Comparison between the DTG
temperatures of the first and second steps of the dehydration suggested that the water of
crystallisation was more strongly bonded with anion in Ni(IT) complexes than in the complexes
of Co(Il) and Cu(ll). The intermediate products of decomposition were not identified. The
most probable reaction mechanism for the prepared complexes was also Avrami-Erofeev
equation  (A) characteristic of solid-state nucleation-growth mechanism. The temperature
dependence of conductivity using direct current was determined for cobalt, nickel, and copper

isonicotinates. An activation energy (AE), the activation energy ( AE ) were calculated. The
temperature and frequency dependence of conductivity, the frequency dependence of dieleciric
canstant, and the dielectric loss for nickel isonicotinate were determined by using alternating
current. The value of s parameter and the value of density of state [N(Eq)] were calculaied.

Keyword Thermal decomposition, kinetic, electrical conduciion, pyridine mono-
carboxylic acid, complex, transition metal complex.
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Introduction

INTRODUCTION
1.1 Properties of co-ordination compounds.

Co-ordination compounds conventionally consist of a central atom or
ion surrounded by a set of (usually 2 to 9) other atoms, ions, or small
molecules, the latter being called ligands. The resulting conglomeration 1s often
called a complex or, ifitis charged, a complex ion. The terms “co-ordination
compound and “complex” may be broadly defined to embrace all species,
charged or uncharged, in which a central atom is surrounded by a set of outer
or ligand atoms. The co-ordination number 1s the number of outer or ligand
atoms bound to the central one. The set of ligands need not consist of several
small independent sets of atoms (or single atoms), but may involve fairly
elaborate arrangements of atoms connecting those few that are directly bound

to - or coordinated to - the central atom'.

Co-ordination compounds have been found useful in many important

applications in various fields. They have been used in households, industry,

medicine, and biological systems'®. In water treatment, for example, chelating
agents such as tripolyphosphate ions [P3010]> and nitrilotriacetic acid
[N(CH,);(COOH)] are used to remove Ca®* and Mg®" ions in hard water.
These chelating agents form stable water-soluble complexes with undesirable
ions. Recent studies have shown that some of the co-ordination complexes of
platinum effectively inhibit the growth of cancerous cells. For example: cis-
diaminedichloroplatinum  [Pt(NH;)ClL], cis-ethylendiaminedichloroplatinum
[Pt(H,NCH,CH,NH,)Cl;] and cis-dianilinedichloroplatinum [Pt(CsHsNH2),CL].
The development of new semiconducting and conducting organometallic
polymers is an important area of current research because of the potential
applications in solid state electro-optical systems. These materials can have

prime roles in devices such as sensors, detectors, and electrophotographic units

where chemical, photo, and thermal stability are essential ) Hydroxyoximates

[2-OHCsHsRCNOH]  consist of organo-nitrogen, oxygen compounds with
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Introduction

strong binding properties, which are also known to have a significant and
extensive application as an analytical reagent in solvent extraction systems and
in hydrometallurgy. Such applications are of continuing interest and industrial
importance. Moreover, the new application of copper(Ill) chelates of
salicylaldoxime [2-(HO)C4HsCH=NOH] and related ligands as anti-

proliferative and anti-neoplastic  suggests further investigation on the
coordination chemistry of hydroxyoximates .

Pyridine compounds, ranging in complexity from nicotine to mono-
substituted pyridine like nicotinamide and nicotinic acid, play an important role
in the metabolism of all living cells. Nicotinamide and nicotinic acid are of
biological origin. Nicotinamide is an important compound of the hydrogen-

carrying co-enzymes nicotinamide-adenine dinucleotide and nicotinamide-

adenine dinucleotide phosphate while nicotinic acid is an essential vitamin®®.
Isonicotinic acid is of biological origin, and it can be produced by cell
metabolism from isonicotinic acid hydrazide (isoniazid), a drug widely used in
the treatment and prophylaxis of tuberculosis. Several complexes of transition
metals with isonicotinic acid have been previously prepared, but only two
compounds between a transition metal halide and this ligand have been

reported in the literature®.

The importance of heterocyclic compounds” is apparent from the
wealth and variety of such compounds that occur naturally or are prepared on
commercial scale by the dye and drug industries. Many of these compounds
fulfill important physiological functions in plants and animals. Among the most
important and most interesting heterocycles are the ones that possess aromatic
properties. Pyridine is classified as aromatic on the basis of its properties. It is
flat with bond angles of 120°; the four carbon-carbon bonds are of the same
length, and so are the two carbon-nitrogen bonds. It vesisis addition and

undergoes electrophilic and nuclophilic substitution.
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T 3
y ,
N
Pyridine

In an electronic configuration the nitrogen atom like each of the carbon
atoms is bonded to other members of the ring by the use of sp® orbitals and
provides one electron for the n cloud. The third sp® orbital of each carbon atom
is used to form a bond to hydrogen. The third sp® orbital of nitrogen simply
contains a pair of electrons, which is available for sharing with acid.

Pyridine 1s found in coal tar. Along with it are found a number of
methyl- pyridines, the most important of which are the mono-methyl

compounds known as picolines. Oxidation of picolines yields the pyridine

Ei;ﬁ/ CH COOH
e

Picoline Pyridine carboxylic acid

carboxylic acids.

The 3-isomer (nicotinic acid or niacin) is a vitamin. The 4- isomer

(1sonicotinic acid) has been used in the form of its hydrazide in treatment of

tuberculosis™®.
COOH COOH
Vo O O
. S S
W& COOH N N
Picolinic acid Nicotinic acid Isonicotinic acid

Isomers of pyridine carboxylic acids
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Among the most important “ classical “ ligands are the halide ions, F,
CI, Br, I, the anions of various oxo acid, such as NO3, NO,’, RCO,", SO*
and mneutral molecules in which the donor atoms are usually N or O, the
examples being NHi, RNH,, H,0, MeOH, R,SO and CH;CN. The simplest
role that each of these ligands can play is that of an electron-pair donor to

single cation.

Some of these donors occur in sets of two, or more, in a complex ligand
that is structurally capable of permitting all the donors simultaneously to form
bonds to the same metal atom. This is illustrated for several important types of
donor groups in the following. Such ligands are called polydenatate (or

multidentate) ligands and also chelating ligands".

Hj = =
N-—cn, < | e
. N =0 0 = Cw
M - S
. CH 5 | l o T~ cn
N M s (3 'Dmcz_
Hj TR

Cyclic ligands having nitrogen, oxygen, and sulfur donor atoms in their

structures can act as good chelating agents for transitional and non-transitional

metal ions. However, work on cyclic ligand complexes is still very sparse®.
Cyclic ligands having oxygen or nitrogen donor atoms in their structures can
act as good chelating agents for transition and non-transition metal ions.

However, works on cyclic ligand complexes are still very rare, and there has

been little thermal investigation of cyclic ligand complexes in the solid state!'?.

Cyclic molecules containing the group N(CH,),N in their structures are among

the best characterized chelating agents for transition metals" . Hippuric acid is
a monocarboxylic acid with three types of donor sites: the nitrogen and oxygen

atoms of the amide group and the oxygen atoms of the carboxylic acid

group'®. The compound 4-(butylamino) benzoic acid has two different sites for

17
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forming bonds with metal ions: the nitrogen atom of the amino group and the

oxygen atoms of the carboxylic acid group™?.

1.2 THERMAL ANALYSIS

The term thermal analysis will be defined as those techniques in which
some physical parameter of the system is determined as a function of
temperature. The physical parameter is recorded as a dynamic function of
temperature. Using this definition, the principle techniques of thermal analysis
are dynamic thermogravimetry (TG) and differential thermal analysis (DTA).
Other less widely employed but useful techniques include evolved gas detection
or analysis (EGD or EGA), thermomechanical analysis (TMA), dynamic
reflectance spectroscopy (RS), electrical conductivity (EC), and photothermal
analysis (PTA);

It should be pointed out that, in many cases, the use of only a single

thermal analysis technique may not provide sufficient information about a

given system'Y. As with many other analytical methods, complementary or
supplementary techniques may be required. For example, it is fairly common to

complement all DTA or DSC data with thermogravimetry TG.

The thermal analysis technique of thermogravimetry (TG) is one in

which the change in sample mass is recorded as a function of temperature.
Three modes of thermogravimetry may be described*!'®:

(a) Isothermal or static thermogravimetry, in which the sample mass is

recorded as a function of time at a constant temperature;

(b) Quasistatic thermogravimetry, in which the sample is heated to

constant mass at each of a series of increasing temperatures; and




Introduction

(c) Dynamic thermogravimetry, in which the sample is heated in an
environment whose temperature, is changing in a predetermined manner,

preferably at a linear rate.

The resulting mass-change versus temperature curve (which has various
synonyms such as thermolysis curve, pyrolysis curve, thermogram,
thermogravimetric curve, thermogravimetric analysis curve, and so on) provides
information concerning the thermal stability and composition of the initial
sample. To yield useful information with this technique, the sample must
evolve a volatile product, which can originate by various physical and chemical
processes. Except for the mass-change, much of the information obtained from
the TG curve is of an empirical nature, in that the transition temperatures are
dependent on the instrumental and sample parameters. Thus, it is difficult to
make meaningful comparisons between the TG data obtained on different
thermobalances in different laboratories. The use of commercially available
thermobalances has done much to improve this situation, but it should still be
noted that the curve transition temperatures are procedurally obtained
temperatures and are not fundamental to the compound as are X-ray d-spacing
and infrared absorption band minima. Two temperatures may be selected as
characteristics of any single-stage nonisothermal reaction (T; and Ty). Ti. the
initial temperature or procedural decomposition temperature (pdt), is the
temperature at which the cumulative mass-change reaches a magnitude that
thermobalance can detect. Tr, the final temperature is the temperature at which
the cumulative mass-change first reaches its maximum value, corresponding to
complete reaction. However, the T: may be the lowest temperature at which
the onset of a mass-change may be observed in a given experiment. At a linear
heating rate, Ty must be greater than Ts, and the difference, Tr- T, is called the
reaction interval. For an endothermic decomposition reaction, both T; and Ty are

increased with an increased heating rate, the effect being greater for T, than Ty,
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1.3 KINETICS OF SOLID STATE REACTION

Knowledge of the relevant kinetic behaviour is important for
comprehensive evaluation of solid state reaction processes. The kinetic
parameters of the decomposition process can be calculated from the relevant

non-isothermal thermogravimetric data'®,

Knowledge of the kinetic reaction is important in two respects' . First,
such kinetics are related to simple mathematical descriptions of the process.
Second, they are important data in the evaluation of stability and compatibility
for energetic materials and in the study of manufacturing processes for
crystalline materials. Since thermal analysis techniques show versatility in
studying the kinetics of cases such as those of crystalline and non-crystalline
materials, a number of methods for evaluating the kinetic parameters have been
developed.

The kinetic treatment of non-isothermal thermoanalytical (TA) data has
been a widely discussed topic for many years"®. The popularity of the non-
1sothermal method of kinetic analysis of TA data is mainly due to the fact that
both analytical and kinetic data can be obtained simultaneously in a relatively
short period of time. Unfortunately, the ease with which such data can be
obtained has resulted in an increase in the quality of TA research. Therefore, it
is not surprising that the usefulness and reliability of kinetic parameters
obtained from non-isothermal TA data are questioned. It seems that the
problems arise from the uncritical application of standard techniques of TA
data processing, not taking into account the basic assumption under which these

methods were derived.

Comparison of the results of kinetic processing of data obtained under

isothermal and nonisothermal experimental conditions'” is a source of
information about the mechanism of the process. As a rule, the values of the

kinetic parameters are compared. It is obvious that such a comparison can vield
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only information about the difference of the temperature dependencies of the
rate of the process proceeding under isothermal and nonisothermal conditions.
Of no less interest is information about the regime of the kinetic experiment on
the mechanism of the process. On the face of it, such information can be
described in the best way.

The advantages of determining kinetic parameters by non-isothermal
methods rather than by conventional isothermal studies are:

(a) That considerably less data are required,

(b) That the kinetics can be calculated over an entire temperature range
111 4 coniifiuous manier,

(c) That when a sample undergoes a considerable reaction in being
raised to the required temperature, the results obtained by an isothermal methad
are ofien questionable; and

(d) That only a single sample is required**".

A decided disadvantage of nonisothermal compared with isothermal
methods is that the reaction mechanism cannot usually be determined, and

hence, the meaning of the activation energy, order of reaction, and frequency

factor is uncertain.

In an increasing number of areas of technology and industry, progress is
recognised as being directly related to understanding the factors influencing the
reactivity of solids and how they react and interact in specific environments®®.
In general, reactions, which include solid reactions, are very complex from the

kinetic standpoint as they involve several physical and chemical sieps.

Many thermal techniques have been applied as valuable tools for
studying the kinetics of thermal solid decomposition . In analyzing the kinetic
data it is true that the conventional isothermal method is important for
estimating the kinetic model and parameters, but the dynamic method has some

advaniages over it in several respects.
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There is considerable diversity in the mechanisms by which solids react
and there are a variety of factors which may control, determine, influence or
modify the rate-limiting processes. The kinetics of the thermal decomposition
of solids are affected by experimental factors and processing parameters.
Moreover, the use of different methods of kinetic analysis of isothermal and
dynamic TG data obtained on one system usually gives different resulis®?.

Thermal analytic methods have been used extensively for studying the
kinetics of solid powder decomposition reaction. In the analysis of data, it is
true that the conventional isothermal method is more precise for estimating the
kinetic model and parameters, but dynamic methods have advantages over the
conventional isothermal method in several respects. Comparisons of thermal
stabilities and reactivity parameters among a series of solids by means of
dynamic thermal analysis should be meaningful if the experiments and the data
analysis were carried out under identical conditions®”

Results from TG curves are kiown to be affected by a number of
experimental variables such as heating rate, sample mass, particle size, packing,
and atmosphere. Although the dependence of activation energy (E) and pre-
exponential (4) on the sample mass and heating rate is well known, only
recently have attempts been made to study the dependence quantitatively.
However, no effort seems to have been made so far to explore the possible
relation between the type of reaction and kinetic parameters with procedural

factors®®.

It has been reported that the kinetic parameters obtained from
thermoanalytical (TA) measurements of solid state decompositions change
depending on the sample mass examined. The gradients of temperature and
partial pressure of the evolved gas in the sample matrix cause the change in the

sample mass®?.

In recent years there has been an increase in the determination of the rate

dependent parameters of solid state non-isothermal decomposition reactions by
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the analysis of TG curves. Several equations have been proposed as a means of
analyzing a TG curve and obtaining values for its kinetic parameters. Many
authors have discussed the advantages of this method over the conventional

isothermal method®>’.

There are basically two kinds of methods for evaluating kinetic
parameters in thermal analysis. One is the single-heating-rate method and the
other is the multi-heating-rate method. In both, there are two routines which are
most often used - the differential method and the integral method. There is,
however, another method due to Kissinger which is based on the change in the
position of the peak maximum with the heating rate being used. Although it
was originally deduced from data obtained from differential thermal analysis
(DTA), the method allows the reaction rate and the reaction extent to be
obtained from the thermogravimetry (TG). However, in general, it is difficult io
locate the exact peak maxim positions, and the reaction process is affected by

= = 26)
the reaction environment®®).

There i1s, however, another method proposed by Ozawa®” which is

based on the change in the absolute temperature for different heating rates with

the same conversion o values.
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1.4 METHODOLOGY OF KINENTIC PARAMETERS AND

MECHANISM OF REACTION FROM NON-ISOTHERMALDATA

In many industrial practices and thermal analysis studies the starting
material is in a solid state at the commencement. During the heat treatment, the
starting solid material may undergo a transition that occurs either completely or
partially to the liquid or gas phase, and it is important to recognise this position

of the solid phase. There are several possibilities®":

A A
A'(solid) — A{Liquid)mma% B(solid) + C(gases)

A

A(solid) - B(solid) + C(gasas)

A A
A(so]id) . A(Liquid)..m.m.sp C(gasas)

A
A»(solid)wmﬁ» C(gases)
Aol %, Buigig + C
solid) =—m—p (Liquid) (gases)
A
A{solid) +(gaSCS) —_— C(gascs)

The kinetics of thermal dehydration of different complexes and salts
have recently been extensively studied. Both isothermal and nonisothermal
methods have been used to evaluate the kinetic parameters and to elucidate the

mechanism of dehydration reaction %,

Deduction of the kinetic parameters and mechanism of reaction using

3% and

non-isothermal methods have been discussed by Sestak and Berggeren
by Satava®". In thermal analysis, the rate of a decomposition process can be

described as the product of two separate functions of temperature and

conversion using the following equation®®®:
d )
=) (@) (1)

where K(T) is temperature-dependent and f{a) is the conversion funcfion

dependent on the mechanism of the reaction. It has been established thai the
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temperature-dependent  function A(7) is of the Arrhenius type and can be
written as the constant &

k — Ae»(E/RT) (2)

Where A4 1s the pre-exponential factor or frequency factor, E is the

activation energy, R is the gas constant, and T is the absolute temperature,
If eqn. (1) 1s combined with eqn. (2), then

da 7
i Ae(—E/rRJ) 3
o S (@) (3)

By rearrangement of eqn. (3), then

da — [ (~EIRT) ’
mf(a) Ae dr 4)

With constant temperature increase, p= dT/dt, then

di :%{: (5)

From eqn. (5) and eqn. (4) can be written the following form:

da _ é_e(~E/RT)ayT

e 6
fla) p ©
T da _ _ _{{T (-E/RT)

| Sy =B =Gl @

The mathematical treatment of the kinetic equation makes use of one of

the following three methods of evaluation: (a) differential, (b) integral, or (c)

approximate!'”. Differential methods are used by Friedman®?

1634)

and Freeman and
Carroll®. Integral methods are used by Doyle® and Coats and Redfern®®, as
well as others®™*®. Approximation methods were used by Horowitz and

Metzger® .
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1.4.1 Differential methods:

1- Friedman®®:
do E
Inl — | =In A4 Yy
ﬂ( = l nAf(a,) RT (8)
2- Freeman and Carroll®:
da E
In|| == |/ =lnA-—
K e f(a)} -t ©)

o is the fractional decomposition, T is the temperature (), A is the
preexponential factor, E is the energy of activation, R is the gas constant. The
subscript i refers to the value of the variable at the degree of conversion au

forming at least two or more experiments under different heating rates.

For equation 8, a plot of left-hand side against 1/T; is obtained by taking
the experimental data directly from different heating rate curves at the same o
value. The linear regression is then made to each o value and from the slope

the activation energy (E) can be calculated.

For equation 9, by feeding the experimental data from a single heating
rate curve a plot of left hand side versus 1/T; is obtained by testing all the
functions f (a). The linear regression can be calculated and then the activation
energy E and the frequency factor A can be calculated from the slope and

intercept of the regression line.

It has been reported that the differential methods give better results than
the integral methods because the approximation in integral methods introduces
some error in the calculation steps“”. However, integral methods are generally
preferred because they are more reliable and convenient than differential

methods“".
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1.4.2 Integral Methods

Coats-Redfern®®:
{02
T? PE E RT
1- Modified Coats-Redfern?:
o 52 )l 55 ) ()
T SE RT
2- Doyle®:

| [ o(aEY _ 045678
iog[g(a)ﬂ]{’og( R) 2‘3]5} RT

3. The Madhusudanan et. al“®.

T‘x.gz‘:sﬁ?

In| -£(2) J:ln AL 3772051 -1.921503LnE — -+
R RT

4- MacCallum and Tanner®**:

(0.449 + 0.217E)10°

log[g(a)]= log{%g—) ~0.485E°*

5- Horowitz-Metzeger®”:

ART* E  EO

5

- +
PE  RT. RT?

Ing(a)=1In

6- Kissinger™®:

In o C—«—E—»
T! RT,

5

7. Ozawa®":

~logB, =C+ 0,4567’%

i

27

T

Introduction

(10)

(11)

(12)

(14)

(15)

(16)

(17




Introduction

o is the fractional decomposition, T is the temperature (K), T is the
DSC peak temperature, B is the heating rate (°C min™), A is the preexponential
factor, E is the energy of activation, R is the gas constant, 0 1s (T-Ts), Ti is the
absolute temperature for that heating rate with the same conversion a value,

and C 1s a constant.

The plots of the left-hand side of the kinetic equations against 1/T for
equations 10, 11, 12, 13 and 14 and against 0 for equation 15 were made from a
single experimental heating rate curve, and the integral forms of the function
g(o) may be tested . The linear regression can be calculated and then the
activation energy E and the frequency factor A can be calculated from the slope
and intercept of the regression line. In the Kissinger method (equation 16), by
changing the heating rate, the peak temperatures can be found and from the
linear regression of the In(f/77?)versus 1/T, plot, the activation energy and
other rtegression parameters can be calculated. According to the Ozawa method
(equation 17), at least two experiments with different heating rates must be
made. By plotting log B; against 1/T; the activation energy E is obtained from

the slope of the best fitting line.

1.4.3 The composite method“®.

In the composite method of analysis, the results obtained not only at a
different heating rate but also with different o values, are superimposed on one
master curve. This has been achieved by rewriting the different approximate
equations due to different workers for the integral kinetic analysis of
nonisothermal data in such a form that the kinetic function g (o) and the linear
heating rate P lie on one side of the equation and (1/T) on the other side. In
order to do the composite analysis of nonisothermal data, equations 10, 11, 12,

13, 14 and 15 are rewritten in the forms:




g(a) and, hence,

Coats-Redfern:
(ﬁg(a)J_l AR( 2RT) “(*@'J
T*? E E RT
Modified Coats-Redfern:
o 2w F)- ()
In| — |~ —
T* E RT

Doyle:

loglg(a)p] = [log(’f) 2,3]5J~0-4567E

RT

The Madhusudanan et. al.:

In [ ﬂg(a):] =1n (AL)% 3.772051-1.921503Lnk — ——
R ]1'

jﬂ 921503

MacCallum and Tanner:

(0.449 + 0.217E)10°

log[ﬂg(a)] = lgg[%) _ 0.485E0'435 _

Horowitz-Metzeger:

ART? E  E@

ln(ﬂg(a)) = In 7 R RT. + RTJZ
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(16)

(17

(18)

(19)

(20)

@1

Equations 16, 17, 18, 19, 20, and 21 show that the dependence of the
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left side of the equation (calculated for different a- values at their respective f3-
values) on (1/T) should give a single master straight line for the correct form of
the activation energy and the frequency facior can he
calculated. In general, analysis of nonisothermal kinetic data according o the

composite method showed that the different approximate infegral equations
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gave rise within experimental error to identical values of activation parameters

using the same model for the reaction interface “7*%"%),

In solid thermal decompositions it is very difficult to establish
isothermal conditions before a substantial degree of the reaction has occurred.
That is why experiments with linear temperature changes are preferred. Three
methods are usually applied to the analysis of nonisothermal data: differential,
difference-differential, and integral methods. The integral methods are the most

widely used, but they have two significant limitations: the integration of the

integral temperature and the determination of the kinetic model ©%. The use of
nonisothermal data to calculate kinetic parameters of solid state processes has

been described in the literature for many years ©",

Mathematical treatment of the results of thermogravimetric experiments
to determine the kinetic parameters of thermal decomposition of substances is a
tedious and time-consuming operation. To overcome those difficulties
computer programs have been developed that describe and test many kinetic

(52)

expressions . The kinetic parameters calculation was also one of the earliest

to be computerised and, today, many kinetic analysis programs are available.

However, these programs have their limitations and shortcomings®".

Zsako and Zsako®® used a FORTRAN program to estimate kinetic
parameters (pre-exponential factor, activation energy), the method being
limited to the “ reaction order ” model.

GD allows the

The program written in Basic by Reich and Stivala
calculation of pre-exponential factor and activation energy from non-isothermal

data in solid-gas decompositions.

A FORTRAN program for the kinetic analysis of transport non-
isothermal TG data, which is based upon the Arrhenius, Friedman, and
Kissinger analysis procedures and includes a maximum of nine different solid

state rate-controlling reactions, has been developed by Elder®®.
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Eftimie and Segal®® reported a BASIC program used to obtain non-
isothermal kinetic parameters based upon the Coats-Redfern method; a later
FORTRAN - 77 version has been developed®”.

Diefallah et al“® reported a BASIC program used for the kinetic analysis
of nonisothermal thermogravimetric data according to the composite method

using the available kinetic model g(o) functions.

Taylor and Khanna®® have described a program for the kinetic
evaluation of TG data from a single non-isothermal experiment using the

computerized method of Stvara and Seatak.

Huang and Hill®® have described a new computer program, KNIS, for
the kinetic analysis of non-isothermal thermogravimetric data which enables an
automatic regional kinetic analysis of the entire TG data obtained. The program
includes 12 theoretically possible solid state decomposition mechanism models.

Malek has reported on kinetic analysis software for experimental DSC data®®.

Recently, spreadsheet analysis was successfully applied to a range of
material i order to determine various kinetic parameters such as activation
energy and reaction order using various algorithms. There are many advantages
to the utilisation of spreadsheets. They provide neat formats of data and results,
and they possess many desirable built-in functions for single and multiple linear
regression analysis. An important development that spreadsheet subsequently
provided was the use of macro. These allowed the automatic utilization of a
worksheet, so that values such as kinetic parameters could be conveniently

determined®,

There are many spreadsheets which have became commercially available
in the past few years. Several such spreadsheets designed for the IBM and
compatible computers are listed as follows: Lotus 1-2-3 (Lotus devel-opment
Corp,, Cambridge, MA), Multiplan 3 (Microsoft Corp., Redmond, CA),
Planning Assistant 2 (IBM Corp.), PlanPerfect 3 (WordPerfect Carp., Orem,

UT) and SuperCalc 41 (Computer Associates International, Inc., San Jose, CA).
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Spreadsheets have been employed in the preparation of business reports,
modelling, forecasting, as small database managers, as graphics generators and
in electronic circuit simulation. However, they have been utilized little in the

field of thermal analysis®®.

Spreadsheet analysis of TG, DTA, or DSC data used for obtaining
activation energy E and reaction order n, or E and the mechanism has been
used only rarely in the past. Thus, previous determination of F and n generally
employed graphical and/or computer methods. However, recently, spreadsheet
procedures have been successfully used for the determination of £ and n, or E
and the mechanism. There are many advantages to using of spreadsheets. They
can provide neat formats of data and results and process many built-in
functions. Some of these functions (in the case of Lotus 2) are as follows:
Summation (SUM), standard deviations (@ STD), maximum and minimum
values (@Max and @Min), single and multiple linear regression analysis,
graphics, and sorting. Furthermore, macros allows the automatic utilisation of

worksheets for the estimation of the kinetic parameters“”.
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1.5 ELECTRICAL STUDY OF SOLID

1.5.1 Conductors

Conduction in metallic state or solid crystals is attributed to free mobile

€465 66 . _ . —
(64.65, D), which are called valence electrons in free atoms. These

electrons
electrons, which are called conduction electrons in metallic state, are no longer
attached to a particular atom, and in a solid crystal they belong to the whole
crystal. With respect to core electrons those centred around the nuclei do not
contribute anything to the electric a conduction. The states of those elecirons in
a solid state differ little from those in the free atom. The energy spectrum of
such electrons assumes a band pattern. Forbidden energy bands separate the
energy bands formed from corresponding atomic levels. Fig. (1.1) illustrates the

forbidden energy.

Conduction
Band

Forbidden energy

Valence
Band

Fig. (1.1): Schematic representation of energy band pattern.

According to the nature of band occupation by electrons, all solids can
be classified into two large groups. The first group includes badies in which
there is a partially filled band above the completely filled lower bands (Fig
1.2(a)). Such bands are formed from partially filled atomic levels , for instance,
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in the case of alkali metals. A partially filled band may also be the result of
overlapping of filled and empty or partially filled bands, as is the case with
beryllium and alkali-earth metals (Fig 1.2(b)). A partially filled band is a
feature of metals. The second group includes bodies with an empty band above
completely filled ones (Fig 1.2(c, d)). Typical examples of such bodies are the
elements of Group IV of the periodic table (carbon, silicon germanium and gray
tin). This group also includes many chemical compounds (metal oxides,
nitrides, carbides, halides of alkali metals, etc).

The solids of the second group are conventionally subdivided into
dielectrics and semiconductors according to the width of the forbidden band.
Dielectrics include solids with a relatively wide forbidden band.
Semiconductors include solids with a relatively narrow forbidden band (Fig.

1.2(d)).

(a) (b) (c) (d)

Fig.(1.2): Occupation of bands by elecirons: In (a) and (b), there is a
partially filled band above the filled band; in (c) and (d), there is an empty band
above the filled band.
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1.5.2 SEMI-CONDUCTORS
Intrinsic semi-conductors

Semi-conductors containing a negligible amount of electro-active defects
(chemical and crystallographic) are termed intrinsic semiconductors. They
mclude some pure chemical elements (germanium, silicon, selenium, tellurium,
etc.) and numerous chemical compounds such as gallium arsenide (GaAs),
indium arsenide (InAs), indium antimonide (InSb), silicon carbon (SiC), and so
o1l

In the field of semi-conductors, electrons and holes are usually referred

e carriers or, simply, cairiers because it is these particles which are

4

,_‘.
Cr
o
vy
:
(e

responsible for carrying the electric current.

Impurity semi-conductors

Semi-conductors, no matier how pure, contain some impurity afoms

which create their own energy levels termed impurity levels. Those levels may
occupy positions both inside the allowed and the forbidden bands of the semi-
conductor at various distances from the top of the valence band and from the
bottom of the conduction band. Frequently, the impurities are introduced
intentionally to impart specific properties to the semi-conductor. The
impurities, which supply electrons, are termed donors and the energy levels of
those impurities donor levels. The semi-conductors doped with donor
impurities are termed n-fype semiconductors. The impurities that trap electrons
from the valence band are termed acceprors and the energy levels of such

impurities acceptor levels. The semi-conductors doped with such impurities are

termed p-type semi-conductors.

The electrical conductivity, o, of organic substances has traditionally

been described by the equation:

o=oc,exp(-E,, 1kT) (22)
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where o, is the constant, kis Boltzmann’s constant, T is the absolute
temperature, and E,. is the energy obtained from the slope of In & versus 1/T
plot.

Allan et.al.®” have reported that it was found in earlier electrical studies
that when a C=C group is present in an organic molecule hysteresis was
observed. Electrical conductivity of 4-pyridinealdoxime, which contains a C=N

group, and some of its metal complexes were studied ©,

1.6 Previous studies

In peneral, there have been only a few papers published on the
preparation, structural characterisation, thermal, elecirical studies, and doping
of pyridine carboxylic acid complex with the first row of transition elements.

Some complexes of the chloride and bronude complexes of manganese
(IN), won (II), cobalt (II), nickel (I), and copper (1) with nicotinamide and
nicotinic acid have stoichiometry ML,X, where M is a metal ion, L isan
organic ligand, and X is a halide ion. Spectra and magnetic properties indicate
that these compounds have octahedral polymeric structures. The decomposition
of the complexes was studied by thermogravimetry and differential thermal

analysis ),

Complexes of isonicotinic acid with the bromides and chlorides of

cobalt (II), nickel (II), and copper (II) and also with chlorides of manganese (I1)
and iron (II) have octahedral polymeric structures ©.

Complexes have been prepared between iron (IT), copper (IT), zinc (17),
and cadmium (II) halides and pyridine, -, - and y- picoline, 2,6-lutidine, and
2,4,6-collidine. Where possible, structure types are identified. The present
complexes are compared with similar compounds of chromium (IT), manganese
(I1), cobalt (II), and nickel (II). The complexes were prepared either from
solution or by thermal decomposition of compounds containing a high ratio of
(89)

ligand to metal
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Pyridine monocarboxylic acid N-oxides coordinate in many different
ways with ions in the solid state. For Cu (I), polymeric structures have been
described with micotinic acid N-oxide. Other divalent ions form polymeric
species, more willingly as the ionic radius increases. For example, Cd** forms a
chain polymer with isonicotinic acid N-oxide, in which coordination occurs
through one of the carboxylic oxygen atoms and the N-oxide oxygen atom.
Likewise, lead (II) ions form polymeric compounds with all three of the present

monocarboxylic acid N-oxides %,

Some new compounds of pyridine-2,3-dicarboxylic acid with manganese
(I), iron (I), and cobalt (II), have been prepared in aqueous solutions. The
thermogravimetry (TG), differential thermal analysis (DTA) and differential
scanning calorimetry (DSC) techniques have studied the thermal behaviour of
these compounds. The compounds lose the water, and then organic ligand to

e 3 . . (71)
give the metal oxide ',

Thermal decomposition of a series of complexes of the type CACI2(R-
py)n (where py = pyridine (py), R = 4-methyl (4Me), 3-methyl (3Me), 2-methyl
(ZMe), 2-ethyl (2Et), and 4-cyano (4CN); n=4, 2, or 1) has been studied by
means of TG-DTA measurements. The decomposition took place through
several steps, and all steps proceeded as a two-dimensional phase boundary
reaction. The activation and the rate constant at various temperatures for each
step were determined on the basis of thermogravimetry. The thermal stability
was mainly dependent on the o donating power of ligand R-py that is
associated with its basicity. In addition to this, thermal stability was
considerably affected by the crystal packing structure and the sterical character

of the complexes 2.

The thermal decomposition of copper (1) nicotinate and isonicotinaie
yields in a sharp transition metallic copper as the final solid residue along with
the release of carbon dioxide and pyridine. In the case of nicofinate, small

amounts of nicotinic acid are also detected. The decomposition is stavied by
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homolytic RC(O)C-Cu bond scission, which is equivalent to an electron
transfer from RC(0)O" to Cu(1l) ™.

Compounds of zinc with picolinic acid, nicotinic acid, and isonicotinic
acid have been prepared. The thermal behaviour of these compounds, together
with that of free pyridine carboxylic acid, has been studied by
thermogravimetry and differential thermal analysis. The metal complexes

which are all hydrated lose water, then the organic ligand, to give zinc (I)
oxide. The IR spectra of the compounds are also discussed 7%

The chloro complexes of manganese, cobalt, nickel, copper and zinc
with 2,3-cyclododecenopyridine were prepared in ethanolic solution from
which solid compounds were isolated. The suggested structure for the cobalt
and zinc is tetrahedral, while for manganese, nickel and copper compounds it is
octahedral. The techniques of thermogravimetry and differential thermal
analysis show that 2,3-cyclododecenopyridine nickel (IT) chloride and bis (2,3-
cyclododecenopyridine) copper (II) chloride form intermediate compounds
before their metal oxides are produced. The other compounds lose the organic

ligand and the halogen to give the metal oxide .

In the preparation of cobalt(Il)-picoline-bromide and iodide, three
different solvents were tested. Some new ternary mixed complexes were
prepared containing different picolines using a solid-gas phase preparation

method. Thermal and spectroscopic properties of the title compounds were

investigated 7%,
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1.7 Objectives of present study

In the present study an attempt was made to prepare complexes of some
divalent metal halides and pyridine mono-carboxylic acid in an aqueous
solution.  Elemental analysis, infrared spectra, atomic absorption
spectrophotometer, x-ray diffraction, and mass spectra measurements were
made to characterise each ligand. These measurements, electronic specira, and
magnetic studies were used to characterise each prepared metal complex and io
interpret the type of co-ordination, which took place to the metal jon.
Electronic scanning microscopy was used for some prepared complexes
calcined at different temperatures to examine the chemical phase, morphology,
and texture changes which occurred during the thermal decomposition. These
are compared and discussed. Thermal analysis studies of 2, 3, or 4-pyridine
carboxylic acids together with the complexes formed by the acids and the
iransition metals cobalt, nickel, and copper have been siudied by using
thermogravimetry, TG, and differential scanning calorimetry (DSC).

Several heterogeneous solid-state reaction models and computation
techniques were used to discuss the kinetics of the isothermal and non-
isothermal data. Cobalt picolinate hydrate, cobalt nicotinate hydrate, cobalt
isonicotinate hydrate, nickel picolinate hydrate, nickel nicotinate hydrate, and
nickel isonicotinate hydrate were chosen as a typical representative of these
compounds and free ligands to study the kinetics of thermal decomposition by
using nonisothermal techniques. Kinetic analyses of differential scanning
calorimetry data were made using these different integral methods: single
heating rate, a composite method, and Ozawa and Kissinger methods. The
single and composite methods were based on Coats-Redfern, modified Coats-
Redfern, Doyle, and Madhusudanan et. al equations. A new compufer program
was written in Fortran 77 for the kinetic analysis of non-isothermal differential
scanning calorimetry data. The program included all the published theoretically

possible solid state decomposition mechanism models.
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Finally, direct current (D.C.) electrical measurements were used to
obtain the temperature dependence of electrical conductivity (c4,) for the cobalt
isonicotinic hydrate, nickel isonicotinic hydrate, and copper isonicotinic
hydrate complexes. The alternating current (A.C.) electrical measurements
were used to obtain the temperature and frequency dependence of conductivity
(o1) of the nickel isonicotinic hydrate complex. The frequency dependence of
ecach dielectric constant (¢') and dielectric loss (&*) was obtained for nickel

isonicotinic hydrate complex.
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EXPERIMENTAL

2.1 CHEMICAL MATERIALS

2.1.1- Pyridine monocarboxylic acids:

Picolinic acid (HPA), Nicotinic acid (HNA) and Isonicotinic acid (H
IA), supplied by Aldrich Chemical Company, Inc., M.W. 123.11 with melting
points 139-142°C, 234- 237°C, 310 - 315°C (sublimes) respectively, were used

as ligands.

2.1.2- Divalent Metals

Cobalt (II) chloride -6 hydrate pure crystal, M.W. 237.93 was supplied
by RIEDEL - DE HAEN. Nickel (I) chloride - 6 hydrate, M.W. 237.71,
Cupric (II) chloride - 2 hydrate, M.W. 170.48 and Zinc (II) chloride, M. W.
136.28 were supplied by BDH Chemicals Ltd. Poole, England.

2.1.3- Sodium hydroxide (NaOH)

Sodium hydroxide chemical, pure pellets, M.\W. 40 were supplied by
RIEDEL-- DE HAEN

2.1.4- Bidistilled water

Bidistilled water was prepared using all glass equipment.
2.2 COMPLEXES PREPARATION
2.2.1- Introduction

Complexes of cobalt (II), nickel (II), and copper (II} with picolinic acid
(HPA), Nicotinic acid (HNA) and Isonicotinic acid (HIA) were prepared. These
complexes appeared to have stoichiometry ML,.xH,O; where M is a metal ion,

L is an organic ligand, and x is the number of water molecules.
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In the present investigation, complexes consisted mainly of divalent

metal with pyridine monocarboxylic acid with a 1: 2 molar ratio.

2.2.- Complex preparations

The complexes were generally prepared by published
procedures™7".
1- A known weight of pyridine monocarboxylic acid (10 gm or the
equivalent of IM), and a suitable stoichiometric amount of sodium hydroxide
(3.249 gm or the equivalent of 1M) was dissolved in a minimum amount of

bidistilled water pH (5-6).

2 - A known weight of metal salt (see Table 2.1) in the form of soluble
salt (the equivalent of 0.5 M) was slowly added dropwise while the pyridine
mono-carboxylate salt was stired. The colored complex precipitated

immediately.

3 - The suspension (solution) was stirred for one hour. The pH of the

final solution was in the range 4 - 5.

4 - The solution was suction filtered, and the precipitated complexes

were washed several times with bidistilled water.

5 - The solids were dried over CaCl, under a vacuum for 24 hours and

then stored in a dissector.
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Table 2.1

Weight of metal salts for preparation of complexes

Metal salt Weight
Sr. ([M.W./12.31195]/2)
1 CoCl, 6H,O 9.663
2 NiCl, .6H,O 9.654
4 ZnCl, 5.535

2.3- IDENTIFICATION OF PREPARED COMPLEXES

2.3.1- ATOMIC ABSORPTION SPECTROPHOTOMETER

The complexes prepared had been digestions by published procedure %

according to the following procedures:

Weigh a sample of 5-10 mg into a 50-ml digestion flask and add 3 ml of
concentrated sulfuric acid (M. A. R. grade) and 3 ml of 100-vol. hydrogen
peroxide (M. A. R. grade). Heat gently to fumes and then boil for 5-10 minutes,
adding more hydrogen peroxide if necessary. Cool the mixture as required.

Transfer to a measuring flask and carefully add distilled water.

The concentrations of the metal ions were obtained using the Perkin -
Elmer 2380 atomic absorption spectrophotometer with air-acetylene fuel at

Aston University, Birmingham, United Kingdom.

2.3.2- Elemental Analysis

The analyses of carbon, nitrogen, and hydrogen were determined using

the Perkin Elmer 240C microanalyser at Assiut University, Assiut, Egypt.
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2.3.3-IR. Spectra

The IR. spectra were obtained using KBr discs, 4000- 200 cm™, on a
SHMADZU 407 at Assiut University, Assiut, Egypt.

2.3.4- X - ray diffraction

The X-ray powder diffraction patterns were recorded on an X - ray
diffraction system, semiautomatic with Ni- filtered Cu Ko radiation,
A=1.5418A°, type pw. 1840, Philips. The experimental conditions, for all

patterns taken, were: working voltage, 30 k, working current. 20 mA; 26 = 5° -
70° by means of the Debye- Scherrer method ®; continuous scan with a speed

of 1.2°26/s, chart 10 mm / 26; Range 5 x 107 ¢/s, slit 0.2 m and T.c 1 s.

The measurements were taken at room temperature in air under normal

pressure at King Abdulaziz University, Jeddah, Kingdom of Saudi Arabia.

2.3.5 MAGNETIC

Magnetic moments of complexes were measured by the Gouy method
using Hg[Co(SCN)4] as a calebrant with a correction involving Pascal’s

{(80.81)

constan applied for diamagnetism at Aston University, Birmingham,

United Kingdom.

2.3.6 Mass specira

Mass spectra were run for free ligands at 70 eV on a RAM-6L Hitachi
Perkin-Elmer single-focusing mass spectrometer using direct probe insertion
for the samples. The ionization source used a T-2p model at Cairo University,

Cairo, Egypt.
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2.4 THERMAL ANALYSIS

The thermal analysis studies were carried out on a TG 30 and DSC 30
Mettler system thermobalance with a-alumina as a standard. Thermogravimetry
(TG) and differential scanning calorimetry (DSC) curves were obtained at a
heating rate of 10° C min™ in static air. In all cases the 50 - 600° C temperature
range was studied. The use of heating rates of some samples for the application
of non-isothermal kinetic study was 5, 10, 15, and 20° C min.”! at Omm Al-

Qora University, Makah, Kingdom of Saudi Arabia.

2.5-CALCINATION OF SAMPLES

Samples of some prepared complexes were inserted into an electrical
oven at room temperature which was raised to the desired value and maintained
for 10 minutes before the sample was removed and cooled in a desiccator to
room temperature. Table 2.3 shows the temperature of calcinations for

complexes under investigation.
Table 2.2

Calcination temperature.

Complex Temperature(°C)

Co(PA),.2.5H,0 | 90 | 120 [ 140 [ 310 | 390
Co(NA),4.0H,0 | 50 | 75 | 250 | 380 | 500 | 580

Co(IA),.4.0H,0 50 | 100 | 150 | 350 | 400 | 450
Ni(PA),4.0H,0 75 | 125 | 160 | 300 | 380 §0Q
Ni(NA)»4.0H,0 7 807 115 | 160 | 215 3‘4() | 390 | 430
Ni(iA).3.5H,0 80 | 125 | 170 | 310 | 375 | 420
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2.6- ELECTRONIC SCANNING MICROSCOPE

The changes in morphology and texture of some of the complexes and
their calcination products were undertaken using the Jeol 300 Scanning
Electron Microscope at King Abdulaziz University, Jeddah, Kingdom of Saudi
Arabia.

2.7-ELECTRICAL CONDUCTIVITY MEASUREMENT
2.7.1 DC MEASUREMENT

The electrical measurements were carried out on prepared
hydrous compounds by monitoring currents as a function of temperature at a

fixed voltage.

Samples were prepared in the form of discs with a diameter of 13
mm and a thickness of range of 0.06-0.1 mm. A micrometer accurately
measured the disc thickness. These discs were formed by compressing powder

in a hydraulic press set with an applied force of 10 tons®**%.

All samples were coated with silver paint through masks to ensure a
sharply defined edge to electrodes®. The discs were then stored in a desiccator

" for several days to keep discs dry before being tested.

The sample holder shown in Fig. 2.1 consists of two parallel plates of
brass 1.1 c¢m in diameter, the lower being supported with a light pressure

spriﬁg(gé). Teflon is used to isolate the two electrodes from each other.

The circuit used for measurement of electrical conductivity is

represented in Fig. 2.2. The essential current measuring device was a D.C.,
Operational Amplifier joined to a Current Meter, and a high impedance

voltmeter for measuring potential drop across the sample. In high resistance
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circuits the use of coaxial cable, metal shielding, and common ground loop

eliminated electronic noise®”.

The sample and its holder were heated in an ultra-thermostat set at a
predetermined temperature. An ultra-thermostat set consisting of heating wire
was made of Ni-Cr with a resistance of 0.07657 kQ, which was bonded around
the outer surface of the Pyrex tube up and down to avoid the electromagnetic
field®. An electric unit carefully controlled the heating. This unit is the
Thyristor AC regulator (supplied by YKOYAMA ELECTRIC Co., LTD.
JAPAN, type SB-10). A calibrated copper constantat as thermocouple PCT 103
that connected with digital (supplied by JENWAY, PWA 1) was used to

measure the temperatures on the samples as shown in Fig. 2.3.




\d

\\ N \Q\\ \\\

Expernimental

Fig. 2.1: Sample holder used for electrical conductivity measurement

A, B:lead wire. D, C: electrodes. E: thermocouple

F: light pressure spring. S: sample

N brass E] Teflon
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Fig 2.2: The circuit used for electrical conductivity measurements
D.C.: Power supply
S: Sample
Sh: Metallic shield
A: D.C. Current Meter

V:D.C. Voltmeter
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Metal container —*

Glass wool

Asbestos wool

Heating wire

hyristor Ac.

Pyrex tube r4

regulator.

Fig 2.3: An ultra-thermostat set.

2.7.2 AC MEASUREMENT

AC conductivity, dielectric constant, and dieleciric loss for some
prepared samples were measured in a frequency range from 26 kHz to 13 kHz
using a Hewlett Packard 4192A impedance analyser. The voltage was fixed at
0.2V throughout the experiments, since there is neither oxidation nor reduction
of ions at this low voltage in the temperature range 20 ~80 °C at University of

Jordan, Amman, Jordan.
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CHAPTER 3
PYRIDINE MONOCARBOXYLIC ACIDS STUDY

3.1 PREFACE

The ligands used in this investigation are isomers of pyridine
monocarboxylic acids. Fig. 3.1 shows the isomers, picolinic acid (HPA),
nicotinic acid (HNA) and isonicotinic acid (HIA). The difference between the

isomers is the position of the carboxylic group.

COOH

@ _~~_ COOH Z
|
N > COOH Q N

2-pyridinecarboxylic acid3-pyridinecarboxylic acid 4-pyridinecarboxylic acid
(Picolinic acid, (HPA)) (Nicotinic acid, (HNA)) (Isonicotinic acid, (HIA)

Fig (3.1): Isomers of pyridine carboxylic acids

3.2-CHEMICAL ANALYSIS OF PYRIDINE CARBOXYLIC
ACIDS

3.2.1- Carbon, Nitrogen and Hydrogen Analysis

The percentages of carbon, nitrogen, and hydrogen were calculated
theoretically and determined experimentally for the free ligands (picolinic acid,
nicotinic acid and isonicotinic acid). Table 3.1 shows the comparison between

the expected and the experimental values.

3.2.2-Infrared Spectra (4000 - 200 em™)

The mode of the bonding of ligands was examined by IR-spectra. The
wavenumbers of IR absorption bands for the free pyridine monocarboxylic acid
are shown in Fig. 3.2 and Table 3.2. The IR spectra of free pyridine carboxylic
acids show bands at about 1700 and 1442 cm™ (Table 3.1), which correspond
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to the carboxylic group. The band at 1700 cm™ was assigned to the (C-0)
vibration, while that of 1442 cm™ was assigned to the (C=0) vibration. There
was a band in the range of 1610 - 1518 cm™ due to the ring vibration of the

aromatic ring.

Table (3.1)

Carbon, Nitrogen and Hydrogen analysis for free pyridine carboxylic acids

Compounds Calculated % Experimential
C N H C N H
Picolinic acid | 58.5 | 11.4 | 4.09 | 58.4 | 9.25 | 4.25
Nicotinic acid 5851141409584 |11.1|4.17
Isonicotinic acid | 58.5 | 11.4 | 4.09 | 58.2 | 11.1 | 4.02
Table (3.2)
Infrared Spectra (4000 - 200 cm™) for free pyridine carboxylic acids.”®
Comps | vO-H v v Ring v v v
(H20) | (COOH) | (COO) | Vibration | (C=0) | M-O | M-N
HPA | -- 1700(s) | -~ 1590(s)- | 1442(s) | -~ -
1518(s)
HNA | - 1795(s) | -- 1580(s)- | 1410(s) | -- -
1480(s)
HIA - 1708(s) | -- 1610(s)- | 1558(s) | -- -
1558(s)

Key: br., broad; s, strong; m, medium; w, weak and Comps., Compounds
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3.2.3-X-Ray Diffraction Patterns

The X-ray diffraction data, angle of incidence or reflectance (26),
interplanar  distance between two planes (d-sp.), intensity (I°) and relative
intensity (I/I°) obtained in the present investigation for free ligands are
summarised in Table 3.3 and are graphically represented in Fig. 3.2 which
shows the x-ray lines (I/I°against 20) of the free ligands (HPA, HIA, HNA).
Excel program-V.5.0 (IBM compatible computer) was used to calculate the
values of interplanar distance between two planes (d-sp) at each angle of
incidence (26) on the basis of Bragg’s law (equation 3.1)*”. The same pProgran
was used to calculate the values of intensity (I/ I° ) which were plotted against

the incidence angle ( 20).

2dsinB=n A G.D
d=nA/2Zsinb (3.2

Where 0 is the glancing angle between the incident beam and the reflecting
plane, d is the interplanar distance between two planes, A is the wavelength of

x-ray, and n 1s a positive integer order.

The correlation of d-sp and 6 calculated here are, as expected, in

0 " The values for

agreement with the general tabulation by Switzer et al.,
interplanar distances, d-sp, are summarised in Appendix 1, and they show the

necessary relationship between d-sp and 6.

In Appendix 1, the values of the interplanar distance between two
planes, d-sp., decrease with increasing angles of incidence. Comparison of the
x-ray pattern of the free ligands (Fig. 3.3) shows that the patierns are not
similar. It is obviously clear from Fig. 3.3 and Table 3.3 that the maximum
relative intensity (I/I°) for the ligands HPA and HIA is at values incidence

angles (26) 17.3 and 16.3 respectively. However, the corresponding value for
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Fig.(3.3): X-ray lines (I/1, against 20) for free ligands; A : HPA, B : HNA, C: HIA.
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The ligand HNA 1s 24.4. The free ligands are crystalline solids with low
symmetry and large unit cells; they are characterised by the diversity of their

structures (9”.

Table 3.3: The maximum value of I/ - at 26 for free ligands.

Compounds 26 I
HPA 17.3 89
HNA 24.4 85.8
HIA 16.3 &9

3.2.4-Mass spectral studies

The mass spectra were recorded for free ligands HPA, HNA, and HIA.
The most prominent mass spectral peaks of the compounds studied are given in
Table 3.4, and a general schematic representation including the main
fragmentation is given in bar-graph form in Fig. 3.4-3.6. The most intense
peaks of the mass spectra of pyridine mono carboxylic acids are those due to
pyridine and its daughter fragments. These fragments are formed through

decarboxylation of pyridine mono carboxylic acids.

The fragmentation of carboxylic acids may be written according to the

following equation: ©2.

OJ —» X +R—-C=0-+ R+CO

Ar=é

X | bR+ ¥ Cm=0—> X+CO

where X= OH, OAr, NH2, NHAr, NarAr.




Result

Table 3.4

The most relevant mass spectral peaks of mono pyndine carboxylic acids.

Ligand M/(RI)?

Picolinic acid (HPA) | 50(35), 51(82), 52(100), 53(12), 78(47), 79(99),
123(0.7).

Nicotinic acid (HNA) | 50(14), 51(18), 54(16), 55(96), 56(29), 57(100),
60(90), 61(21) 67(17), 68(18), 69(53), 70(18),
71(33), 73(77), 77(12), 81(15), 83(26), 84(17),
85(21), 87(14), 95(11), 96(10), 97(19), 98(18),
99(13), 101(10), 105(11), 106(10), 111(11),
112(10), 115(11), 123(19).

Isonicotinic acid (HIA) | 50(46), 51(100), 32(52), 53(12), 55(16), 57(14),
67(19), 73(12), 76(18), 77(32), 78(34), 79(49),
82(10), 83(22), 91(11), 93(13.7), 94(12),
105(22), 106(17), 123(74).

* Relative intensity.
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3.3 THERMAL ANALYSIS OF FREE LIGANDS

In this study, the conditions chosen to obtain thermal analysis data are

1”9 The thermal analysis curves,

comparable with those of Allan et a
thermogravimetry (TG), differential thermogravimetry (DTG) and differential
scanning calorimetry (DSC), of the free ligands (HPA, HNA and HIA) under
study are depicted in Figs. 3.7-3.12. TG and DTA were scanned with a heating
rate of 10 °C min™', while DSC was scanned at different heating rates (5, 10, 15

and 20°C min™). In all cases the decomposition process was carried out in a

dynamic air atmosphere in the temperature range 50-600 °C.

From the TG curve the percentage loss in mass is recorded and the
temperature of maximum rate is recorded from the DTG. From the DSC curve
the peak temperatures for both endo- and exo- peaks, and the enthalpy changes
for the various decomposition steps were obtained. The results are listed in

Table 3.5.

There are remarkable differences between our results and the results
reported by Allan et. al."® on thermal analysis of the pyridine carboxylic acids.
Allan et. al. mentioned that the DTA curve for picolinic acid showed an
endothermic peak at 138°C due to fusion and an exothermic peak at 415°C due
to decomposition. However, in the present study, our result of the DSC curve
showed an endothermic peak at 149°C due to fusion, an endothermic peak at
219°C due to decomposition, and an exothermic peak at 415°C which may be
due to oxidation of residual carbon in the sample. For nicotinic acid Allan et.
al. found that the endothermic peak was at 237°C due to fusion, and the
exothermic peak was at 397°C due to decomposition. However, our result
showed an endothermic peak at 246°C due to fusion, an endothermic peak at
292°C due to decomposition, and an exothermic peak at 360°C which may be
due to oxidation of residual carbon in the sample. For isonicotinic acid Allan et.

al. found that the endothermic peak was at 320°C due to fusion, and the
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exothermic peak was at 382°C due to decomposition. However, our result

showed an endothermic peak at 312°C corresponding to sublimation.

Although the endothermic peaks, which appeared at 219 and 292° C for
picolinic acid and nicotinic acid respectively, are quite large in our DSC curve,
they appeared small in the DTA curve reported by Allan et.al. and were
disregarded.

3. 3.1 THERMAL BEHAVIOR OF PICOLINIC ACID (HPA)

The TG-DTG traces (Fig. 3.8) for picolinic acid (HPA) show no weight
loss in the temperature range 50-102°C. This suggests that the picolinic acid is
thermally stable in the range 50-102°C. Its pyrolytic decomposition begins at
102°C and is finished at 338.5°C with total elimination of the sample. From
103 °C to 294°C a rapid mass loss of 96.47% was observed. From the DTG
traces it was clear that the maximum rate of decomposition occurs at 194° C,
followed by a gradual mass loss of 3.53 % which occurs in the temperature
range of 220 - 550° C. The DSC trace (Fig. 3.9) for picolinic acid (HPA) shows
an endothermic peak at 149°C corresponding to the melting (m.p.139-142°C).
The enthalpy of fusion is 23.17kJ mol”. The endothermic peak observed at
219°C in the DSC traces is then attributed to the decomposition of picolinic
acid to carbon dioxide and pyridine, followed by the evaporation of pyridine.
The value for decomposition and evaporation enthalpy is 27.01 kJ mol”. The
endothermic peak was at 219°C corresponding to the main decomposition stage
of 96.47%, while the exothermic peak at 415°C corresponding to mass loss of
3.53 % with enthalpy change is 2.66 kJ mol”. Comparing the TG, DTG, and
DSC, it is clear that the fusion, evaporation, and decomposttion stages in TG

and DTG are a combination of two consecutive processes in the DSC.
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3.3.2 THERMAL BEHAVIOR OF NICOTINIC ACID (HNA)

The TG-DTG traces (Fig. 3.10) for nicotinic acid (HNA) show no
weight loss in the temperature range 50-139°C. Its pyrolytic decomposition
starts at 139°C and finishes at 413°C with total elimination of the sample. The
TG curve shows no loss up to (139°C). From 140 °C to 274°C a rapid mass
loss was observed of 93.43%. The evaporation of products followed the
decarboxylation. From the DTG traces the maximum rate of decomposition
occurs at 244°C, followed by a gradual mass loss of 6.57% in the temperature
range 249 to 550°C. The DSC traces in Fig. 3.11 show three endothermic
peaks. The first endothermic peak at 206°C, with an enthalpy change of 0.15kJ
mol™, is attributed to an isomerization or phase transition since there 1s no loss
in mass at that temperature. The second endothermic peak at 246°C
corresponds to fusion (m. p.234-237); the value for the fusion enthalpy is 22.89
kJ mol’. The third endothermic peak at 292°C corresponds to the main
decomposition stage of nicotinic acid (93.43%), during which it converts to
pyridine and carbon dioxide and is followed by the evaporation of pyridine
with an enthalpy change of 44.45 kJ mol™. An exothermic peak at 360°C was
observed corresponding to a gradual mass loss of 6.57 % with an enthalpy
change of 2.66k]J mol™. Comparing the TG, DTG, and DSC data, it 1s clear that
the main stage seen in TG and TDG is a combination of two consecutive

" processes shown separately in the DSC.
3.3.3 THERMAL BEHAVIOR ISONICOTINIC ACID (HIA)

The TG - DTG traces (Fig. 3.12) for isonicotinic acid (HIA) show that it
is thermally stable in the temperature range 50-207°C. Its pyrolytic
decomposition starts at 207 °C and finishes at 282 °C with a total elimination
of the sample. The TG curve showed no loss in mass up to 207 °C. From 207
°C to 274°C a rapid mass loss was observed (90.33%). From the DTG curve,
however, it is clear that this stage has its maximum rate of decomposition af

973°C. From 274 to 550°C gradual mass losses occurred of 6.57 %. The DSC
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curve (Fig. 3.13) shows only one endothermic peak at 312°C corresponding to
sublimation (sublimes 310-315°C) and decomposition to pyridine and carbon
dioxide. The enthalpy of sublimation is 138.45 kJ mol™.
It is clear from the DSC curves (Figs. 3.8, 3.10, and 3.12) that the
recorded peak temperature depends on the heating rate, when the heating rate
ep

increases the peak temperature becomes higher.
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Result

3.4-KINETIC STUDIES FOR FREE LIGANDS

All of the experimental data were calculated by using a computer
program written in Fortran 77. The program was designed and constructed to be
applicable to the kinetic data analysis of the decomposition of the compounds
under investigation. This program was used to choose the reaction model that
obtained best fit of data in order to calculate the kinetic parameters. Fig. 3.13
shows the flow-chart for the computer program used for this kinetic analysis of
non-isothermal differential scanming calorimetry data. Analyses of data,
obtained either for a single heating rate or several different heating rates, were
performed using the various available kinetic model g(a) functions® listed in
Table 3.6.
printed, plotted, and saved. The tesults of the calculation allow the ability to
choose the kinetic mechanism which best fits the data and give the highest
correlation coefficient and the lowest standard deviation. The program also
calculates the activation energy (E) and the frequency factor (A) from the slope
and intercept of the linear fit line. The output file can be opened from the

Microsoft Excel program which offers the many advantages of using a

spreadsheet. Thus, it can provide a neat format of data and results.

In order to check the computer program, a set of data published by Leo

Reich was used®. The chosen reaction model and kinetic parameters obtained

using our program were identical with the results published.

The kinetic analysis of the nonisothermal decomposition is considered
here in view of the integral methods: The Kissinger method“®, the Ozawa
method®”, the Coats-Redfern method®”, modified Coats-Redfern™®, the Doyle
method®. the Madhusudanan et. al. method“” and the Diefallah composite
method®®.  Tn all cases, the comparison of fit to the various models was made

for o values in the range 0.05< o <0.95; where o is the degree of conversion.
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Fig. (3.13): Flow-chart of the computer program for the kinetic analysis of non-

Call Comp

isothermal deferential scanning calorimeiry data, according to the one heating

rate and composite methods.
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Amax = 0.0 Stm
. Read input and
| DoK=lto3l / output files name, /
DolgltoN v

y ¥
Calculate Y(s), X(s) Dol=JtoM
Call summation (Linear regression) / Read N, P, f, /

Dol 1 TtoN
Calculate E and A / Read a(l), T(D /
!} .

p Calculate g(a)’s T
IfR=

Amax G ClP

Call integral equation
1-  Coats-Redfern
2-  Modifying Coats-Redfern
3- Doyle

4- Madhusudanana et. al

e Read No. of data
sets, M.
B

Calculate Y(s) and X(s) for R=Amax

‘

ES— DoJ=1toN
v

Writ output on file: Equation used,
R, g(a), E, A, Sy and S,

v
Writ output in file, Y(s) and X(s)

Continue Fig. (3.13):
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The common forms of g (a) and f (o) proposed in the literature

Table (3.6)

Result

(93)

Function group Symbol Mechanism G(a) F(a)
Accelerated P1 Power law ot 4 o
2B 352"
alfl 2 (1“2
o 1
E1 Exponential law | In o o

S-shaped o~ t curve | A1.5 Avrami-Erofeev | [-In(1- )] 3/2(1- o)[-In(1- )]
A2 Avrami-Erofeev | [-In(1- a)]"” 2(1- o) [In(1- o )]
A3 Avrami-Erofeev | [-In(1- )] 3(1- o )[-In(1- )"
Ad Avrami-Erofeev | [-In(1- a)]™ 4(1- a))[-In(1- o)™
B1 Prout-Topokins | In[o/(1-c)]™" a(1-a)]
[-In(1-0)]* Yo(1-a)[-In(1-0)]
n(1-o)[’ 13(1-a) [-In(1-0)]”*
[-In(1-a)]’ Ya(1-0)[-In(1-c)]”
Decelerated a—~ t curve | R2 Abstract surface | 1-(1- o )" 2(1- )"

R3 13(1&(1)1/3 3(1da)2/3

D1 1-D diffusion o Vs o -1

D2 2D diffusion | (1= aln(1-a)ta | -[In(1 - )]

D3 3-D diffusion - (1 =a)™F | 3201-(1-0) " ' (19™"

D4 Ginstling - (1-20/3)~(1- 312[1-(1-0) ™"

Brouns a)??

F1 First order -Ini(i-o) 1-a

F2 Second order | 1/(1-o) (- o)’

F3 Third order [1/(1- )] Ya(1-0)°
1-(1-o) ™ 4(1- o)™
(1-a)™” Ya(1- 2 )
[(1-o) ™A | 3/(1-a)™(1-a )™
[1-(1- )1/3}1/2 8(1-(1- 2 ) P (1-a )7
(-(-0)™" | 4((1-o[1-(1- )] ™)™
1-(1- o) Y(1- )
1-(1- o)° 1/3(1- o)™
1-(1- o)° (- 0)”
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The kinetic analysis of the non-isothermal decomposition is applied to
the decomposition step of free ligands which is suggested to be decarboxylation

followed by evaporation of the products.

Figure 3.14 and Appendix 3 show the results of typical weight changes
of the differential scanning calorimetry (DSC) observed under non-isothermal
conditions for samples (picolinic, mnicotinic, and isonicotinic acids) studied at
different heating rates of 5, 10, 15, and 20° C min™ in air atmosphere. Analysis

of the data was performed in two stages:

(a) In the first stage, data for each specific heating rate (5,10,15 and 20

°C min") was separately treated using the approximate integral equations

previously mentioned. Tables 3.7, 3.9, and 3.11 show the kinetic parameters

and regression results for each of the available models. These

were computed
according to the different heating rates method for the thermal decomposition

f picolinic, nicotinic, and isonicotinic acids, respectively.

)

The calculation of activation parameters (E and A) using different
approximate integral equations gave rise to almost identical values and best fits
of experimental data with the same reaction model except Doyle’s equation,
which differed a little. On the other hand, calculations for different heating
rates led to large variations with the different reaction models (See Tables 3.7,

3.9,and 3.11.

(b) In the second stage the composite approach of data was used
according to the g (o) functions listed in Table 3.6. A computer program was
used to do the calculation and the results showed that the best fit obtained was
for the (A, model) random nucleation model for picolinic acid (Table 3.8), the
(A3 model) random nucleation model for nicotinic acid (Table 3.1 0), and the PI
model for isonicotinic acid (Tables 3.12). The composite method of analysis
involved superposition of all nonisothermal data on one master curve, and led
io the same reaction model and to similar values of activation parameters using

different  approximate integral equations (Coats-Redfern,  modified
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Fig. (3.14): Dynamic measurements for pyridine carboxylic acids thermal

decomposition heating rate (A) 5, (B) 10, (C) 15 and (D) 20 ° C min”; (1)

picolinic acid, (IT) nicotinic acid and (III) isonicotinic acid.
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Coats-Redfern), different approximate integral equations (Coats-Redfern,
modified Coats-Redfern, Doyle, and Madhusudanan et. al.). Tables 3.8, 3.10
and 3.12 indicate the thermal decomposition of picolinic acid, nicotinic acid,

and isonicotinic acid, respectively.

Typical results are shown in Figs. 3.15, 3.18, and 3.21: (a) for the
composite analysis based on Doyle’s equation, (b) for composite analysis based
on the Madhusudanan et. al. equation, and (c) for the composite analysis based
on the Coats-Redfern and modified Coats-Redfern equations. Figs. 3.15, 3.18,
and 3.21 (c) show that curves obtained, based on either the Coats-Redfern or

the modified Coats-Redfern equations, are identical.

Figs. 3.16, 3.19, and 3.22 show typical results for the Kissinger method
while Figs. 3.17,3.20, and 3.23 show typical results for the Ozawa method.

Using the reaction model predicted according to the composite method
of analysis and doing the calculation using data obtained at different heating
rates gave average values for the activation parameters reaction model similar
to those obtained using either of the composite methods, Ozawa and Kissinger

(Table 3.7).

In the Ozawa method, the values of E vary much with o, which would
imply that the reaction mechanism varies with the fraction reacted (Table 3.7),

an unlikely result that would only be acceptable if all other alternatives failed.

The advantages of the Kissinger method are that it is not necessary to
know the reaction mechanism to calculate the kinetic parameters, and one needs
only to locate the peak maximum temperature for the calculation. The main
disadvantage of this method is that it is dependent on the accuracy of the peak

position which may be difficult to find in real reactions® .

All pyridine carboxylic acids do fall in the same mechanism group,

namely the Avrami-Erofeev. The physical meaning of this mechanism is that
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impingement and coalescence of developed nuclei occurs with ingestion of
undeveloped nucleation sites. The integral equation form of the Avrami-

Erofeev mechanism is®>:

g() = [-In(1-a)]"

where n = 15, 2, 3 and 4 for the Al.5, A2, A3 and A4 mechanisms
respectively. According to the deduction process of this equation, n = A + 3,
where P 1s the number of steps involved in nucleus formation and A is the
number of dimensions in which the nuclei grow. Most frequently, B equals 0,

which corresponds to instantaneous nucleation.




Result

Table (3.7): Kinetic parameters and regression results, for assuming all models
of thermal decomposition of picolinic acid at different heating rates.

Eqation  PCCmin'| R | M |EWmol)loA@in™| s, | S,
Coats-Redfem 5 0.9967| D4| 24499 | 5.92E+01 | 1.57E-01 | 5.25E+H02
Modified Coats-Red| 5 0.9967| D4| 244.99 | 5.92E+01| 1.57E-01 | 5.25E+(2
Doyle's 5 0.9569| D4| 24025 | 5.82EH01 | 6.84E-02 | 2.28E+H02
Madusudana et.al. 5 0.9%7| D4| 24529 | 4.60E+01 | 1.57E-01 | 525E+12
Coats-Redfern 10 0.9992| F1 | 17359 | 4.26E+01 | 4 87E-02| 1.90E+02
Modified Coats-Red 10 0.9992| F1 | 173.59 | 4.25E+01 | 4 87E-02| 1.90E+(02
Doyle's 10 0.9993| A2| 8634 | 2.07E401| 1.05E-02| 4 08E+01
Madusudana et.al. 10 0.9992] F1| 17391 | 2.93E+01 | 4.87E-02 | 1.90E+02
Coats-Redfern 15 ]09983| F1| 15628 | 3.76E+01 | 6.76E-02 | 2. 27E+H02
Modified Coats-Red 15 0.9983| F1 | 15628 | 3.76E+0l | 6. 76E-02 | 2. 27E+02
Doyle's 15 [0.9985|Al. | 104.27 | 249E+01 | 1.94E-02 | 6.52E+01
Madusudana et al. 15 109983| F1| 1566 |244E+01|6.75E-02| 2.2TE+02
Coats-Redfern 20 0.9928| F1| 1348 |3.27E+01| 1.31E-01 | 3.91E+H)2
Modified Coats-Red| 20 |09928| F1 | 1348 |3.26E401| 1.31E-01|3.91E+02
Doyle's 20 [0.9937| F1| 13597 |3.30E+01 | 5.64E-02| 1.69E-+H)2
Madusudana et al. 20 |09928| F1| 13512 | 1.95E+01| 1.31E-01 | 3.91E+(02

b: Heating rate. A: Frequency
R: Correlation coefficient. Syy: Standard derivation
M: Model reaction. Sp: Standard derivation of slop

E: Activation energy.
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Table (3.8): Kinetic and regression results of the thermal decomposition of
picolinic acid for different heating rates and composite methods, assuming the

A2 model was chosen by the composite method.

NMethod Bquation peCmin)l R | M|EWmD)[LAMmn)] s, S,

Composite | Coats-Redfem 097564 |A2| 7212 | 1.040+01] 1.646-01] 2. 0002
\odified Coats-Redfem 007564 |A2| 7212 | 1.93E+01] 1.64E-01| 2005402
Doyle's 098008 |A2] 7617 | 1.83+01| 7.13E-02 | 8.706+01
Nedusudana et al. 007585 |A2| 7244 | 6.14E+00 1.64E-01] 2000402

Srgel  [Coats Redfem 099208 |A2| 6693 | 1.550+01] 667602 | 2206002
Coats-Redfem 099907 |A2] &.79 | 1.95E+01| 2476-02 | 961E+01
Coats-Redfern 09681 |A2| 74.05 | 1.725+01 | 341E-02| 1156402
Coats-Redfemn 099176 |A2| 6331 | 1485+01| 6.67E-02| 1976+

Mocified Coats-Redfem , =L
Vixified Coats-Redfem 0,551 e
e et 0.99175 657E-00 | 167402

itdbdtd.  Rdbdbdls

0.113613

0.103971

05

0.079%2

0.7

0.085846

0.9

0.048227

[Kissinger

0.143898

b: Heating rate.
R: Correlation coefficient.
M: Model reaction.

E: Activation energy.

A: Frequency
Syy: Standard derivation
Sp: Standard derivation of slop
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Fig. (3.15): Composite analysis of the dynamic decomposition of picolinic
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(C) Coats-Redfern and modified Coats-Redfern, assuming the A3 model.
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Fig. (3.16): Regression analysis of the dynamic thermal decomposition
picolinic acid, based on the Kissinger method.
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Table (3.9): Kinetic parameters and regression results, assuming all models of
thermal decomposition of nicotinic acid at different heating rates.

Equation pecCmin) R M |E@mol)|LnAmin )| s, So

Coats-Redfem 5 0.98798| F1 376.87 | 8.39E+01 | 1.73E-01] 2.36E+03
Modified Coats-Redfem 5 0.98798| F1 376.87 | 8.38E+01 | 1.73E-01] 2.36E+03
Doyle's 5 0.98853 | A1.5| 244.56 | 5.40E+01 | 5.01E-02| 6.84E+02
Madusudana et.al. 5 0.98801] Fi 377.22 | 7.06E+01 | 1.73E-01 2.36E+03
Coats-Redfem 10 0.9948 | F1 269.2 | 5.83E+01 | 1.01e-01| 8.19E+02
Modified Coats-Redfemn 10 0.9948 | F1 269.2 | 5.82E+01 | 1.01E-01|9.19E+02
Doyle's 10 0.89515| A3 88.23 | 1.84E+01 | 1.47E-02| 1.33E+02
Madusudana &t.al. 10 0.89482| F1 268.56 | 4.50E+01 | 1.01E-01]| 9.19E+02
Coals-Rediemn i5 0.99532| F1 272,73 | 5.83E+01 | 9.94E-02| 8.51E+02
Modified Coats-Redfem 15 0.99532| Fi 272.73 | 5.82E+01 | 9.94E-02| 8.51E+02
Doyie's 15 0.99564| Ad 67.06 | 1.40E+01 | 1.0BE-02] 8.23E+01
Madusudana &t.al. 15 0.99534| F1 | 273.09 | 4.50E+01 |9.94E-02| 8.51E+02
Coals-Redfern 20 0.99645| D4 | 362.67 | 7.33E+01 | 1.83E-01| 7.86E+02
Modified Coats-Redfern 20 0.99645| D4 | 362.67 | 7.33E+01 | 1.63E-01|7.86E+02
Doyle's 20 0.99664 | D4 | 353.92 | 7.20E+01 | 7.07E-02| 3.41E+02
Madusudana et.al. 20 0.99646| D4 | 363.05 | 6.00E+07|1.63E-01(7.85E+02

B: Heating rate. A: Frequency

I¥: Correlation coefficient.
M: Model reaction.
E: Activation energy.
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Table (3.10): Kinetic and regression results of the thermal decomposition of
nicotinic acid for different heating rates and composite methods, assuming the
A3 model was chosen by the composite method.

Method Equation peCmnl)l  r | M|ERmdD[LAMN] s, S
Composite | Coats Redfern 098094 |A3| 79.13 | 1.86E+01] 1.04E-01| 2366400
Niodified Coats-Redfem 098094 [A3| 7913 | 1.85E+01] 1.04E-01 | 236540
Doyle's 0.984%2 [A3| B4.08 | 1.756+01] 4.47E-02| 1.01E+(0
Nedusudana et.dl. 098112 |A3| 70.49 | 5.40E+00| 1.04E01| 2 36E+02
Singd  [Coats Redfem 5 058676 |A3| 119.60 | 25401 5.78E-02 7 BOE+D
Coats-Redfem 10 0994 |A3| 8363 | 1.71E+01] 3.39E02 | 3.07E+02
Coats Redfem 15| 099450 |A3| 8468 | 1.73E+01| 3.00E.02] 2 B4E+(0
Coats-Redfemn 20| 099409 |A3| 5050 | 1.16E+01 1B7E+02
: pisileg
Modified Coats Redfem| 5 098676 |A3| 118.69 | 253E+01 | 5./8E-02] 7.80E+00
Modified Coats-Redfem] 10 0994 |A3| 63 | 1.69E+01| 3.39E-02| 3.07E+02
Modified CoatsRedfern] 15 | 009450 [A3| 8468 | 1.725+01| 3.32F-02| 2B4E+00
Modified Coats-Redfem| 20 | 0.99409 |A3| 5050 | 1.15E+01 | 346E-02] 1.67E+(2)
i
A3 260E+01 | 2 342E+02
A3 1.B4E+0T | 147E-02| 1,396+
Doyle's A3 187601 | 1.44E-02 | 1.286+02
A3 1.36E+01 7.27E+0]
i
Medusudana et.al - 06684 |A3| 120.04 | 1.20E+01| 6.7BE-02 | 7.80E+02
Wedusudana et.al. 10| 0.00405 |A3| 53.09 | 3.83E+00| 3.30E-02] 3.07E+00
Medusudana et.dl. 15 | 009464 |A3] 8505 | 4.08E+00| 3.30E00 | 2 B4ED
Madusudana et.a. 20 | 009417 |A3[ 5097 | " | 346E-02|1.67E+D
a2 : ) 2
346E+02
. . ' . 4835402
05 0.969 83,44 4.79E-00| 491E+02
07 0.988 79.28 4.96E-02 | 4.83E+02
— 09 0.984 7538 5 64E-02 | 5.256+02
Kissinger 0.988 73.01 1.00E-01 | 9.62E+02

B: Heating rate.
R: Correlation coefficient.
M: Model reaction.

E: Activation energy.

A: Frequency
Syy: Standard derivation

Sp¢ Standard derivation of slop
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Fig. (3.18): Composite analysis of the dynamic decomposition of nicotinic
acid, based on (A) Doyle equation, (B) Madhusudanan-Krisshnan-Ninan, and
(C) Coats-Redfern and modified Coats-Redfern, assuming the A3 model.
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Fig. (3.19): Regression analysis of the dynamic thermal decomposition of
nicotinic acid, based on the Kissinger method.
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Fig. (3.20): Regression analysis of the dynamic thermal decomposition of
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Table (3.11): Kinetic parameters and regression results, assuming all models of
thermal decomposition of isonicotinic acid at different heating rates.

Equation BC C min") R M | E(dmol ™) LnA(min™) Sy Sy
Coats-Redfern 5 0.99523 |D2| 145.06 | 2.90E+01 | 1.61E-01]2.64E+02
Modified Coats-Redfern 5 0.99523 |D2| 145.06 | 2.89E+01 | 1.61E-01] 2.64E+02
Doyle's 5 0.99579|D2| 146.23 | 2.93E+01 |6.98E-02| 1.14E+02
Madusudana et.al. 5 0.99526 |D2| 14541 | 1.58E+01 | 1.61E-01|2.64E+02
Coats-Redfern 10 0.9985 |D1] 164.97 | 3.33E+01 | 8.69E-02|1.77E+02
Modified Coats-Redfemn 10 0.9985 |D1| 164.97 | 3.32E+01 | 8.69E-02(1.77E+02
Doyle's 10 0.99867 |P1| 27.58 | 5.46E+00 |6.25E-03]1.27E+01
Madusudana et.al. 10 0.5985 |D1| 165.32 | 2.00E+01 |8.68E-02|1.77E+02
Coats-Redfern 15 0.99849 |D1| 182.15 | 3.61E+01 | 8.96E-02| 1.96E+02
Modified Coats-Redfem 15 0.99849 |D1| 182.15 | 3.60E+01 | 8.96E-02| 1.96E+02
Doyle's 15 10.99864 |P1| 22.77 | 4.87E+00 | 4.84E-03|1.06E+01
Madusudana et.al. 15 0.96849 |D1| 182.52 | 2.28E+01 | 8.96E-02| 1.96E+02
Coats-Redfern 20 [ 0.99549[D1| 141.43 | 2.74E+01 | 1.54E-01| 2.31E+02
Modified Coats-Redfemn 20 0.99548 |D1| 141.43 | 2.73E+01 | 1.54F-012.31E+02
Daoyle's 20 0.99594 |P1| 17.92 | 4.30E+00 | 8.48E-03|1.27FE+01
Madusudana et.al. 20 0.99551|D1| 141.8 | 1.41E+01 [1.55E-01]2.32E+02

b: Heating rate. A: Frequency

R: Correlation coefficient. Syy: Standard derivation

M: Model reaction. Sp: Standard derivation of slop

E: Activation energy.
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Table (3.12): Kinetic and regression results of the thermal decomposition of
isonicotinic acid for different heating rates and composite method, assuming
the A4 model was chosen by the composite method.

Method Exuation peCmin)l R | M [EMmD[LnAmn)[ s, s
Corrposite [Coats-Rediem 098361| A4 | 67.73 | 148E+01 | 151E01] 1146402
Modified Coats Redfem 098361 | Ad | 61.73 | 147E+01|1.51601| 1145402
Doyle's 0987 | A4 | 73.05 | 1.41E+01|6:63502| 4.97E+01
Nedusidana etal 098377 | A4 | 68.0D | 1625+00| 151601 1. 14EHD
Singel  [Coats-Redfem 5 A4 | 8271 | 1125701 | BESE02] TLATEH
Coats Redfemn 10 A _| 7195 | 1.48E+01 | 4.37E-00| B.8OEHO1
CoalsRedfem 15 Ad_| 8638 | 1.64E+01 | 4.500-02] 3.B4E+01
Coats-Redfe 20 Ad : 14

|

Wiodified Cods-Redfern

Modified Costs-Redfem 10 Ad
Modified Coats-Redfem 15 Ad
Nodified Cogts-Redfem 20 Ad
A 6802

Doyle's 10 Ad i.87E-02| 3.815+01
Doyie's 15 Ad 1.845-02 | 4.235+01

yie' : Ad 3.35 aE+01

: = TR

Vadusudana el.al. 10 098831 | A4 78.31 | 1.535+00| 4.37502] B BOE+0T
Medusudana ef.al. 15 099831 | Ad 86.75 | 3.16E+00 | 4.505-02] 9.84FE+01
Madusudana et.al. 20 099501 | A4

095 | @43 0.03276 | 3.49E-+02

Kissinger
b: Heating rate. A: Frequency
R: Correlation coefficient. Syy+ Standard derivation
M: Model reaction. Sy: Standard derivation of slop

E: Activation energy.
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Fig (3.21): Composite analysis of the dynamic decomposition of isonicatinic
acid, based on (A) Doyle equation, (B) Madhusudanan-Krisshnan-Ninan, and
(C) Coats-Redfern and modified Coats-Redfern, assuming the A4 model.
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Fig (3.22): Regression analysis of the dynamic thermal decomposition of
isonicotinic acid, based on the Kissinger method.
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Fig (3.23): Regression analysis of the dynamic thermal decomposition of
isonicotinic acid, based on the Ozawa method. (A) a=0.9, (B) a=0.7, (C) a=0.5,
(D) a=0.3, (E) a=0.1.

91



CHAPTER 4
RESULTS AND DISCUSSION (I1)

COMPLEXES STUDIES




Result

RESULTS (II)

IDENTIFICATION OF PREPARED COMPOUNDS

4.1 PREFACE

The coordination compounds are formed as solids that have the colors
typical of complexes of the metal ions of Co(Il), Ni(Il) and Cu(Il) with N~ and
O- domnor ligands. They form with the following stiochiometry: ML, X(H,0),
where M is the metal 1on, L ligand (picolinate (PA), nicotinate (NA) or

isonicotinate (IA) and X is the number of water molecules.

[}
P!
{

HEMICAL ANALYSIS OF PREPARED COMPLEXES

The analytical result for the metals, carbon, hydrogen, and nitrogen of
prepared complexes are given in Table 4.1. In general, the elemental analyses
are in good agreement with acceptable formulae that can be proposed for all the

compounds:

Co(PA);.2.5H,0, Co(NA).4H,0, Co(IA),.4H;0,  Ni(PA),.4H,0
Ni(NA),4H,0,  Ni(IA),.3.5H,0, Cu(PA), Cu(NA), Cu(IA);.4.5H,0

The number of molecules of water of hydration in these formulae is

consistent with the results of predictions from the TG data.

03
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Result

4.2.2 Infrared Spectra (4000 — 200 cm™)

The mode of bonding of the ligands to Co(Il), Ni(II), or Cu(Il) was
examined by the IR-spectra for complexes. The wavenumbers of IR absorption
bands for the free pyridine monocarboxylic acids (picolinic acid (HPA),
nicotinic acid (HNA), and isonicotinic acid (HIA)) and its complexes are
shown in Tables 4.2-4.4 with the descriptions and assignments of the relevant
wavenumbers. The mode of bonding of the complexes are shown in Figs 4.1-
4.9

A comparison of the main bands in infrared spectra of the hydrated
metal complexes with those of the free pyridine carboxylic acids (see Table 3.2
in the preceding chapter) shows that the spectra are similar in fthe
2000-650 cm” region.

The IR spectra of all the complexes, except for Cu(PA); and Cu(NA),,
have strong broad bands in the range of 3600-2550 cm™', v(OH), indicating the
presence of water molecules which are not coordinated to the metal 1on. The
presence of these bands suggests that the water molecules are present as water
of crystallization. The presence of coordinated water in cobalt, nickel, and
copper complexes with picolinate, nicotinate, and isonicotinate 1s confirmed by
the bands present in the range 331-438 cm™ (Tables 4.2-4.4) which have been
assigned to the M-OH vibration. W. Brzyska and A. Krol ®" have reported that
the water present can interact with other species in three different ways. It can
interact with the anion in the space lattice attached by a hydrogen bond (loss at
313-328 K), or it may H- bond to an inner sphere water molecule (loss at 423
K). Finally, it may be present as coordinated water sirongly bonded to the metal
ion, (lost at the highest temperature simultaneously with the decomposition of
organic ligand). In the IR spectrum of complexes, a broad band is observed in
the 3600-2500 cm™ region. This indicates the presence of hydrogen bonding in

the complex .
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The IR spectra of free pyridine monocarboxylic acids show bands at
about 1700 and 1442 cm™ (Tables 4.2-4.4) which correspond to the carboxylic

group.

The band at about 1700 cm™ was assigned to the (C-OOH) vibration,
while that at 1442 cm™ was assigned to the (C=0) vibration. The band at about
1700 cm™, which was assigned to the v(COOH) vibration, was absent in the IR
spectra of the complexes, due to the formation of COQO" group which bonds to
metal . The v(C-O) band in the IR spectra of cobalt, nickel, and copper
complexes with picolinic, nicotinic, or isonicotinic acids showed a marked shift
to lower frequency, due to the stretching vibration of the carboxylate group
linked to the metal””. This suggests that the oxygen of the carboxylic group s
ihen coordinated to the metal atom. Also, peak in the far infrared confirms the
previous suggestions. The bands observed in the range 430-440 cm” which
have been assigned to the M-O vibration in complexes of cobalf, nickel, or
copper complexes with nicotinic acid was not observed. The fact that litile
change was observed in the wavenumbers of the v(C=0) vibration of the
carboxylate group for picolinate and nicotinate coordinated to cobalt, nickel, or
copper (Tables 4.2-4.3) suggests that bonding is not taking place between the
oxygen atom of the C=0O group and metal atom, whereas the greater change of
the v(C=0) vibration of the carboxylate group for isonicotinate coordinated to
cobalt, nickel, or copper (Table 4.4) suggests that bonding is taking place
between the oxygen atom of the C=O group and metal ion.

Comparing the IR spectra for the free ligands and that of its complexes,
shows that the bands due to the aromatic ring vibrations shift to higher energy
on complex formation. This would suggest that the aromatic ring is coordinated
to the metal ion through the ring nitrogen atom 9 Also, the bands which were
observed in the range 235-335 cm’ in the far infrared and assigned to M-N

confirm the co-ordination between the nitrogen atom and the metal ion.



4,2.3 X-ray Diffraction Patterns

The X-ray diffraction data, diffraction angle (28), interplant distance
between two planes (d-sp), intensity (I), and relative intensity (I/I), were
obtained in the present investigation for the series of the complexes prepared
(Co, Ni, and Cu with picolinic, nicotinic, and isonicotinic acid). These results
are summarised in Table 4.5 and Appendix 2 and are graphically represented in
Figs. 4.1-4.4, which show the X-ray lines /I’ against 20.

The data were obtained as explained in Chapter 3 from Bragg’s law®”.

The calculated (Appendix 2) values of d-spacing are in agreement with those

values obtained by Switzer et al., 1948°%

Comparison of the x-ray patterns with those of free ligands (Fig 3.2)
shows that the patterns are not similar. Also, comparisons between Figs 4.10-
4.12 show that the x-ray patterns for metals complexes (Co, Ni, and Cu) have
different patterns, as with those of the free ligands. Figs. 3.2 and 4.10-4.12.0,
and Tables 4.5 and Appendix 2 shows that the maximum relative intensity (I/I.)
for both the free ligand and prepared compounds had different values of

incidence angle (20). The data are summarised in Table 4.5.
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Table 4.5

Result

20 values for XRD lines with maximum intensity for free ligands, and

prepared complexes for cobalt, nickel, and copper.

Compound 20 I
Picolinic acid (PA) 17.3 89
Nicotinic acid (NA) 244 | 858
[sonicotinic acid (IA) | 16.3 89
Co(PA),2.5H,0 243 | 24.9
Co(NA);3H,0 15.6 | 30.2
Co(1A),4H,0 255 | 19.9
Ni(PA)4H,0 11.8 | 90
Ni(NA),4H,0 255 | 53.6
Ni(IA),3.5H,0 158 | 86.4
Cu(PA),4H,0 88.1 | 11.7
Cu(NA),4H,0 83.4 | 243
Cu(TA)4H,0 90 | 153




Result

4.2.4 Electronic Spectra and Magnetic moments

Magnetic susceptibility measurements were made by the Gouy method
using Hg[Co(SCN)4] as a calibrate. The complexes were studied at room
temperature, and the magnetic moment of the metal ion contained in the

compound was obtained according to the Curie-Weiss equation.
o =2.84(x5T(K)) PO 4.1

Diamagnetic corrections were applied using the atomic diamagnetic
(96)

susceptibilities tabulated by Figgis and Lewis
By the Gouy method, the volume of the cylindrical tube(v) was 0.82465

cm”, the weight of standard was 1.03553 gm, and the force exerted by the field

on the quantity of standard (F) was equal to 0.12963 gm. The molar

susceptibility of the standard is given by the equation:

kv+ F /31 4

W

b

xiﬂ = Af{

where M is the molecular weight, B is a constant, and k is the volume

susceptibility of air (k=2.910"%).

Since the susceptibility of standard is known, 3 can be determined for
the experimental conditions, and is equal to 0.000131304. The same equation
can then be applied to determine the values of ¥, for the samples under

investigation. The experimental data obtained are listed in Table 4.6.

The visible spectra are dominated by the highest energy transitions for
complexes. The d-d bands in the electronic reflectance spectra and magnetic

moments of the compounds are listed in Table 4.7.

The position of the bands in the spectra and the magnetic momenis of
the cobalt complexes indicate that the cobalt ion is six co-ordinate in an
octahedral environment®™®  In the octahedral field, the ground state *T) is
orbitally degenerate, and this results in an orbital angular momentum

contribution to the magnetic moment. This comes from the fact that the *T and
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T, states are split into four states, one of which in each state has the same
symmetry as the ‘A, ground state. Thus, these levels mix, and there is a
sharing of properties with the result that a certain amount of orbital angular
momentum is introduced into the ground state and, hence, there is an orbital
contribution to the magnetic moment. The magnetic moment then lies between
the spin only value (= [45(S+1)]"* =3.88 BM) and the spin-orbital value (j
=[4S(S+1)]+ L(L+D]" = 5.2 BM). The value for magnetic moments of
compounds Co(PA), 2.5(H,0) and Co(NA);4.0(H,O) are between the
experimental values which normally lie in the range of 4.7 — 5.2 BM for the
cobalt(IT) in an octahedral environment. Meanwhile the value for magnetic
moments of compound Co(IA), 4.0(H,O) is higher than the experimental
value. This suggests an orbital that is greater than that normally observed for

cobalt (I1) in an octahedral environment™.

The position of the bands in the spectra and the magnetic moments of
the nickel complexes indicate that the nickel ion is in an octahedral
environment®”**”). The three spin allowed transition from 3A2g to 3T2g, 3T,g
and 3Tlg(p) generally fall within the ranges 7000 - 13000, 11000 - 20000, and
19000 — 27000 cm™ respectively, in a regular octahedral environment for
nickel ion"'*”. The magnetic moment then lies between the spin only value (p =
[4S(S+1)]'? =2.83 BM) and the spin-orbital value (p =[4S(S+1)]+ L(L+1)]"?
= 4.47 BM) with the actual value of L depending on the strength of the crystal
" field). The value for magnetic moment of compound Ni(PA);4.0(H;0) lies
between the experimental values which normally lie in the range of 2.8 — 4.0
BM for the nickel (II) in an octahedral environment. Meanwhile, the values for
magnetic moments of compounds Ni(NA);4.0(H,0) and Ni(TA);3.5(H;0) are
higher than the experimental values. This suggests an orbital that is greater than

that normally observed for nickel (II) in an octahedral environment®.

Because of the relatively low symmetry of the environment in which the
Cu®" ion is characteristically found, detailed interpretation of the spectra and

magnetic properties are somewhat complicated. Virtually all complexes and
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compounds are blue or green”). In the compound Cu(PA),, the band at 17253
cm™ would suggest that the copper compound has a tetragonal structure®®. In
the compounds Cu(NA), and Cu(IA), 4.5H,0, the copper complex has a single
broad band in its electronic spectrum between 10000 and 15000 cm’,
suggesting that copper atoms are in an octahedral environment®®. The
magnetic moment for copper compounds ~3 BM is equal to the spin orbital
value and higher than spin only of 1.78 BM, and shows the absence of a

copper-copper magnetic interaction’*.



Table 4.6

Result

The values of experimental data and the susceptibility for the

complexes

Compounds W4 W5 Yo
Co(PA): 2.5(H;0) 1238019 | 12.45050 | 0.01113
Co(NAY, 4(H:0) 1244771 | 125277 | 0.01066
Co(IA), 4H,0) 12.41652 | 12.4964 | 0.01208
Ni(PA); 4(H;0) 12.4885 | 1253224 | 0.00632
Ni(NA): 4(1L0) 12.39874 | 12.4356 | 0.00694
Ni(lA): 3.5(H,0) 12.40495 | 12.4435 | 0.00688
Cu(PAYs 12.43838 | 12.46235 | 0.00395
Cu(NA), 12.46100 | 14.48750 | 0.00391
Cu(A) 4.5(H,0) 12.55755 | 12.5815 | 0.00370

W4 is the weight of tube filled to mark with powdered complex, field off.

W5: is the weight of tube filled to mark with powdered complex, field on.



Table 4.7

Electronic spectra.

Result

Colour

Compound Band position | d-d transition
(em™)
Co(PA), 2.5(H,0) | Pink 14917 | *T 4(F) =" Agg(F)
Co(NA), 4(15,0) | Pink 14917 T 1y(F) =" Agy(F)
20425 | T, (F) = *T1u(P)
Co(1A), 4H,0) | Pk 14620 | 'T,(F) A (F)
20425 | Ty, (F) > "Ty(P
Ni(PA), 4(,0) | HightBlue | 22163 PAg(F) = Ty(p)
NI(NA), 40 | Turauoise | 21259 1A (F) 5Ty (p)
Ni(IA), 3.5(H,0) | 1urquoise 21255 *Asg(F) = 'Tig(p)
CU(FA)Q Vlleﬂ 17053 QBI -5 2:‘&&1
Cu(NA) Deep blue 13441 E(D) 57 To(D)
) 3
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4.3 THERMAL DECOMPOSITION OF COMPLEXES

Thermogravimetry is  very useful for studying the thermal
decomposition of solid substances involving both simple compounds and
complexes. In the present investigation picolinic acid, nicotinic acid,
isonicotinic acid, (see chapter 3) and their cobalt, nickel, and copper complexes

were subjected to thermal analysis.

In this study the conditions chosen to obtain thermal analysis data are
comparable with those of Allan™®. Allan¥ studied the thermal analysis of
pyridine carboxylic acid complexes with Zn(II). However, no detailed studies

of transition metal complexes with isomers of pyridine carboxylic acids werst

h

carried out. In the present study preparation of picolinic, micotinic, and
isonicotinic acids with transition metal ions were performed and their thermal
behaviours were studied using TG, DTG, and DSC techniques. The resulis of
the thermogravimetry (TG), differential thermogravimetry (DTG), and
differential scanming calorimetry (DSC) for the prepared complexes af a
heating rate 10°C min™ are given in Figs. 4.13-4.30 and Tables 4.8-4.9. Data
for the dehydration and decomposition processes of each complex are given in
Tables 4.8-4.9. The temperature ranges and percentage losses of the
decomposition are also given in Tables 4.8-4.9, as are the temperatures of the

greatest rate of decomposition (DTGp.), the theoretical percentage mass

losses, and the DSC data.

4.3.1 TG-DTG and DSC behaviour of [Co(PA);2.5H,0]

The TG-DTG and DSC traces for the cobalt picolinate hydrate
[Co(PA),2.5H,0], are shown in Figs. 4.13 and 4.14 respectively. The TG trace
shows that dehydration, in which all 2.5 water molecules are removed,
proceeds in three steps in the ranges 76.5-103°C (Found 5.08%; Calculated
5.18%), 103-129.5°C (Found 5.22%; Calculated 5.18%) and 129.5-146.5 °C
(Found 2.70%; Calculated 2.59%). The DTG trace only shows two separafe
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dehydration steps 1n the temperature ranges 76.5-103 °C (Found 5.08%;
Calculated 5.18%) and 103-146.5 °C (Found 7.92%; Calculated 7.77%). It is
clear that the second peak in the DTG trace is the combination of two
consecutive processes seen in the TG trace. Between 140 and 327°C no
changes are detailed by TG, DTG, or DSC investigations. The anhydrous
complex Co(PA), is thermally stable over this temperature range. From 327 io
403°C rapid mass loss is observed, corresponding overall to the total loss of
organic ligand; and the residual weights are in good agreement with the values
required for CoO formation (Found 61.21%; Calculated 61.21%). See Tables
4.8 and 4.9. The DTG trace shows there are two overlapping peaks in this
temperature range.

The DSC trace of [Co(PA),2.5H,0] shows thre
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endothermic and the third one is exothermic. The first endothermic peak is

observed at 132.3 °C and its enthalpy change (AH) of 121 kJ mol™, is due to

[}

remove one of molecule of water. The second endothermic peak at 167.9°C,
with an enthalpy change (AH) of 67 kJ mol” corresponds to the removal of 1.5
H,0. The exothermic peak with a shoulder is observed at 447.5° C with an
enthalpy change of -1809 kJ mol”, due to oxidation and loss of the organic
ligands. The shoulder on the exothermic peak probably indicates that the
decomposition of the anhydrous complex proceeds in at least two stages®?. In
the first stage loss of one ligand occurs (Found 36.35%; Calculated 35.06%) in
the temperature range 327-379°C. In the second stage another molecule of
ligand is lost and decarboxylated to form pyridine and carbon dioxide. The

decomposition steps may be summarised as follows:

Co(PA),2.5H,0 —»  Co(PA);1.5H,0
Co(PA),1.5H;0 —»  Co(PA),
Co(PA), —% Co(PA) + PA
Co(PA) —» Co0
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4.3.2 TG-DTG and DSC behaviour of [Co(NA),4H,0]

The TG-DTG and DSC curves for the cobalt nicotinate hydrate
[Co(NA),4.H,0] are shown in Figs. 4.15 and 4.16 respectively. The TG trace
shows that dehydration in which all four water molecules are removed proceeds
in three steps in the ranges 111-121°C (Found 4.59%,; Calculated 4.80%), 128-
135°C (Found 3.72%,; Calculated 4.80%) and 135-141°C (Found 10.40%;
Calculated 9.61%). The TG trace shows a small protrusion in the temperature
range 141-353°C. This suggests that an anhydrous is not thermally stable over
this temperature range. The anhydrous complex Co(NA)2 is decomposition
starts at 353.5° C and completes at 389.5 with loss of organic ligand (Found
59.77%; Calculated 61.21%), and residual weights are in a good agreement
with the values required for CoO (Table 4.8 and 4.9). The DTG trace shows
two peaks; the first one is due to the dehydration process, and the second one
corresponds to the main decomposition of the complex.

The DSC trace of [Co(NA),4.H;O] shows four peaks (Fig.4.16). The
first one is endothermic and the last three are exothermic. First, an
endothermic peak is observed at 150.5° C with an enthalpy change (AH) of 230
k] mol”' and is due to the dehydration process. The exothermic peaks are
observed at 241.1, 401.1, and 452.8°C with enthalpy changes of -13, -380,
and —1030 k] mol™ respectively. The first exothermic peak is due to
- instability of the complex, while the last two peaks overlapped. The
consecutively exothermic peaks allow us to suggest that there is more than one
intermediate compound present through the decomposition process in forming

Co0. The decomposition scheme is:

Co(NA), 4H,0 —»  Co(NA);3H,0
Co(NA)3H,0 —%»  Co(NA); 2H,0
Co(NA), 2H,0 —3 Co(NA),
Co(NA), —3 Co0
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4.3.3 TG-DTG and DSC behaviour of [Co(IA),4H,0]

The TG-DTG and DSC curves of cobalt isomicotinate hydrate
[Co(IA), 4H,O] are shown in Figs. 4.17 and 4.18 respectively. The TG and
DTG traces show that the four water molecules are removed at one point in the
temperature range 81-167.5°C. The observed weight loss for this process
compares favourably with the theoretical value (Found 19.64%; Calculated
19.22%; peak temperature at 133.5°C) as shown in Tables 4.8 and 4.9. TG and
DTG traces show that the anhydrous complex 1s thermally stable over the
temperature range 167.5-382°C. The complex, and, then, decomposition starts
at 382°C and is completed at 402°C with loss of the organic ligand (Found

59.34%; Calculated 60.65%). The residual weights are in good agreement with

Tables 4.8 and 4.9.

The DSC trace of [Co(1A),4H,0]shows three peaks; the first one is
endothermic and the last two are exothermic. First, an endothermic peak is
observed in the DSC trace at 169.1°C, and its enthalpy change (AH) is 305 kJ
mol” due to the dehydration process. The exothermic peaks are observed at
410.1 and 487.9°C with an enthalpy change of -237 and -11865 kJ mol”
respectively. The consecutive exothermic peaks allow us to suggest that more
than one intermediate compound is present through the decomposition process

to form CoQ. The decomposition scheme 1s:

Co(IA), 4H,0 —» Co(IA),
Co(1A), —y» CoO

4.3.4 TG-DTG and DSC behaviour of [Ni(PA);4H,0]

The TG-DTG and DSC traces of nickel picolinate hydrate
[Ni(PA), 4H,0] are shown in Figs. 4.19 and 4.20. By comparing Figs.4.13 and
4.19 it is clear that the decomposition behaviour frends of [Co(PA),2.5H;0]
and [Ni(PA), 4H,0] are identical. TG and DTG traces show that the four water

122
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molecules are also removed at two steps in the temperature range 52.5-109.5°C
(Found 9.56%; Calculated 9.61%) and 109.5-191.5°C (Found 9.37%;
Calculated 9.61%). The TG trace shows also that the anhydrous complex is
thermally stable over the temperature range 191.5-309 °C. From 309.5 °C to
425.5°C, rapid mass loss was observed (Found 60.76 %,; Calculated 60.82%),
corresponding to the loss of organic ligand where residual weights are in good
agreement with the values required for NiO (Tables 4.8 and 4.9).

The DSC trace shows three peaks; the first two peaks are endothermic,
and the last one is exothermic. The same observation is noted in the DSC curve
of [Co(PA);2.5H,0]. First, an endothermic peak is observed in the DSC trace
at 112.8°C, and its enthalpy change (AH) is 81 kJ mol" due to the dehydration
process of two water molecules; while the second is an endothermic peak at
203.7°C with an enthalpy change, AH, 100 k] mol™, corresponding to the loss

of the remaining two water molecules. The exothermic peak is observed at

480.6°C with an enthalpy change of (AH) -787 kJ mol” due to the loss of

organic ligand and the formation of nickel oxide. The decomposition scheme

1S:
Ni(PA), 4H,0 —>» Ni(PA);2H,0
Ni(PA), 2H,0 —>»  Ni(PA),
Ni(PA), —» NiO

4.3.5 TG-DTG and DSC behaviour of [Ni(NA);4H,0]

The TG-DTG and DSC traces on nickel nicotinate hydrate
[Ni(NA),4H,0] are shown in Figs. 421 and 4.22. The TG and DTG traces
show that the four water molecules are removed at one step (Found 19.77%,;
Calculated 19.12%) in the temperature range 96.0-161.5 °C. The TG curve
shows that the anhydrous complex is stable over the temperature range 161.5-
341°C. The decomposition of anhydrous complex starts at 341°C and
completes at 390°C  with a loss of organic ligand (Found 59.46 %; Calculated
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60.84) where residual weights are in good agreement with the value required
for NiO (Found 20.77 %, Calculated 19.97 %). See Tables 4.8 and 4.9. The
DTG trace shows only two main peaks corresponding to dehydration and
decomposition respectively.

The DSC traces show three peaks; the first one is endothermic, and the
last two peaks are exothermic. The endothermic peak with a shoulder is
observed in the DSC trace at 192.6°C, and its enthalpy change (AH) is 280 kJ
mol’ due to dehydration of water molecules. The exothermic peaks are
observed at 416.4 and 500.6°C with an enthalpy change (AH) is -306 and -1023
kJ mol™ due to loss of ligand and formation of nickel oxide. The decomposition

scheme 1s:

Ni(NA), 4H,0 —»  Ni(NAR2H,0
Ni(NA), 2H,0 —3»  Ni(NA)
Ni(NA), —3 NiO

4.3.6 TG-DTG and DSC behaviour of [Ni(IA),3.5H,0]

The TG-DTG and DSC traces of nickel isonicotinate hydrate
[Ni(IA), 3.5H,0] are shown in Figs. 4.23 and 4.24. The TG curve shows that
the water molecules are removed at two points. The first step (Found 5.19 %;
Calculated 4.93 %) is in the temperature range 106.5-139.5°C, and the second
step (Found 12.06%; Calculated 12.31 %) is in the temperature range 139.5-
167.0°C. The TG-DTG trace shows that the anhydrous complex is stable over
the temperature range 167-276°C. The decomposition starts at 246.5°C and is
completed at 356°C with a loss of organic ligand where the residual weights
(Found 61.07 %; Calculated 62.32 %) are in good agreement with values
required for NiO (Found 21.07 %; Calculated 20.41 %). See Tables 4.8 and 4.9.

The DSC curve showed three peaks; the first one is endothermic and the

remaining peaks are exothermic. The endothermic peak is observed in the DSC
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trace at 190.3°C, and its enthalpy change (AH) is 216 kJ mol” due to the
dehydration of water molecules. The exothermic peaks are observed at 372.3
and 485.3°C with an enthalpy change (AH) of -78 and -1146 kJ mol

corresponding to the loss of ligand and formation of NiO. The decomposition

scheme 1s;
Ni(TA), 3.5H,0 —3¥» Ni(IA);2.5H,0
Ni(IA), 2.5H;0 —3» Ni(IA),
Ni(TA),; —3y N1O

4.3.7 TG-DTG and DSC behaviour of [Cu(PA),]|

The TG-DTG and DSC traces of copper picolinate anhydrate [Cu(PA),]
are shown in Figs. 4.25 and 4.26. The TG-DTG trace shows that the anhydrous
complex is stable over the temperature range 50-264.5°C. At 264.5°C a fast
weight loss is observed and completed at 323.5°C with a loss of organic ligand
(Found 74.90%; Calculated 74.12%) where the residual weight is in good
agreement with values required for CuO (Found 25.10 %, Calculated
25.86%).See Tables 4.8 and 4.9.

The DSC curve shows two peaks: The first one is endothermic at 335°C
with an enthalpy change (AH) of 82 kJ mol™, and the second peak is
exothermic at 446.3°C with enthalpy change (AH) of -1524 kJ mol”
corresponding to the loss of ligand and the formation of CuO. The

decomposition scheme is:

Cu(PA); —3 CuO

4.3.8 TG-DTG and DSC behaviour of [Cu(NA)]

The TG-DTG and DSC traces of copper nicotinate anhydrate [Cu(NA),]
are shown in Fig. 4.17 and 4.28. TG-DTG curve shows that the anhydrous
complex is stable over the temperature range 50-243.5°C. At 243.5°C a fast

weight loss is observed and completed at 266°C with a loss of organic ligand
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(Found 75.11%; Calculated 74.12%) where the residual weight is in good
agreement with values required for CuO (Found 24.89%,; Calculated 25.86 %).
See Tables 4.8 and 4.9.

The DSC trace shows two peaks. The first one is endothermic at
291.3°C with enthalpy change (AH) is 61 kJ mol”. The second peak in DSC
trace is exothermic at 458°C and with an enthalpy change (AH) of -965 kJ mol™
The endothermic and exothermic peaks correspond to the loss of ligand and

formation of CuO. The decomposition scheme is:

Cu(NA), —3» Cu0

4.3.9 TG-DTG and DSC behaviour of [Cu(fA);4.5H,0]

The TG-DTG and DSC traces of copper isonicotinate anhydrate
[Cu(IA)4.5H,0] are shown in Fig. 4.29 and 4.30. The TG and DTG iraces
show that the water molecules are removed at one point (Found 20.46%;
Calculated 20.86%) in the temperature range 53-169.5 °C. The TG-DTG traces
shows that the anhydrous complex is stable over the temperature range 169.5-
198°C. It is decomposed in the temperature range 189-377.5°C with a loss of
organic ligand (Found 64.49; Calculated 62.79%) where the residual weight is
in good agreement with values required for Cu (Found 15.32%,; Calculated
16.35%). See Tables 4.8 and 4.9.

The DSC curve shows three endothermic peaks. The first one is at
134.1°C with an enthalpy change (AH) of 252 kJ mol"' due to the dehydration
process. The second peak in the DSC trace is at 295°C with an enthalpy change
(AH) of 79 kJ mol™. The third peak is at 356.6°C with an enthalpy change (AH)
of 221 kJ mol”. The last two endothermic peaks correspond to the loss of

ligand and formation of Cu. The decomposition scheme is:

Cu(TA) 4.5H,0 —»  Cu(IA);
Cu(1A); —y Cu
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4.3.10 Thermal summary:

The dehydration processes are endothermic processes. Water loss occurs
in two temperature ranges, 50-100 and 100-160°C. Brzyska and Krol 10D have
reported that the water molecules within such crystalline solids may be bonded
in three different ways. They may interact with anion (loss at 40-55°C) in the
space lattice; they may be attached by hydrogen bonding to an anion or to an
inner-sphere water molecule (loss at 76-103 °C, Dehydration I); or they may
occur as directly coordinated water, which is strongly bonded to the metal 1on
(loss at 103-146.5 °C, Dehydration II). Comparing the DTG temperature of the
first and second steps of the dehydration, it is possible to suggest that the water
of crystallisation molecules are more strongly bonded with the anion in the
Ni(IT) complexes than in the complexes of Co(Il) and Cu(II). All the complexes
form an anhydrous compound on heating. The further decomposition of all the
anhydrous complexes is strongly exothermic, except for (Cu(IA)] which is
endothermic. The greater magnitudes of the enthalpy changes for ithese
exothermic peaks indicate that the ignition of the decomposition products
occurs in addition to the formation of the metal oxide. The intermediate
products of decomposition were not identified. During heating, the complexes
of Co(Il), Ni(Il) and Cu(Il) decompose directly to the oxides (CoO, NiO and
CuO) without forming free metal as an intermediate. This is confirmed by the
absence of weight gain in the TG curves at higher temperatures for Co, Ni and
Cu complexes. Comparing the start temperatures of decomposition (Table 4.8)
The stability of complexes decreases with increasing atomic number Z of the

101)

metal in the order Co>Ni>Cu® Also, the temperature of the oxide

formation increases in the order CuO< NiO< CoO with decreasing atomic

number of the metal''®V.
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4.4 Proposed structure

Because the compounds are isolate_d as small crystallites rather than
single crystal, mno  complete structural detenninaﬁon - using X-ray
crystallography could be carried out. The e‘leet/toﬁioﬁsp’eotxa and magnetic data
enable one to predict a likely sterochemistry of the xtietal complexes %%, The
coordination of metal ions to the /oi;{gen or the nitrogen atom of donor
molecules can be deduced by a stud§ of Ii{’spe’ctra of their complexes '*. The
stoichiometries of the metal complexes show that the maximum number of
ligand molecules present In any compound 1S tvrvo./ The ligands (picolinate,
nicotinate, and isonicotinate) have two coordinating atoms, nitrogen atom of
the aromatic ring and oxygen atom of the carboxylic group, but only in the case
where the carboxylate group is at position 2 on the pyridine ring can chelation
occur. For the 3-and 4- substituted rings use of both donor atoms would require

the bridging of two metal ions.

In the compounds con51st1ng of cobalt nickel or copper ion and
picolinate, M(PA),x(H;0), the plcolmat
coordinating to the metal ion through both 7

?E’chelatmg ligand by

L atom of the aromatic

ring and an oxygen atom of the carboxylate group In the/ cobalt and nickel
complexes two of the water molecules give asn(-coordmate environment for
the metal ion. Any remaining water molecule is involved in hydrogen bondmg, _

‘which exists between molecules in the crystal lattice Fig 4.31. For the copper '
| complex, a tetragonal environment is proposed F1g 4.32. The presence of the
coordinated and uncoordinated water m the compound is agam evident from

the bands recorded in the IR spectrum

In the compounds Co(NA) 4H20 and Nl(NA)z 4H20 the cobalt or
nickel atom is bonded to the mtrogen atoms of two mcotmate groups but not
their carboxylate groups, and the completlon of the s1x-ooordmat10n is achieved

by bonding to the oxygen atoms of four water molecule as shown in Fig, 4.33.

B




Fig. (4.31) Proposed structure of picolinate coordinated to cobalt or
nickel; M = Co or Ni; x= 0.5 for Co or 2 for nickel

Fig. (4 32) Proposed structure of picolinate coordinated to copper.

140



Result

Fig.(4.33): Proposed structure of nicotinate coordinated to cobalt.

In the compound Cu(NA), the copper atom is bonded to two nitrogen
atoms of two nicotinate groups and is glven its 51x-coordmate envuonment by

four oxygen atoms in adjacent molecules as shown in Fig. 4.34.
0

G_@
'
Cu 9'"&
?N @ back molecule
O, 1o
OL., &

"o T

Q..

il
0

Fig.(4.34): Proposed structure of nicotinate coordinated to copper.
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In the complexes formed of Co, Nior Cuand: ,éhi’gotinate, anitrogen
atom and an oxygen atom of the carboxylic group of each isonicotinate bonded
to two different \xﬁetal aforns to give a chaiﬁ-like structure. It 1s furfher
suggested that each metal atom is bonded to oxsf/gje/ﬁ atoms in adjaceht layers to
give the six-coordinate environment for the metal atom The water molecules

are attached by hydrogen bonding as shown in F1g 4. 35

e Qren o0

— o O N;»lm?—’ack:alpo N—JM— G" O N—=>| X H(

> infrontT::hain

Fig.(4.35): Proposed structure of isonicotinate coordinated to metal -

atom. (M= Co, Nior Cu). -
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4.5 ELECTRON MICROSCOPIC EXAMINATION

Scanning electron photomicrographs were taken for parent complexes
and their calcination products (Table2.2) at different temperatures to correlate
the morphological change accompanying the decomposition of complexes with
the corresponding texture. Each sample was calcined for about10 minutes at the
specified temperature. The scanning electronic micrographes are illustrated in
Figs. 4.36-4.41. The results showed that the particle shape and size changed
throughout the decomposition.

4.5.1 SEM for [Co(PA),2.5H,0]

At room temperature the scanning electronic micrographs (Fig. 4.36a)
showed crystallites of needle shape for the parent material [Co(PA),2.5H,0)].
At 500°C complete decomposition to CoO takes place, and there 1s growth of
particles with change in crystal structure giving particles of irregular shapes
(Fig. 4.36b).

4.5.2 SEM for [Co(NA),4H,0]

SE micrographs (Fig. 4.37a) of the parent material [Co(NA);4H,0] at
room temperature show rounded particles and regularly-shaped crystals of the
same size. A micrograph of a sample calcined at 250°C (Fig. 4.37b) had
dehydration showing superficial roughening and rounding of crystal edges. The
decomposition of [Co(NA),4H,0] at 380 °C produced a large number of small
granules (Fig. 4.37c). The ES micrograph of a sample calcined at 500°C shows
a gelatinous appearance (Fig. 4.37d) due to absorption of moisture from the

atmosphere.
4.5.3 SEM for [Co(I1A),4H,0]

At room temperature the SE micrograph of the parent compound
[Co(IA),4H,0] showed amorphous shape of the polymer compound
(Fig.4.38a). At 150 °C, the decomposition yielded crystals of a cubic shape
(Fig. 4.38b). The increasing temperature caused degradation that produce CoO
(Fig. 4.38c).
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4.5.4 SEM for [Ni(PA),4H,0]

SE micrograph at room temperature showed crystals of a large size

(Fig4.39a) which lost water in the electron beam of the electronic microscope.
At 250 °C dehydration took place with the coalescing of particles (Fig.4.39b).
At 500 °C decomposition to NiO occurred with the formation of crystals

relatively large in size (Fig. 4.39c).
4.5.5 SEM for [Ni(NA),4H,O0]

By comparing the SE micrographs for [Co(NA),4H,0] and
[Ni(NA),4H,0] it is clear that they are identical in the behavior towered
calcination temperatures as shown in Figs. 4.37 and Figs. 4.40. Figure 4.40a
shows that the parent material [Ni(NA),4H,0] at room temperature has
rounded particles and regularly-shaped crystals of the same size (Fig. 4.40a). A
micrograph of the sample calcined at 215°C (Fig. 4.40b) which had
dehydration shows superficially roughened crystal edges (Fig. 4.40c). The
decomposition of [Ni(NA),4H,0] at 390 °C produced a large number of small
granules (Fig. 4.40d).

4.5.6 SEM for [Ni(IA);3.5H,0]

At room temperature the SE micrograph of the parent compound
[Ni(IA),3.5H,0] showed an amorphous shape of the polymer compound (Fig.
4.41a). At 170°C, the decomposition yielded crystals of a cubic shape (Fig.
4.41b). The increasing temperature caused degradation to produce NiO
(Fig.4.41c).
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Fig (4.36): Scanning electronic micrographs of cobalt picolinate complex.

(a): Parent compound at room temperature. (b): Sample calcined at 500 °C.
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Fig (4.37): Scanning electronic micrographs of cobalt nicotinate complex.
(a): Parent compound at room temperature. (b): Sample calcined at 250 °C.

(c): Sample calcined at 380 °C. (d): Sample calcined at 500 °C.
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a
b

o SRTTE 1S D29 xsﬂ-
C

Fig (4.38): Scanning electronic micrographs of cobalt isonicotinate complex.
(a): Parent compound at room temperature. (b): Sample calcined at 150 °C.

(c): Sample calcined at 450 °C.
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Fig (4.39): Scanning electronic micrographs of nickel picolinate complex.
(a): Parent compound at room temperature. (b): Sample calcined at 250 °C.

(c): Sample calcined at 500 °C
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Fig (4.40): Scanning electronic micrographs of nickel nicotinate complex.
(a): Parent compound at room temperature. (b): Sample calcined at 215 °C.

(c): Sample calcined at 390 °C. (d): Sample calcined at 430 °C.
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Fig (4.41): Scanning electronic micrographs of nickel isonicotinate complex.

(a): Parent compound at room temperature. (b): Sample calcined at 170 °C.

(c): Sample calcined at 310 °C.
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4.6 KINETIC STUDIES

4.6.1 Kinetic analysis of non-isothermal data

In chapter 3 the kinetics of the thermal decomposition of free ligands
were studied using dynamic thermogravimetric techniques. Kinetic analysis of
dynamic data were made using different integral methods involving a single
heating rate, a composite method, and the Ozawa and Kissinger methods. The

(41), modified

single and composite methods were based on Coats-Redfern
Coats-Redfern®”, Doyle“? and Madhusudanan et.al equations”*®. The kinetic
analysis for complexes under investigation was made using single and
composite methods only. In the composite method of analysis the results
obtained (not only at different heating rates, but also with different a values)
are superimposed on one master curve®®. The correlation coefficient r and
standard derivations are used to test linearity. The nearer r approaches unity,
and the smaller Sy, and S, are, the better the linearity®”. The best interfacial
reaction mechanism can be found, and the activation energy can be

calculated“?. Also, all calculations were made using the computer program

discussed in chapter 3.

The non-isothermal kinetic parameters (activation energy (E) and pre-
exponential factor (A)) were determined for the dehydration and the
decomposition stages of the complexes under investigation (cobalt picolinate,
cobalt nicotinate, cobalt isonicotinate, nickel picolinate, nickel nicotinate, and
nickel isonicotinat) using data obtained from the DSC curves measured at
different heating rates. Analysis was made according to single and composite
methods using the g(a) function listed in Table 3.6. All DSC measurements
were carried out in air atmosphere at different heating rates of 5, 10,15 and
20 °C min™.

Figs. 4.42, 4.44, 4.46, 448, 450, and 4.52 show the typical weight
changes of thermal decomposition under nonisothermal measurements for
cobalt picolinate complex [Co(PA)2.5H,0], cobalt nicotinate complex
[Co(NA)4H,0], cobalt isonicotinate complex [Co(IA),4H,0], nickel
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picolinate complex [Ni(PA),4H,0], nickel nicotinate complex [Ni(NA),4H,0],
and nickel isonicotinate complex [Ni(NA),4H,O] respectively for dehydration

and decomposition processes.

It has been stated that reliable kinetic parameters for the dehydration
process are obtained by minimizing the influence of water vapor'®. The
present study was carried out under a dynamic atmosphere, and the influence of

the water vapor was at a minimum.

The results showed that the best fit is obtained, for random nucleation
models, using the method of composite analysis based on equations according
to Coats-Redfern®", modified Coats-Redfern”, Doyle“” and Madhusudanan
et.al“®. The results agree with the results obtained by others®"). The data are
plotted in Figs. 4.43,4.45,4.47,4.49,4.5] and 4.53. Tables 4.10 - 4.15 list the
result of activation parameters and thermodynamic parameters obtained under

dynamic condition calculated to the single and composite methods using the

different approximate integral equations.

It is clear from Tables 4.10-4.15 that the best fits for the correlation
coefficients (r) were in the range 0.9788-0.9954. The highest value of the
correlation coefficient is obtained with Doyle’s equation. The other equations
give a good linear curve with high correlation coefficients, though they are not

as high as that for Doyle’s equation.

4.6.2 Calculation of activation parameters:

Also, Tables 4.10-4.15 show that the values of activation parameters
obtained by Doyle’s equation are the highest among the values obtained by
other equations (Coats-Redfern, modified Coats-Redfern, and Madhusudanan
et.al) either involving single and composite methods. The average values for
activation parameters obtained using a single heating rate are higher than the

average values obtained by the composite method.
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29 values of AS® indicate that

The decomposition stages with positive
the activated complex has a less ordered structure compared to the reactant, and
that reaction, in these cases, may be described as “ faster than normal ”. The
stages having negative entropy of activation indicate that the activated complex
has a more ordered structure than the reactant, and the reaction is “ slower than
normal “. The variation of activation energy is paralleled by a similar trend

regarding the entropy of activation.

It was noted from DTG and DSC studies that in the cobalt picolinate
complex [Co(PA),4H,0] and nickel picolinate complex [Ni(PA),4H,0], the
dehydration processes were carried out into two stages, while carried out in one
stage for the remaining complexes. Tables 4.10-4.15 show that the activation
energy for the first stage lies in the range 23-30 kJ mol”, whereas for the
second stage the activation energy is in the range 46-70 kJ mol™. In addition,
for compounds dehydrated in one stage, the activation energy is in range 41-57
kJ mol™. The water”” in crystalline hydrate may be considered either as crystal
water or as coordinated water. The binding strength of these molecules in the
crystal lattice is different and, hence, different dehydration temperatures and
kinetic parameters result. The water eliminated at 150°C and below can be
considered as crystal water, whereas water eliminated at 200°C and above
indicates its coordination by metal atom. Water molecules eliminated at
intermediate temperatures can be coordinatively linked as water, as well as
crystal water. In the compounds dehydrated in two stages, the energy of
activation and the dehydration temperature found for two dehydration stages
suggest that the first group of water molecules are present in the crystal as
lattice molecules, but the second group is present as coordinated water
molecules to the metal atom. As for compounds dehydrated in one stage, the

water molecules are present also as coordination molecules.

The DTG and DSC curves include that anhydrous salts of cobalt

picolinate, nickel picolinate, and nickel isonicotinate which decompose in one
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stage (exothermic effect), and also cobalt nicotinate, nickel nicotinate, and

cobalt isonicotinate which decompose in two stages (exothermic effect).

The kinetics of the different stages of the decomposition reaction of the

anhydrous salt were also investigated under nonisothermal conditions.

From Tables 4.10-4.15 it can be seen that both E and A calculated for
dehydration and decomposition are dependent on heating rates, and the kinetic
parameters are not appreciably affected by heating rate. The minor variations

are rather irregular.
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Fig.(4.42): Dynamic measurements for cobalt (II) picolinate thermal
decomposition. Heating rate: curve A, 5°C min’": B, 10°C min™'; C, 15°C min™;
D, 20°C min". Diagrams [(I) and (1I)] for the dehydration and diagram (IIT) for
decomposition.
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Fig.(4.43): Composite analysis of dynamic DSC data of dehydration [(I)
and (II)] and decomposition(IlI) of cobalt picolinate based on (A) Doyle's
equation, (B) Madhusudanan etal. equation, and (C) Coast-Redfern and
modified Coast-Redfern equations.
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Fig.(4.44): Dynamic measurements for cobalt (II) nicotinat thermal
decomposition. Heating rate: curve A, 5°C min’: B, 10°C min™"; C, 15°C min™;
D, 20°C min’'. Diagram (I) dehydration diagrams [(II) and (II)]
decomposition.
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Fig. (4.45):Composite analysis of dynamic DSC data of dehydration (I)
and decomposition [(II), (III) and (IIII)] of cobalt nicotinate based on (A)
Doyle's equation, (B) Madhusudanan et. al. equation (C) Coast-Redfern
and modified Coast-redfern equations.
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Fig.(4.47): Composite analysis of dynamic DSC data of dehydration (I)
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Fig. (4.48): Dynamic DSC

data for nickel (II) picolinate thermal

decomposition. Heating rate: curve a, 5°C min": B 10°Cmin™; C 15°Cmin™;D
20°Cmin”. Diagrams [(I) and (II)] dehydration and diagram (III)

decomposition.
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Fig.(4.49): Composite analysis of the dynamic DSC data for nickel(Il)
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dehdration and diagrams [(II) and (III)] decomposition.
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Fig. (4.50): Dynamic DSC data for nickel(Il) nicotinate thermal
decomposition. Heating rate: curve a, 5°C min”: B 10°C min; C 15°C min™";
D 20°C min'. Diagram (I) dehydration and diagrams [(I[) and (III)
decomposition.

174



Result

= 2.0
) : |
% 0.0 ; : , . . —_— { 0
o 19BE- 201E- 206E- 211E- 2.16E- 221E- 226E- 231E- 2.36E- 2.41§-

20 03 03 03 03 03 03 03 03 03
— 40
-
5
t
=
Sy
E
(1)
=
4 (1)
g
= 1'.110 --03 1.45E-03 1.50E-03 1.55E-03 1.60E-03

-3
-
5
T
=
S
£
(1)
3
2 (1)
o
=]

0.0 T H T

_3 89_5-03 1.33E-03 1.37E-03 1.41E-03
gr—!
g -4.0 1
[
5 -6.0 -
T
= -8.0 1
5
S -10.0 4
E

-12.0
() 1/T(K)

Fig.(4.51): Composite analysis of the dynamic DSC data for nickel(1])
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dehydration and diagrams [(II) and(III) ] decomposition.
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Fig.(4.52): Dynamic measurements for mckel(II) 1somcot1nate thermal
decomposmon Heating rate: curve A, 5°C min’; B, 10°C min™"; C, 15°C min"
D, 20°C min™". Diagram (I) dehydration and dlagram (I decomposmon
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equation. Diagram () dehydration and diagram (II) decomposition.
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4.7 ELECTRICAL STUDIES

The work presented in this chapter is an attempt to study the effects of
the DC and AC electric field on some prepared complexes.

4.7.1 Temperature dependence of DC conductivity

The vaxiaﬁon of the electrical conductivity (c4.) with temperature (T)
for samples of hydrated cobalt isonicotinate [Co(I1A),4H,0], hydrated nickel
isonicotinate  [Ni(IA),3.5H,0], and hydrated copper isonicotinate
[Cu(IA),4.5H,0] was investigated to obtain comparative information on the
conduction process. From Fig. 4.54 it can be seen that at a relatively low
temperature range the values of the electrical conductivity of all three samples
decrease with an increase in temperature. This attenuated part in Ino - 10°/T

relation may be described by an Arrhenius relation%”

4= BT exp(AE/KT) (4.3)

where B is the temperature independent pre-exponential parameter, AEis an
activation energy term concerning the attenuation in the conduction process,
and K is Boltzmann’s constant. The values of AE , which can be calculated by
the best fit of equation 4.3, are listed in Table 4.16. For the sample [Cu(IA),
4.5H,0] the attenuation in the electrical conductivity is extended to a
temperature of approximately 80°C. Then it passes through a minimum before
rising with further increase in temperature. The activation in o4, with T may

then be described according to the Arrhenius relation as:

Goo = LexpF) (4.4)

where AE is the activation energy of conduction and A is temperature
independent parameter, the value of AE, which fits this equation for copper

isonicotinate hydrate, is equal 0.68 eV (Table 4.16).
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Fig. (4.54): Temperature dependence of electrical conductivity for direct

current.
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Table 4.16

Activation energy of conduction

Compound AE (V) AE(eV)

(35-50°C) | (100-150°C)

Co(IA), 4H,0 0.67 -
Ni(IA); 3.5H,0 0.11 -

The attenuation in conductivity with temperature for all investigated
samples in the relatively low temperature range may be attributed to hydration
of samples. Therefore, the presence of such H,0 molecules results in protonic

conduction which contributes remarkably to the conductivity!'®®. The increases

in temperature lead to dehydration of both absorbed and lattice water at grain
boundaries. Chowdhry et al 19D have attributed the conduction of dehydrated

metal oxide materials at relatively low temperatures up to 100°C to protonic
conduction. In addition, England et al 1% have shown that the protonic
conduction is strongly dependent on the water content of metal oxides from
which the high proton conductivity necessitates a large concentration of mobile
protons with high mobility. However, it is separately argued that the absorbed
water may reduce the binding energy of protons or attenuate the activation

(108)

energy of a hopping mechanism for conduction Therefore, as the

temperature is raised, water content decreases which results in the discontinuity
of the water chain (the rigid hydrogen bond network becomes weak), which
leads to the reduction of proton concentration and protonic jumping between
water molecule terminals. This, in turn, leads to the observed attenuation in Gy,

with an increase in temperature. Shash and Aly"'% have studied the effect of

water content on the electrical conductivity and they concluded that as the

water content increases the activation energy decreases.
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The thermal analysis for the three samples studied here indicates that the
starting temperature for dehydration of the sample of [Cu(IA); 4.5H,0] is the
lowest of the three. Thus, the water content in this sample disappears early,
which causes the appearance of the minimum in the Inc- 10%/T relation and the
activation in the electrical conductivity observed (Table 4.8). For the other two
samples containing Co and Ni, the attenuation in o is extended to higher
temperatures and, thus, the activation part in Ino-10%/T relation was not

observed in this range of temperature.

4.7.2 Temperature and frequency dependence of AC conductivity:

The AC conductivity (o7) of the three samples having the same ligand,
isonicotinic, with different metals, Co, Ni, and Cu, was measured againsi
10%/T. Fig 4.55 shows, as a representational figure, the dependence of oy on
temperature for nickel isonicotinate hydrate, [Ni(IA), 3.5H,O]. Itis noticed
that at a relatively high temperature range, as the frequency increases the
values of op increases; whereas in the relatively low range of temperature this
dependence is weaker. Similar to the DC conductivity dependence on
temperature, the value of AC conductivity attenuates with a rise in temperature,

and this may be due to the dehydration of these samples.

The dependence of o7 on the frequency at different fixed temperatures
for nickel isonicotinate hydrate is shown in Fig. 4.56. The values of op increase
with an increase in frequency obeying the relation or= Aw®, where sisa
parameter concerning the type of conduction mechanism, A is a constant, and
o =2nf, where fis the frequency. The values of s have been calculated from the
plots of log o4 vs. log f (calculated experimental values of s) for nickel
isonicotinate hydrate Fig. 4.57. These values were found to slowly increase

with temperature as shown in Table 4.17.
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Table 4.17: The values of s parameter for nickel isonicotinate hydrate

[Ni(IA),3.5H,0].

Temperature | 20 35 50 65 85

Parameter s 054 | 0.60 | 0.61 | 0.64 | 0.68

The AC conductivity has been expressed by Pollak"'®, according to the

relation:
3
o= Zgge?‘kT[N(Ef)za’sa)(ln v}/ w)*] (4.5)

where e is the electron charge, k is Boltzmane constant, T is absolufe
temperature, N(Ep) is the density of states, ois the electron wave function
decay constant, v, is the characteristic phonon frequency, and fis the
frequency.

The values of N(E) can be calculated using the value of AC
conductivity in equation 4.5. The values of N(Ey) depend upon the value of a
and are almost independent of the value of v,. Assuming the value of
o =0.5 A°" the value N(Ep has been calculated at fixed frequency equal to
5¢10° Hz at different temperatures for nickel isonicotinate hydrate,
[Ni(IA);3.5H,0), as the representative one. The values of N(Ey) are given in
Table 4.18. The order of values of N(Ey) is 102 eV cm?. From Table 4.18, it
is noticed that the value of N(Ey) decreases as the temperature increases, which
conforms to the behavior of DC conductivity against temperature in which an

attenuation in o, versus temperature has occurred.

The values of both the parameter s and N(Ey) for nickel isonicotinate
hydrate [Ni(IA),3.5H,0] have almost the values for cobalt isonicotinate
hydrate [Co(IA),.4H,0] and copper isonicotinate hydrate [Cu(1A),.4.5H,0].
This means that the variation of different metals has no effect an either the

mechanism nor the values of the mentioned parameiers calculated,

180



Result

Table 4.18: Values of o7 and N(Ey) at 5x10° Hz at different temperatures for
the compound of nickel isonicotinate hydrate,[Ni(IA),3.5H;0].

Temperature o at N(Ey) for
(T°K) 5x10°Hz,(sec"em™) | A=0.5eV" cm™)

293 2.25x10™ 11.4x107

308 8.51x10” 6.85x10”

323 7.81x10” 6.41x10"

338 5.61x107 5.09x10%

353 7.02x107 5.81x10”

i

Fig.4.58 illustrates the dependence of dielectric constant &' on
frequency at different constant temperatures for nickel isonicotinate hydrate.
The values of &' decrease with an increase in frequency passing through a
minimum value at about 3x10° Hz. Then, it increases at a very high frequency.
Also, it is noticed that the values of &' decrease as the temperature 1s increased.
The compound of nickel isonicotinate hydrate shows the same values and
behavior as the other two compounds, cobalt isonicotinate hydrate and copper
isonicotinate hydrate. The attenuation in &' with frequency in a relatively low
frequency range may be due to the absence of most polarizing items (molecules

and atoms) with increasing frequency. The raising of ¢’ with the frequency in

the very high frequency range is due to the electronic polarization only.
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The dependence of the dielectric loss, &” on the frequency, in general,
can be discussed according to the following: At a relatively or very low
frequency dielectric loss, e”, attenuates with frequency. This may be due to the
appearance of a conduction loss leading to a migration and reordering of atoms
over large distances. The applied field in this situation tends to supply the
required energy. In a relatively high frequency the values of dielectric loss
¢ increase with the frequency. This may be due to the contribution of ions
jumping and conduction loss of ion migration loss, in addition to the eleciron
polarization loss. The atoms in the network can vibrate around their
equilibrium positions. Whenever the applied electric field alternates at a
frequency near one of the constituent atoms, they are excited to high resonant

amplitudes accompanied by high dieleciric loss.

Fig.(4.59) illustrates the dependence of the dieleciric loss, &", on the
frequency in a very high range. It is noticed that as the frequency increases the
values of &' decrease. This may be attributed to the fact that, in the very high
frequency range, the ion vibrations are the only source of the dielectric loss. It
is not very clear that there is a shift of the loss-peak to higher frequency with
the increase in temperature. This is consistent with the Debye model for

dielectric relaxation.
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Conclusion

The thermal stabilities of the free ligands differ, such that picolinic acid is
thermally stable in the range 50-102°C, nicotinic acid in the range 50-139°C, and
isonicotinic acid in the range 50-207°C. From the DTG traces it is clear that the
maximum rates of decomposition occur at 193.5°C, 243.5°C, and 271.5°C
respectively. The DSC traces for picolinic and nicotinic acids show endothermic
peaks due to melting at 149.2°C and 245.5°C. The mechanistic behaviour of all
these pyridine carboxylic acids fall into the same mechanistic group, namely the
Avrami-Erofeev group, but their fine detail varies. The mechanisms found are A2,

A3, and A4 respectively.

The compounds formed between divalent metal ions (Co, Ni and Cu) and
these pyridine carboxylic acids in aqueous solution have the following

stoichiometries:

Co(PA).2.5H,0, Co(NA).4H0, Co(1A)4H0, Ni(PAR4H:0, Ni(NA)AH,0,
Ni(IA)2.3.5H;0, Cu(PA)z, Cu(NAY,, and Cu(IA) 4.5H:0.

In the picolinates, M(PA),xH,0, the picolinate acts as a chelating ligand by
coordinating to the metal ion through both the nitrogen atom of the aromatic ring
and an oxygen atom of the carboxylate group. For cobalt and nickel the metal
atom is considered to be in an octahedral environment, while in the anhydrous

copper picolinate the copper atom has a tetragonal environment.

In the compounds Co(NA)4H,O and Ni(NA),4H,O the metal atom is
bonded to the nitrogen atoms of two nicofinate group, but not to their carboxylate
groups. The completion of six-coordination is achieved by bonding to the oxygen
atoms of four water molecules. In the compound Cu(NA), the copper atom 1
bonded to the nitrogen atoms of two nicotinate groups and gaing its six-coordinate

environment by interacting with four oxygen atoms in adjacent molecules.
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In the isonicotinate complexes the nitrogen atom and an oxygen atom of the
carboxylic group of each isonicotinate are bonded to different metal atoms to give
a chain-like structure. It is further suggested that each metal atom is bonded to
oxygen atoms from adjacent layers to give the net six-coordinate environment for
the metal atom. The water molecules are attached to the complex by hydrogen

bonding.

The dehydration processes of the hydrated complexes are endothermic.
Water loss occurs in two temperature ranges, 50-100°C and 100-160°C. Water lost
in the lower range is judged to have been attached by hydrogen bonding to an
anion or to a coordinated ligand, while water lost at 100-160°C is identified as
more strongly bound, ligated water. Comparison of the DTG-determined
temperatures of the first two steps of dehydration suggests the water of
crystallisation is more strongly bonded to the anions in the Ni(IT) complexes than
in the complexes of Co(11) and Cu(IT). This correlates with the radii of the divalent
ions, Ni(II) being smaller than Co(I1) and Cu(I1). Except for the case of [Cu(TA)2]
which is endothermic and decomposes at the lowest temperature, the
decomposition of all the anhydrous complexes is strongly exothermic. This, and
the recorded weight losses, leads us to conclude that for the copper complex
intermediate decomposition products of the organic molecules reduce the
copper(Il) at a relatively low temperature. The differing observations made for all
the other complexes, viz: higher temperatures, exothermicity, and different weight
losses, show that they decompose directly to the oxides (CoO, NiO and CuO)
without forming free metal at any stage. The absence of any weight gain in the TG
curves at higher temperatures for these Co, Niand Cu complexes confirms that
free metal was not formed as an intermediate. The temperatures at which
decomposition begins also indicate that the stability of complexes with respect (o

oxide formation decreases with increasing atomic number Z, Co>Ni>Cu.
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A computer program has been developed and used for the kinetic
evaluation of non-isothermal DSC data. It makes use of integral methods of kinetic
analysis, which are generally preferred because they are more reliable and
convenient than the differential methods. This program can also be applied to
analyse the reaction kinetics of other thermal analytical techniques, such as TG
and DTA curves. This facility offers a simplified and convenient method for
rapidly calculating kinetic parameters éither for single heating rate experiments, or
for sets of data with several different heating rates, and allows the use of any of the
recommended kinetic model g(a) functions. The data can be fed by hand or from a
data file and the results can be printed, plotted, or saved. Identification of the
kinetic mechanism which best fits the data and gives the highest correlation
coefficient and the lowest standard deviation can be achieved. The program also
calculates the activation energy (E) and the frequency factor (A) from the slope
and intercept of the linear regression fit. The output file can be opened from a
Microsoft Excel program which offers the many advaniages of using a

spreadsheet. Thus, it can provide a neat format of data and results.

The use of different methods of kinetic analysis for both isothermal and
non-isothermal thermogravimetric data obtained for a compound often give
different results. The variations in the calculated activation parameters appear {o
be both a function of experimental conditions and errors, and of the
approximations necessarily made to permit data analysis. This is unsatisfactory

and has been addressed here.

The advantages of determining kinetic parameters for solid state reactions
by using non-isothermal methods are that considerably fewer data are required; the
kinetics can be calculated over an entire temperature range in a continuous
manner; a sample undergoes a considerable degree of reaction, often complete
reaction, in being raised to the required temperature; and only a single sample is

required. By contrast the results obtained by an isothermal method are often
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questionable. Thus the work described here has concentrated on non-isothermal

studies.

In summary, an integral method for the evaluation of non-isothermal kinetic
parameters has been developed. The advantages of the method are: its applicability
to any form of f{a) or g(a), and thus its generality; it uses local heating rates; and
it uses practically all the range of the values of the degree of conversion. The main
disadvantage of the method is the large number of calculations involved, but this

can be removed by the using automatic data processing.

In composite methods of analysis, the results obtained not only at a
different heating rate but also with different a values are superimposed on one
master curve. This is achieved by rewriting the various approximate equations for
ihe integral kinetic analysis of non-isothermal data in such a form that the kinetic
function g(a) and the linear heating rate (B) lie on one side of the equation and
in(1/T) on the other side. The approach we adopted for the development of our

composite method 1s now described.

The kinetics of the non-isothermal decomposition of the compounds under
investigation were initially considered in two ways. One is the single-heating rate,
and the other is the composite method. In both methods we started by making use
of the Coats-Redfern, modified Coats-Redfern, Doyle, and Madhusudanan
equations. The analysis of the dynamic data using the Ozawa and Kissinger

methods was separately undertaken, and the various sets of results were compared.

For the single heating rate data, each data set was treated using the first list
of approximate integral equations. The kinetic parameters (E and A), the quality of
fit and the regression results were almost identical, except for Doyle's equation, for
which the results differed a little at each heating rate. However, comparison of

calculations made for different heating rates showed large variations for each
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equation type with different mechanistic models for each rate. It is unlikely that
each simple change of heating rate will lead to a change in mechanism. Therefore

that approach is seriously flawed.

The composite method of analysis, which involves superposition of all non-
isothermal data on one master curve, led to the same reaction model and to similar
values of activation parameters for each of the approximate integral equations of
Coats-Redfern, modified Coats-Redfern, Doyle, and Madhusudanan. For the first

two the curves obtained are indistinguishable.

The use of the reaction model we identified above was then extended to all
data and also used with the Ozawa and Kissinger equations. All gave comparable

values for the activation parameters. Our approach is internally consistent.

When the results obtained for the separate compounds are considered it is
seen from the DTG and DSC studies that in the complexes [Co(PA)4H,0] and
[Ni(PA),4H,0), the dehydration process occurs in two stages. The activation
energy for the first stage lies in the range 23-30 kJ mol-1, and for the second stage
is in the range 46-70 kJ mol-1. The remaining complexes proceed in a single step
for which the activation energy is in range 41-57 kJ mol-1. The water eliminated
at 150°C and below is identified as water of crystallisation, whereas water
eliminated at 200°C and above is directly coordinated to the metal atom. Water
molecules eliminated at intermediate temperatures might be either. Where two

stages are seen both types of water are presumably present and distinct.

The DTG and DSC curves also cover the anhydrous salts of cobalt
picolinate, nickel picolinate, and the nickel isonicotinate which decompose in
single stages (exothermic effect); and the cobalt nicotinate, nickel nicotinate, and
cobalt isonicotinate which decompose in two stages (exothermic effect). From the

kinetic studies it can be seen that the values of E and A calculated for dehydration
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and decomposition are still very slightly dependent on heating rates, but no pattern

to the minor variations could be discerned.

The variation of the electrical conductivity (o4.) with temperature (T) for
samples of [Co(IA),4H,0], [Ni(1A),3.5H,0], and [Cu(IA),4.5H,0] was measured.
At a relatively low temperature range the values of the electrical conductivity of
all three samples decrease with an increase in temperature. For the sample
[Cu(IA),4.5H,0] the attenuation in the electrical conductivity extends to a
temperature of approximately 80°C. Then it passes through a minimum before
rising with further increases in temperature. The attenuation in conductivity with
temperature for all investigated samples in the relatively low temperature range
may be attributed to the hydration of the samples. The presence of such HpO
molecules results in protonic conduction which contributes remarkably to the
conductivity. The increases in temperature lead to dehydration of both absorbed

and lattice water at grain boundaries.

We also note that protonic conduction is strongly dependent on the water
content of the sample; a high level of proton conductivity requires both a large
concentration of mobile protons and high mobility. It has been argued that
absorbed water may reduce the binding energy of protons or attenuate the
activation energy of a hopping mechanism for conduction. Therefore, as the
temperature is raised and the water content decreases, the hydrogen bonded water
network becomes discontinuous, and hence a reduction of proton concentration
and of protonic jumping between water molecules occurs. This leads to the
observed attenuation in oy, with an increase in temperature. The thermal analysis
for the three samples studied here shows that the sample of [Cu(IA),4.5H,0] has
the lowest onset temperature for dehydration. The water content in this sample
disappears early, causing the observed minimum in the Ino- 10°/T relation and the

activation in the electrical conductivity. For the other two samples containing Co



and Ni, the attenuation in (extends to higher temperatures and so the activation

part in Ing-103/T relation is not observed in this range of temperatures.

The AC conductivity (o7) of the three isonicotinate complexes was
measured against 10°/T. For the nickel isonicotinate hydrate, [Ni(TA),3.5H,0],
which is taken as the example here, a strong link between frequency and the values
of or is observed at a relatively high temperature, but this relationship is weak in
the lower temperature range. As with the DC conductivity dependence on
temperature, so also the value of AC conductivity attenuates with a rise in

temperature, presumably due to the dehydration of the samples.

The dependence of o7 on frequency at different fixed temperatures was
measured. The values of o increase with an increase in frequency. Values of s (a
parameter concerning the type of conduction mechanism) have been calculated
from the plots of log o vs. log f. These values were found (o slowly increase with
temperature. Values of N(Ef), the density of states, were calculated using the value
of AC conductivity at a fixed frequency of 5x105 Hz at different temperatures.
They approximate to N(Ef) = 102 eV cm™. The value of N(Ef) is shown to
decrease as the temperature rises, which conforms to the behaviour of DC

conductivity with temperature.

The values of s and N(Ef) for [Co(IA);.4H,0] and [Cu(IA),;.4.5H,0]. are
almost identical to those for [Ni(IA)23.5H20], implying a common mechanism

for all three complexes.

The value of &' (dielectric constant) decreases with an increase in
frequency passing through a minimum value at about 3x10° Hz, before increasing
at very high frequencies. Also ¢’ decreases as the temperature is increased. Again
the nickel isonicotinate hydrate shows the same values and behaviour as the other

two compounds. The attenuation in ¢’ with frequency in a relatively low frequency



range may be due to the absence of strongly polarizing functional groups, while
the later rise of ¢’ in the very high frequency range is due solely to the electronic

polarization.

It is noticed that as the frequency increases the values of ¢”, dielectric loss,
decrease. This occurs as ion vibration is the only source of the dielectric loss in the
very high frequency range. No shift of the loss-peak to higher frequency with the
increase in temperature was observed. This is consistent with the Debye model for

dielectric relaxation.

Further studies in the immediate area of the research described in this thesis
are needed to complete the investigations. These follow-up experiments, which

were ruled out here because of a lack of available time should focus on:

1- The confirmation of the nature of the residues of thermal decomposition.
Here they are variously identified as Cu metal or as metal oxides. X-ray

diffraction studies would offer a straightforward method of investigation.

2- The original aim of these studies, the investigation of the effects of
gamma radiation on the complexes, as investigated by their thermal behaviour,
activation parameters, reaction models, and electrical conductivities, is still worthy

of attention.
3- The effect of particle size on these same properties is also called for.

4- The development of my computer program, for the determination of the
kinetic parameters of thermogravimetric data from solid-state reactions, to work

under a Windows environment would also be worthwhile.
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Appendix 3:
The values of a for free ligands:

Appendix

HPA HNA

T 5 10 15 | 20 T 5 10 15 | 20
439 0.0530 525.0 |0.0651

441]0.0710 527.00.1320

443 0.0894 529.0 |0.2030

445 0.1080 531.0|0.2770

447(0.1280 533.0|0.3550

449]0.1480 535.0 |0.4370

451]0.1690 537.0 |0.5240 [0.0839

453(0.1900 539.0 |0.6160 [0.1270

455]0.2130 541.0/0.7110(0.1720

457]0.2380 543.0 |0.8110 [0.2180

4591 0.2650 545.0|0.9140 [0.2680

461]0.2050] 0.0579 547.0 0.3210(0.0706 |
463]0.3290]0.0738 549.0 0.3760]0.1200 |0.0617
465|0.3700{0.0908 561.0 0.4340|0.1630 |0.0822
467]0.4160] 0.1090 0.0607 563.0 0.4050 |0.2070 |0.1030
469 0.4850 0.1300 0.0498|0.0752 555.0 0.5500 |0.2540 |0.1260
47110.5730| 0.1600] 0.0672|0.1010 557.0 0.6270 |0.3040 |0.1480
473]0.6630]0.1970|0.0854]0.1270 550.0 0.6080 |0.3560 |0.1730
475]0.7500] 0.2400{0.1050 0.1540 561.0 0.7740]0.4110|0.1080
477(0.8250| 0.2880] 0.1250| 0.1820 563.0 0.8520 |0.4600 |0.2250
476]0.8750] 0.3360|0.1460{0.2110 585.0 0.6310(0.6310 |0.2530
481]0.9090] 0.3930]0.1700] 0.2420 567.0 0.5960 |0.2830
483]0.9380] 0.4500| 0.1980] 0.2740 569.0 0.6650 |0.3150
485 0.5090] 0.2330/ 0.3070 571.0 0.7370 |0.3490
487 0.5690] 0.2740] 0.3410 573.0 0.8120 |0.3860
489 0.6300] 0.3180] 0.3780 575.0 0.8880 |0.4250
491 0.6890] 0.3630] 0.4170 577.0 0.9430 |0.4660
493 0.7480]0.4130] 0.4570 579.0 0.5110
495 0.8050] 0.4630] 0.5000 581.0 0.5600
497 0.8570| 0.5140] 0.5450 583.0 0.6120
499 0.9000 0.5640| 0.5910 585.0 0.6690
501 0.9330]0.6160] 0.6400 587.0 0.7310
503 0.9600] 0.6660| 0.6890 589.0 0.7080
505 0.7170] 0.7360 501.0 0.68680
507 0.7660] 0.7800 503.0 0.9260
509 0.8110/ 0.8190 505.0 0.6580
511 0.8540/ 0.8490

513 0.8920/ 0.8760

515 0.9260 0.9030

517 0.9540/ 0.9280

519 0.6500




HIA

Appendix

T

5

10

15

20

10

15

483

0.0473

587

0.5180

485

0.0568

589

0.5570

487

0.0664

581

0.6000

489

0.0760

593

0.6460

491

0.0857

595

0.6970

493

0.0956

597

0.7540

485

0.1080

599

0.8150

497

0.1160

601

0.8710

499

0.1260

603

(0.8260

501

0.1360

605

0.8600

503

0.1470

607

508

0.1580

609

507

0.1680

0.0501

611

509

0.1800

0.0576

613

511

0.1920

0.0653

513

0.2040

0.0731

0.0457

518

0.2160

0.0811

0.0508

517

0.2290

0.0849

0.05563

519

0.2420

0.0879

0.0602

521

0.2550

0.1070

0.0661

523

0.2700

0.1160

0.0701

525

0.2840

0.1250

0.0752

§27

0.3000

0.1350

0.0490

0.0804

529

0.3160

0.1450

0.0566

0.0857

531

0.3330

0.1560

(0.0643

0.0811

533

0.3510

0.1670

0.0722

0.0966

535

0.3690

0.1780

0.0803

0.1020

537

0.3890

0.1910

0.0887

0.1080

539

0.4100

0.2030

0.0873

0.1140

541

0.4320

0.2170

0.1060

0.1200

543

0.4560

0.2310

0.1160

0.1270

545

0.4810

0.2460

0.1250

0.1340

547

0.5080

0.2630

0.1350

0.1400

549

0.5360

0.2800

0.1460

0.1480

551

0.5670

0.2980

0.1560

0.1550

553

0.6000

0.3180

0.1680

0.1630

555

0.6350

0.3390

0.1800

0.1710

557

0.6730

0.3610

0.1920

0.1800

559

0.7130

0.3850

0.2030

0.1890

561

0.7570

0.4110

0.2190

0.1890

563

0.8030

0.4390

0.2340

0.2080

565

0.8510

0.4880

0.2480

0.2190

567

0.8890

0.5020

0.2660

0.2310

569

0.9470

0.5370

0.2840

0.2430

571

0.5750

0.3030

0.2560

§73

0.6170

0.3240

0.2700

575

0.6610

0.3460

0.2880

§77

0.7100

0.3680

0.3010

579

0.7620

0.3850

0.3180

581

0.8180

0.4220

0.3370

§83

0.8800

0.4520

0.3680

&85

0.8430

0.4840

0.3800
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