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Abstract

The recent advances in science and technology have brought a great demand
of various crystals with numerous applications. A field of multidisciplinary nature in
science and technology has been emerged, known as crystal growth, which deals with
the crystal growth methods, crystals characterizations and crystal growth theories.
There are different kinds of crystals having various applications grown by different
techniques. Broadly speaking, there are three main categories of crystal growth
processes. (I) S ® S, process involving solid-solid phase transitions, (Il) L ® S,
process involving liquid-solid phase transitions, and (I11) V ® S, process involving
gas-solid phase transitions.

Bio-crystallizations are very important phenomena in which crystal growth of
specific bio-material compounds occur in a body of living organisms like, animals
and plants. There are many reasons and theories proposed for this. In human body,
certain types of bio-crystallizations and bio-mineraizations are considered to be
responsible to different ailments, which are arthritis, urinary stones, cholesterol
deposition in blood vessels, gall stones, cataract, etc.

Gel growth is the most suitable method for growth as well as for the growth
inhibition study of bio-material crystals. Gel growth technique is very simple
technique, which requires only some common laboratory glasswares and chemicals
and provides comparatively good crystals at ambient temperatures. In the present
investigation,  hydroxyapatite, monosodium urate monohydrate, calcium
pyrophosphate tetrahydrate, calcium hydrogen phosphate dihydrate, and sodium
oxalate crystals have been grown using gel growth technique and sodium
pyrophosphate and organic crystal of 4-(2-hydroxy-phenylamino)-pent-3-en-2-one,

have been grown using the solution growth technique.



The thesis consists of ten chapters as follows.
Chapter | gives a general introduction to the subject and tries to justify the present
investigation. This chapter also presents a brief history of bio-crystallization of
various substances, which are responsible for various ailments, as well as the etiology
and economical aspects of the bio-crystallization. It al'so covers the aim of the study.
Chapter Il gives a brief review on the two prime bio-mineralization and bio-
crystallization processes, i.e., arthropathy and urinary stones. The role of different
crystals in arthritis, gout and urinary crystals is discussed. This chapter helps to
understand the mechanisms of crystal formation in our body and how to tackle this
problem.
Chapter 111 deals with crystal growth techniques employed to grow the crystals of
interest. This chapter also gives the genera picture of crystal growth methodologies
and focuses the attention on the gel and solution growth techniques. The gel growth
technique is advantageous to mimic the body tissues and serves as a good in vitro
model to study the growth of bio-materials crystals. Different types of gels, gel
structures, gelling mechanisms and gel properties are explained in brief. Solution
growth is aso an important technique to grow crystals, which are also dealt with in a
brief manner. The advantages and disadvantages of these techniques are explained.

Altogether, in this chapter, modified gel growth technique has been described
to grow micro crystals. This technique is useful as a rapid screening test for in vitro
crystallizations of bio-materials.
Chapter 1V chiefly describes different experimental techniques used to characterize
the grown crystals. These techniques are powder X-ray diffraction (XRD), Thermo-
gravimetry Analysis (TGA), Fourier Transform Infrared Spectroscopy (FT-IR),

Dielectric study, Photoconductivity study and powder Kurtz technique for



measurement of efficiency of second harmonic generation of nonlinear optical (NLO)
materials. Herbal extracts preparations are also given in this chapter.
Chapter V deals with the growth, characterization and inhibition study of
hydroxyapatite (HA) crystals. The crystals of HA were grown by using the single
diffusion reaction type gel growth technique in silica gel. The gel was set by adding
orthophospheric acid to sodium meta-silicate solution of 1.06 specific gravity in such
a manner that 6.0 pH was obtained. After setting the gel, 20ml of 1 M calcium
chloride solution was poured on the gel as a supernatant solution. Large numbers of
Liesegang rings were observed. These Liesegang rings were made up of HA crystals.

The crystals were characterized by various experimental techniques, viz.
powder XRD, FTIR, dielectric studies and particle size measurements. From the
powder XRD study it was confirmed that the crystals have monoclinic system with
the unit cell parametersas, a=9.432[] b=18.843[] C=6.923[] a= &=90.010 and
a = 119.050, which is only observed at the lower temperature crystal growth of
hydorxyapatite crystals. FT-IR spectrum confirms the presence of the O-P-O bending,
P-O symmetric and asymmetric stretching, O-H bending and stretching and oxygen-
metal bonds. Initialy, the dielectric constant decreases rapidly with increasing
frequency and then decreases very dlowly, indicating higher space charge
polarizability of the materia in the low frequency region and a relaxation type
behaviors.

The inhibitive effect of herbal extracts of Boswellia Serrata gum resin,
Tribulus terrestris fruit, Rotula aquatica root, Boerhaavia diffusa root, Commphora
wighitii, and Aerva Lanata, has been studied on the growth of HA. This inhibition

study was divided into two parts, (1) effect of the herbal extracts on the growth of the



HAP crystals and (2) the effect of the herba extracts on the already grown HA
crystals.

The effects of herba extracts on the growth of HA crystals were studied by
measuring the number of Liesegang rings, their width and spacing between them.
From all these parameters the inhibitive nature was decided for different extracts.
Rotula aquatica and Aerva Lanata extracts were found to be quite potent to inhibit the
growth of HA crystals. No effect of herbal extracts on the already grown HA crystals
have been observed. In this study, both ethanolic and hydro-ethanolic extracts were
used. In the case of ethanolic extracts the numbers of rings were less. All ethanolic
extracts showed delayed nucleation with comparison to that of the aqueous ones. For
hydro-ethanolic extracts, the thick bands were obtained and it was not possible to
measure the spacings and other parameters. However, the particle size increased with
comparison to previous ethanolic extracts.

To confirm the significance of results, a statistical analysis, i.e., single factor
ANOVA was applied, which showed high correlations. To understand the diffusion
mechanism in the gel, diffusion coefficients were also calculated using various
theories.

Chapter VI covers the growth, characterization and inhibition study of monosodium
urate monohydrate (MSUM) crystals. The MSUM crystal growth was carried out
using the gel growth technique as well as the wet chemical process. In the wet
chemical process the aqueous solution of 0.2 M, NaOH was stirred well and heated
up to 70 °C. After achieving the required temperature, uric acid was added to make its
suspension into the NaOH solution. After some times fine particles of MSUM crystals

were found at the bottom of the beaker, which were in coagulated form and looked



like amorphous porous material. The powder XRD confirmed that it was a well
crystalline material. Probable reaction is as follows.
NaOH + CsH4N4O3 0 NaHCsH,N4O3- H20

These crystals were characterized by various experimental techniques such as, powder
XRD, FTIR, dielectric study and TGA. From the TGA study it confirmed that MSUM
crystals were thermally unstable and started losing water of hydration 170 °C. At 240
°C, water molecules were completely removed. The crystal was decomposing through
two stages. Subsequently, the sample lost nearly 75 to 80 % of origina mass and
finally it was converted into Na&O, which remained stable up to the end of the
analysis. One water molecule was associated with the compound. Coats and Redfern
relation was applied to evaluate the kinetic parameters. The order of reaction and the
activation energy was found to be ¥ and 120.324 kJmol™, respectively. The
thermodynamic parameters were also evaluated. The FT-IR spectrum confirms the
presents of O-H stretching N-H rocking and stretching, C = C bond, C= O carbonyl
group (keton group), and C — N bond. There was no standard crystalline data of
MSUM crystals available for the matching with the powder XRD pattern. The
dielectric study suggested that higher space charge polarizability in the low frequency
region and a relaxation type behavior.

As this crystal is associated with much painful gout, therefore, inhibition
studies have been carried out using various herbal extracts, Boswellia serrata gum
resin, Aerava lanata, Rotula aquatica root and Boerhaavia diffusa root. R. aquatica
and A. lanata, 1% aqueous extract solutions gave significant inhibition of MSUM
crystals. Till today there is no remedy to dissolve the MSUM crystal in synovial fluid,

which isresponsible for gout. This study may help the prevention or cure of gout.



Chapter VIl explains the growth and characterization of calcium pyrophosphate
crystals (CPP). The CPP crystals were grown by the single diffusion gel growth
technique and also by the wet chemical process. Gel solution was prepared from the
mixture of sodium meta-silicate solution of 1.05 specific gravity and sodium
pyrophosphate dodecahydrate solution. This mixture was acidified with the solution
of 2N acetic acid to obtain 4.5 pH. The gel was set within three days. On the set gel,
0.25 M, Ca(NOs3), solution was poured. Two days after pouring the solution, some
Liesegang rings started to appear. Some small, transparent, round shaped single
crystals of CPP were grown within the gel. These crystals were characterized by
various experimental techniques, i.e. powder XRD, TGA, FT-IR, and dielectric study.
The CPP crystals showed very high thermal stability after losing the associated water
molecules at 110 °C and after dehydration remain stable up to 900 °C. From the
calculation, it was noticed that four water molecules were associated with the crystals.
Hence it is calcium pyrophosphate tetrahydrate (CPPT). Coats and Redfern relation
was applied to the dehydration stage of the thermogram to evaluate the kinetic
parameters. The values of order of reaction and activation energy were found to be
5/2 and 72.214 kJ Mol™, respectively. The thermodynamic parameters were aso
evaluated. The dielectric study suggested the same behavior as for the
hydroxyapaptite and MSUM.

These crystals grow in the synovial fluid and cause inflammation in soft tissue
with terrific pain. This is also known as pseudo-gout. Due to this reason, a growth
inhibition study was also carried out using various herbal extracts to identify the
potent inhibitor. The three aqueous extracts studied, namely, R. aquatica, B. diffusa
and C.wightti, for inhibition study. C. wightti shows the best inhibition results for

CPPT crystals, which was followed by R. aquatica, B. diffusa.



Chapter VIII gives details of the growth and inhibition study of macro and micro
crystals of CHPD (brushite). The single diffusion gel growth technique was employed
to grow macro level CHPD crystals. Tartaric acid and citric acid were used for growth
inhibition studies. For low concentrations they exhibited inhibition of growth, but for
higher concentrations they dissolved the grown crystals. Both were found to be potent
inhibitors.

For micro level CHPD crystals a modified gel growth technique was used and
different concentration of citric acid were used for the inhibition study. The growth of
micro-crystals and the inhibition study is advantageous in many respects. This
experiment gave very interesting and rapid results.

Chapter 1 X gives details of the growth and characterization of some crystal of special
interest. Various oxalates are found in different systems of human body. It is also
expected to be responsible for calcium oxalate crystallization in urinary system. It was
expected when oxalic acid solution was poured on the gel, the crystals of oxalic acid
would grow, but the sodium ion present due to sodium meta-silicate reacted with the
oxalate ion of diffusing oxalic acid and grew sodium oxalate crystals. Sodium oxalate
crystals were grown by the solubility reduction gel growth method and characterized
by various experimental techniques such as TGA, FT-IR and dielectric study. The
thermo-gravimetry analysis suggested that the crystals were decomposed in three
different stages, losing 60 % of its original weight and Na,O was the end product,
which was stable up to 900 °C. From the thermogram kinetic parameters as well as the
thermodynamic parameters were aso evaluated. FT-IR spectrum confirmed the
presences of, C=0 bond, C-C bond and O-H bending. Dielectric study suggested that
the dielectric constant of the sodium oxalates crystals was very less responsive to the

frequency change.



Sodium pyrophosphate crystals were grown from the solution growth
technique using indigenously made solution growth set-up. Single crystals of sodium
pyrophosphate were characterized by various experimental techniques. P-O
symmetric and asymmetric stretching, O-P-O bending, O-H bending and stretching
and metal-oxygen bonds were confirmed from the FT-IR spectrum and the dielectric
study suggested a high polarizability of the materia in the low frequency region.

In this chapter, also the organic crystal of 4-(2-hydroxy-phenylamino)-pent-3-
en-2-one (HPAP) has been grown with the help of slow evaporation solution growth
technique. The crystals were characterized by various experimental techniques such
asFTIR, TGA, single crystal XRD and dielectric study. From the single crystal XRD
it was confirmed that the HPAP crystal having orthorhombic crystal structure and
space group P2:2:2;. The cell parameters are as follows,
a=8.839(3) J, b=10.517(2) 0,C=11.223(3) ;] 4=4a=4a=90.00
HPAP crystals show very poor thermal stability, at 350 °C it decomposes completely.
Various bond such as, C=0, C=C, C-N, N-H stretching and rocking, O-H bond and
ring skeleton were confirmed from the FT-IR spectrum. Dielectric constant was very
less responsive to the frequency change. The crystal exhibited photo-conducting
nature and shows the positive photoconductivity, while HPAP crystal exhibited very
poor second harmonic generation (SHG) efficiency almost one tenth efficiency with
comparison to the well known NLO material, potassium dihydrogen phosphate
(KDP).

Chapter X gives the general conclusion, explains the results in terms of relevant
theories and compares with those of reported earlier by citing literature. Scope of the

future work is al'so described.
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Chapter-I...1

Chapter |

General Introduction

Apagatamale hi mansi
Sphatikamaoaviva |
Rajanikaragabhastayah sukham

Pravisantyupadalaguoéah | |

(KadambarT)

Famous Sanskrit poet Bana in his epic Kadambar compares nicely the optical
property of crystals with virtues in the above mentioned couplets as, “Just as the rays
of the Moon can easily enter into a crystal (jewel); similarly the virtues of good
advice- preaching- can easily enter into a mind from which impurity-ignorance-is
removed.” In the ancient Sanskrit literature there are many references available on
crystals; for instance, in Bhagavata Purdoa a crystal wall is referred to as Sohabika:
kudya, the great Sanskrit poet Kélidasa in his classic work Kuméra-Sambhava
narrates crystal rosary as Sphapikaksha Malika.

Crystals have always been appreciated for their transparency and perfections,
perhaps, due to this a phrase in English, as clear as crystal, as well as in Sanskrit,
Spohatika-Prabhg, for glittering crystals have become common in practice. In Sanskrit
language the crystals are known as Sphatika. Earlier Greeks were calling crystals as
Krystallossmeans clear ice. However, it was applied not only to ice, but also to

transparent minerals such as quartz and other rock crystals. Nevertheless, the Bible
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also uses the transparency and optical properties of crystals in several narrations, for
example,

The city shone like a precious stone, like jasper, clear as crystal. (Revelation.
21:11).

However, the word “crystal”, as used in every day life, brings up a variety of
mental impressions; one thinks of the glistening grains in certain types of rocks; of
“rock crystals’ and sculptured figures in museums; of sugar, especially the kind with
large curiously shaped grains; of cut-glass vases for decoration; of diamonds, rubies
and sapphire; of the ssmple “crystal and cat whiskers’ type of radio, or even of the
fortuneteller's “crystal sphere”. As per the modern scientific definition of the crystal,
not all of these crystals could be recognized as a true crystal. However, our mental
pictures roused by all of them include impression of light- the scintillating reflections
from rocks or sugar crystals, the radiant flashing beauty of diamonds, and the more
mysterious light effects within transparent objects.

In majority of the cases, the reflections of light and the transparency of the
medium lead the user to adopt the word crystal for many objects. Today the law and
order in crystals manifest themselves form of regular patterns of arrangements of
particles in space, where these particles are the atoms or groups of atoms or molecules
of which all matters are composed.

It was a great question before human being that how crystals were formed in
the rocks. The freezing of water suggested that the crystals in rocks might have been
formed in a similar way, i.e. by freezing of material, which was at one time in a
molten state. But this was not the only way in which the crystals were formed; in fact,
many finest crystals found in nature, such as the quartz crystal, have been grown from

solutions. However, it is possible for a crystal to be formed directly from a gas
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without passing through the liquid state; examples are hoarfrogt, i.e. ice crystals which
are grown from water vapor in the air; a few mineral substances which are mainly
found around volcanoes, where sulphur and ammonium chloride crystals are formed
from gases emitted during eruptions. A number of large natural salt crystals are grown
from constant evaporation of seawater since ages nearby the Dead Seain Israel.

Notwithstanding, from the astrological point of view, the crystals of particular
colors play an important role to strengthen the position of the respective planetsin the
horoscope, for example, a topaz with yellow tinge is believed to be useful for
strengthening Jupiter. In the metaphysics, however, the applications of different
crystals are found since ages. All modern physical properties have counterparts in the
mental or psychic world; as per beliefs, for example, amplification, in which crystals
amplify body energy and thoughts and enable thoughts to be more effective;
transformation, it purifies and transforms the molecular composition of matter;
storage, crystals can be charged with energy which will store it for use; focus,
focusing energy of thoughts with crystals for healing; and transference, the energy can
enable to transfer to someone who is at distant place, that is, telepathy. Today crystals
are active elements of immense potentials in science, technology and industry. The
crystalline property has applications in devices such as; laser resonators, acoustoptic
modulators, phase decay plates, polarizers, pyro-electric detectors, piezo-electric
devices, crystal x-ray monochromaters, scintillation detectors, holographic devices,
membranes of iron selective electrodes and substrate for thin films.

Today, the growths of crystals do not remain the phenomena only occurring in
nature, but have become well advanced as well as widely used techniques in the
laboratories and industries. There always has been a requirement of good quality

crystals for various applications in science and technology; hence various growth
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techniques developed to grow suitable crystals. The world crystal production has been
estimated more than 20,000 tones per year. Out of that the largest share of about 60%
is from semiconductor materials, for instance, silicon, galium arsenide, indium

phosphide, gallium phosphide, cadmium telluride and its alloys.

|:| SEMICONDUCTORS

|:| SCINTILLATION CEYSTALS
0%
. OPFTICAL CRYSTALS

|:| ACOUSTIC OPTICS CRYSTALS

|:| LASER & NONLINEAR CRYSTALS

|:| JEWELRY & WATCH INDUSTRY

Figure (1.1): Estimated shares of world crystal production in 1999 [1]

One can notice from the figure (1.1) that the optical crystals, scintillator crystals and
acousto-optic crystals have about equal shares of 10% each. However, laser and
nonlinear optical crystals and for jewelry and watch industry shares only a few per
cent. This has been reviewed by Scheel [1]. Moreover, Santhana Raghavan and
Ramasamy [2] have reviewed the recent trends in crystal growth technology in terms
of the world wide production of different technologically important crystals. As per
one survey, the North American market of piezo-electric crystals and devices was
estimated $ 1.15 billion in 2001. It is, further, expected to grow $1.86 billion by 2006
at an Annual Average Growth Rate (AARG) of 10%. Piezo-electric quartz crystal
devices, notwithstanding, comprises largest market segment due to the recent boom in
the wireless and mobile technologies [3].

The designing and development of various crystal growth techniques of the

present day is a result of continuous and fruitful modifications occurring since last
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several decades and, till today, the modifications in processes are continuing. The
crystal growth requires emphasis on the following three aspects, (I) Theory of
nucleation and growth, (11) Experimental crystal growth, and (I11) Characterization
of crystals

Schieber [4] has well explained this in a schematic representation, which is

shown in figure (1.2).

Theory of nucleation Experimental crystal Characterization
and growth growth of crystals
1 2 3

INTERF&CE Vi3
DIFFUSICH PROCESS

MeTHENETICAL
FOWTHOF CRYSTALS

EIHE YAPOR GROWTHCOF

SAFHIEE

FROPERTIES
COF CRYSTALS

STEATN ANMEAL

MOFPHOLOGIC AL
STLRILITY CRITERIS

FLUE GROWTH
OF FERRITES

JOWE WELTING CF
CRGAWIC CRYSTALS

CRYSTALOGRLPHY
OF STRUCTUEE

PERTURBATICON BY
IWPURITY FLOW

ATTTORIATIC PLASTVI
TORCH-YERMEUIL

Figure (1.2): Threeaspectsof crystal growth

Altogether, the modern as well as the next generation crystal growth requires
multi-directional development in various field and their interconnections, which has

been described in a schematic representation in figure (1.3) by Prasad [5].
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{Prucess Physics Mathem atical Novel num Eril:all
model scheme

Crystal growth Design and High
exp eriment development of performance
crystal growth computing
Char Ell!_tEI'iSﬁl: Next ge;neraﬁun Model
experiment crystal growth validation

Theory of Process system Process
material defining validation validation

Figure (1.3): Multi-dimensional needs of crystal growth

In fact, the crystal growth deals with a tremendous complexity of
interdisciplinary nature. It has been postulated by Scheel [6] that for a specific crystal
of defined size and perfection, there is only one optimum and economic growth
technology considering the thermodynamics, growth kinetics and economic factors.
The crystal performance, the crystal size, the efficiency of growth method and the
prize of crystals are correlated by him. However, practical work is needed in order to
understand and appreciate the complexity of crystal growth processin view to involve
phase transformations, of the many parameters that have to be compromised and
optimized, and in view of the scaling problems, which hampers realistic numerical.

Crystal growth has been discussed by many authors in detail [7-9]. This has
been correctly quoted in a different manner by Gilman [10] in his edited book “The

Arts and Science of Growing Crystals’ as, “The Systematic production of artificial
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Crystals might be viewed as a new “agriculture” that has began to flourish. It differs
from true agriculture in that its products are mostly inorganic at present, but it has
many features common with normal agriculture and promises to have a somewhat
comparable effect on society. The new agriculture consists of “growing” solid crystals
from a“nutrient” phase (gas, liquid or solid). To start the growth process, the nutrient
is often “seeded” with small crystal to be grown, and some workers speak of “reaping
the harvest” after a certain length of time”.

There are many well-written books available on subjects like fundamental's of
crysta growth [11]; different crystal growth techniques and their theories,
characterization, applications [10, 12, 13, 14-18]; and understanding the Growth
mechanism [19]. Recently, a handbook of Crystal Growth is also published [20]. Even
book is available with wonderful photographs of grown crystals [21]. Whereas, the
authors Stangl and Stang [22] in their book, entitled “Crystals and Crystal Gardens
You can Grow”, have considered the growth of a variety of beautiful crystals as the
growth of flowers in a garden which one can do, thereby, they have agreed to the
concept of Gilman [10] of “agriculture”. Recently, two books have been published on
crystal growth dealing with the progress in crystal growth. For the first time a
complete survey of interdisciplinary fields of crystal growth, technologies and
fabrication of crystal machining are claimed to be included [23]. In another book, 50
years progress in crystal growth has been covered in various contributed articles by
the crystal growth pioneers[24].

Bio-crystallization is an important phenomenon occurring in various parts of
living body of humans, animals as well as plants. This has raised considerable
interests amongst crystal growers, biochemists and doctors. The understanding of

biocrystallizations may lead to develop processes which can modify or control them,
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which may also prove to be very significant in the treatment of several disease and
ailments. Figure (1.4) is a schematic representation of the process involved in
mineralization indicating the role of organic matrix in the biological system. Beside
this, figure (1.5) is the schematic representation of the crystal growth process in

biological system.

‘ Environment ‘
' |
‘ Inorganic ‘ ‘ Biological ‘
|
[ |
‘ Physicochemical ‘ ‘ Biochemical ‘ | Physicochemical |
\—i Or ganic Matrix }J
| Geological Minerals | |
I 1
‘ Controlled ‘ | Il'ldll[fed _
Mineralization |  Mineralization
| I 1
| Spatial | | Structural | | Stereochemcial |

Figure (1.4): Various mineralization processesin different environments
Many multi-cellular organisms produce hard tissues as bones, shells, skeletal units,
and spicules [25], which are the examples of bio-mineralization processes. These hard
tissues are bio-composites and incorporate both structural macromolecules (lipids,
proteins and polysaccharides) and minerals of, perhaps, sixty different kinds,
including hydroxyapaite, calcium carbonate and silica. Interestingly, many single
celled organisms, such as bacteria and algae, also produce inorganic materials either

inter-cellularly or extra-celullarly [26].
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Nucleation
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! 1 ]
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Figure (1.5): Factorsaffecting the growth of crystals

There are several examples of micro-organisms, which include magnetotactic
bacteria synthesizing magnetite [27]; chrysophytes [28], diatoms and actinopoda
synthesizing siliconous materials and S.layer bacteria synthesizing gypsum and
calcium carbonate surface layers [29]. Normally, hard tissues are mechanical devices
(for example, skeletal, cutting and grinding), or they serve a physical function (for
example, magnetic, optical, piezoelectric). Bio-inorganics are a so ion sources that are
vital for physical activities and, therefore, integral part of the organism. A very
interesting survey of biomimatics as well as materials fabrication through biology and
bio-mineralization is given by Sarikaya[29].

There are numerous bio-materials which are synthesized in vitro. These
synthetic bio-materials have numerous applications and great demands. Therefore, the
world market is continuously growing with the demand of various novel bio-
materials. In 1998, the world-wide value of biomaterials market was estimated to be
some 25 billion euros, with a predicted growth rate of 12% per year. Almost one third
of this world market, about 7 billion euros, was in Europe, with the US biomaterias

market somewhat larger at around 10 billion euros. It is worth noting that the 20%
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annual growth rate in US biomaterials outstrips all other sectors of the medical device
industry. With strong report from the European Commission’s Fifth Frame Work
Program and Research and Development, Europe is rapidly growing sector in bio-
materials whose world market is worth over 25 billion euros annually [30].

Cholesterol crystals are believed to be the main culprit for the cardiac
problems. Altogether, it is very important bio-material with startling properties.
Therefore, it is termed as the Jekyll and Hyde molecule in the elaborative review by
Wrenn [31]. In the case of gall stones, the vesicles and micelles transport cholesterol
in the bile; whereas the spherical type lipoproteins transport cholesterol in the blood
stream. Actually, LDL (Low Density Lipoprotein) delivers cholesterol to the cells and
HDL (High Density Lipoprotein) is involved in the reverse transport of cholesterol
from the cells. Inasmuch as crystalline cholesterol, which contributes to
atherosclerosis, originates from LDL, cholesterol. As per one survey, cardiovascular
diseases (CVD) heart disease and stroke- topping the list for death and disability.
Globally, 17 million people died of al CVD in 2001. In 1986, coronary artery bypass
grafting (CABG) accounted less than 10% of all cardiac surgeries in India, today it
accounts 60% [32]. Gall stone disease is aso quite common worldwide. Gall stone
disease afflicts 12% of USA population [31].

Apart from the bio-mineralization, the bio-crystallization is also a root cause
of many ailments for the humans. One of the common ailments is the cataract, which
is caused by certain crystals. Brooks et a. [33] reported that face centered cubic
(F.C.C)) type feritin crystals in cataracts play important role in light diffraction.
Kmoch et al. [34] have reported the cataracts caused by protein crystallization in the
lens. Moreover, attempt is made to link human genetic cataracts with mutations in the

gamma D crystalline gene [35]. It has been suggested that the opacity occurs because
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of the spontaneous crystallization of the mutant proteins. Measurements of the
solubility curves of crystals, particularly, of the Arg-58 to His and Arg-36 to Ser
mutants of gammaD crystalline, show that the mutations dramatically lower the
solubility of the protein, which results into crystallizations.

Moreover, many people in this world are suffering from the problems of
painful joints, which are commonly termed as gout or arthritis depending upon the
conditions of their afflictions. This is also commonly termed as arthropathy (joint
disease). Arthrpathy is also regarded as the crystal induced ailment, which is due to
the deposition of hydroxyapatite, monosodium urate, uric acid or calcium
pyrophosphate di-hydrate crystals in the joints. This problem is found not only in
humans but also in severa types of animals, such as, reptiles, mammals and birds.
Recently, from the fossil study, it has been found that the arms and legs of the most
ferocious carnivore dinosaur Tyrannosaurus Rex had collection of urate crystals,
which ultimately might have led to gout. Studies conducted for three decades in the
Third World countries have confirmed that the rheumatoid arthritis occurs throughout
the world. This also depends on the potential biases resulting from the socio-
economic, demographic and health care conditions in these countries. In India, the
prevalence of rheumatoid arthritis (0.75%) is similar to that in the West. In China,
Indonesia, and the Philippines, in contrast, rheumatoid arthritis appears rare
(prevaence below 0.4%), in both urban and rural settings. The rarity of rheumatoid
arthritis in rural Africa contrasts with the high prevalence of the disease in Jamaica,
where over 2% of the adult population is affected. In a study in Latin America,
rheumatoid arthritis was the reason for seeking medical advice in 22% of
rheumatology clinic patients [36]. Musculoskeletal (pertaining to the muscular and

skeletal systems) conditions are major burden on individuals, health systems, and
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social care systems, with indirect costs being predominant. This burden has been
recognized by the United Nations and WHO, by endorsing the Bone and Joint Decade
2000-2010. Osteoarthritis, which is characterized by loss of joint cartilage that leads
to pain and loss of function primarily in the knees and hips, affects 9.6% of men and
18% of women aged >60 years. Increase in life expectancy, the ageing populations
are expected to make osteoarthritis the fourth leading cause of disability by the year
2020. Joint replacement surgery, where available, provides effective relief.
Rheumatoid arthritis is an inflammatory condition that usually affects multiple joints.
It affects 0.3-1.0% of the general population and is more prevalent among women in
developed countries. Persistent inflammation leads to joint destruction, but the disease
can be controlled with drugs. The incidence may be on the decline, but the increase in
the number of older people in some regions makes it difficult to estimate future
prevalence [37]. Therefore, it is always desired to develop therapies to either dissolve
the crystals responsible for arthropathies or inhibit their growth.

Looking at the great heritage of traditional knowledge of different herbs, there
is a great demand of herbal medicine in the world. It is note worthy that the herbal
medicine is still the mainstay of about 75-80 % of the world population, mainly,
developing countries. In France and Germany, nevertheless, many herbs and herbal
extracts are used as prescription drugs and the sale has increased from $ 6 billion to $
20 billion from 1991 to 2000. In India the herbal market is of about $ 1 billion and
export is around $ 80 million annually. A detailed review has been written by Kamboj
[38] pertaining to the importance of major traditional herbal medicine in India, the
role of WHO in the herbal medicine and the standardization of herbal medicines. On
the basis of traditional knowledge of Ayurveda, the theory proposed by Patwardhan et

al. [39] on the reverse pharmacology, the present author, hereby, deals with the in
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vitro inhibition and dissolution of different crystals, namely, monosodium urate,
hydroxyapatite and calcium pyrophosphate, responsible for arthropathies by different
herbal extracts. This may prove to be a good screening model for the in vivo studies
and animal models. It is also important to develop an in vitro model for the growth
and inhibition of these crystals at either the room temperature or the body
temperature. Generally, these crystals are difficult grow a room temperatures.
Because of the very low solubility of uric acid in water at room temperature the
MSUM crystals are difficult to grow [40]. The most stable nature of hydroxyapatite at
very high temperatures usually requires high temperature techniques like
hydrothermal method and the sol-gel method [41] as well as the decomposition
calcium phosphate compounds provides calcium pyrophosphate at high temperatures
[42], which al forbid growing these compounds a room temperatures. This,
somewhat, difficult task was taken up and these crystals were successfully grown at
the body temperatures or at the room temperatures. The growth and inhibition in the
presence of various herbal extracts as well as characterization of the crystals would
provide valuable information for the formulation of drug for the arthropathies in a
collaborative manner after in vivo and animal studies.

Urinary stone problem is one of the oldest and the wide spread afflictions of
human beings. As per one estimate, around 2 million people are treated world wide
with Extra Corporal Shock Wave Lithotripsy (ESWL) [43]. Around 12% of
population in the European Union suffers at least one process related to urolithaisis
[44]. About one adult in 1000 is hospitalized annually in the USA because of urinary
calculi [45]. In India, 12% of the population is expected to have urinary stones, out of
which 50% may end up with loss of kidneys or renal damage. Moreover, nearly 15%

of the population of northern India suffers from kidney stones [46]. Saurashtra region
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of Gujarat state is also well-known for the high incidences of urinary stones. As per
one study conducted by Joshi [47] that out of 3405 patients treated in the Kidney
Hospital, 37.33 % were urinary calculi patients and out of them nearly 76 % were
males as well as out of them 47.4% of patients were in the age group of 21 to 40
years, that is, the prime working age. This is really alarming to Saurashtra region.
Therefore, it is also important to study the growth and inhibition of urinary type
crystals in vitro and identify the potent inhibitors. The predecessors of the present
author [48, 49] have significantly contributed in this direction. However, the present
author aims to develop comparatively new, faster, time saving, material and chemical
saving technique of microcrystal growth and study the growth, inhibition, alteration in
morphology in situ under optical microscope. In the present thesis emphasis is made
on brushite crystals. The growth inhibition of brushite ( Calcium hydrogen phosphate
dihydrate-CHPD) crystals by weak acids like tartaric acid and citric acid, commonly
found infruits, is carried out to find the potential applications.

Some spin off studies, related to the present study, are aso aimed by the
author. Sodium pyrophosphate crystal growth and characterization is taken up in the
spin off study in order to understand the availability and the role of pyrophosphate
salts in human body. Similarly, the oxalic acid metabolism is very important in the
body, since it is expected to supply anions to the growing calculi in the urinary
system. Therefore, water soluble salt of oxalic acid, that is, sodium oxalate, is aimed
to be studied. Crystals of sodium oxalate are grown by the gel growth technique and
characterized. Apart from these, organic crystal 4-(2-hydroxy-phenylamino)-pent-3-
en-2-one (HPAP) is grown because of its possible pharmaceutical, photo-conducting

and nonlinear optical applications.
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Thisis ahumble effort to clasp various disciplines of science on the common
platform. It brings chemistry, biology, phyto-chemistry, Ayurveda, crystallography
and, of course, physics on a common platform at present and, further, it expects to be
joined by pharmacy, toxicology, pharmacology, medicine and probably the life

science at the end.
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Chapter |1

Brief Review on Bio-crystallization I nduced Ailments

21 Introduction:

Bio-crystallizations and bio-mineralizations are very important phenomena in
which crystal growth of specific bio-material compounds occur in body of living
organisms. These phenomena are observed in animals and plants, which are discussed
in the Chapters | and X. There are many reasons and theories proposed for this. In a
human body, certain bio-crystallizations and bio-mineralization phenomena are
considered to be responsible to different ailments, which can be broadly categorized
as,

(1) Crystallization responsible for arthritis, gout and other related problems
(2) Crystallization responsible for urinary stone problems

(3) Crystallization of cholesterol in blood vessels leading to heart problems
(4) Crystallization of cholesterol in gall bladder stones

(5) Crystallization responsible to cataracts.

There are hosts of references available on the phenomena of bio-
mineralization and bio-crystallization. The growth of bio-molecules has great impact
on study of the root of ailments and find out the newer approaches engineered by the
molecules for the drug delivery systems. The growth of organic macro-molecules
such as proteins, nucleic acid or their complexes and viruses are reported by many
authors. This is very essential to understand the growth of these crystals, which has

been recently explored by well-known crystal growers Chernov [1, 2] and Veeder [3].
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Crystals play important role in the life of human beings. An interesting article has
been written by Addadi and Weiner [4] on crystal asymmetry and life. Moreover, in
the race towards developing the nano-structured materials, recently, the biomaterials
have also entered into the fray [5-7].

These bio-crystallizations and bio-mineralizations have deep social as well as
economic impact. A large number of people are suffering from different ailments
related to the bio-mineralization and bio-crystallization phenomenon. Occurrences of
bio-mineralization in the form of crystas in to living tissues cause severe
inflammation and pain. These ailments can be dealt with by considering the three
main aspects, i.e., prevention, relief, and cure.

The aim of the present author is to grow various bio-material crystals
responsible to arthropathies (joint disease) and urinary stones in vitro, characterize
them and try to find the inhibition of growth or dissolution by using different herbal
extracts. The results of inhibition studies in vitro are followed by macrophage
response studies and animal model studies for final formulation by the collaborators.
This overal collaborative work is expected to bring some formulations of herbal
extract to deal with the arthropathies.

2.2  Crystal Associated Arthropathies:

Mankind has, in all possibility, suffered from arthropathies for many thousand
of years. The hand of Egyptian mummy, dating about 1500 BC, shows osteoarthritis.
Although artistes have seldom depicted the deformities of the rheumatoid hand, one
well-known exception is the self-portrait of Augus Renoir, famous French painter,
drawn in 1914. He shows himself painting with severely crippled hand [8]. Various
types of crystals are associated with the arthropathies [9], the main crystals are briefly

summarized in table (2.1).
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Table (2.1)

Crystals associated with arthropathies[9]

Typeof crystal Condition Condition also known as
usually involved
Hydroxyapatite Calcific tendinitis | -
Hydroxyapatite Acute calcific Acute periarthritis
tendinitis
Calcium Chondrocalcinosis | Cartilage calcification
pyrophosphate
Calcium Pseudogout Acute pyrophosphate
pyrophosphate arthritis
Calcium Osteoarthritiswith | Chronic pyrophosphate
pyrophosphate (and crystals arthritis
sometimes apatite)
Urate Gout -

However, the main three types of crystals, namely, hydroxyapatite (HA),
calcium pyrophopsphate dihydrate (CPPD) and monosodium urate monohydrate
(MSUM), are dealt with in details in the present thesis.

2.2.1. Hydroxyapatite Related Arthropathy:

Human cortical (dense) bone consists of ostenos (cylindrical channels) that are
held together by a frame-work of hard tissues, mainly natural hydroxyapatite. The
major phase found in bone is hydroxyapatite (HA, Cayo(PO4)s(OH),). The other
commonly known calcium phosphate phases are octacalcium phosphate (OCP,
CagH(PO3)OH), tricalcium phosphate (TCP, Cag(PO,),), calcium hydrogen phosphate
dihydrate, (CHPD, CaHPO, . 2H,0) and dicalcium phosphate (DCP, CaP.0Oy) [10].
The HA is not only a bio-compatible but also a bioactive material. It directly bonds to
the bones and favors the implant fixation. The bone replacement is an important
subject in the field of reparative medicine and the most studied material is the porous
HA. Development and characterization of 3-D HA bone tissue engineering scaffolds

are reported [11]. The HA and calcium deficient HA was precipitated from agueous
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solution [12, 13].This compound has been used to study the hard tissue calcifications
such as bone, teeth and many undesirable cases of pathological mineralization of the
articular (pertaining to joints) cartilage [14, 15], cardiac valves [16, 17] and kidney
stones [18]. Apart from these, HA have many other diverse applications, for example,
in chromatography [19], in solid state ionics [20, 21], in catalysis [22], in drug
delivery systems [23], in fuel cells [24], and in gas sensing [25]. As aready
mentioned earlier, the HA and other phosphates are the main constituents of the
human bones. In healthy adults, apatite occurs mainly in bones and teeth. Sometimes,
however, calcium crystals form in other body tissues, for example, apatite can formin
tendons (the fibrous cords that attach muscles to bones). This condition is called
‘calcific tendinitis. The usual site for this is the shoulder, in the tendon of the
supraspinatus muscle that helps move the shoulder joint, as described in figure (2.1).
Apatite crystal deposition induced inflammation is a common finding in bursitis and

periarthritis.

Acramion Supraspinatus
{part ofthe muscle
shoulder hlade)

A deposit of Clavicle
apatite crystals ( _—----,.4 fcollar
inthe / ; bone)
supraspinatus ¥

tendan ol

Hurmerus —— Scapdia
fupper arm (shoulder

hone)

. hlade)
N

Figure (2.1): Calcific tenditinitis of the shoulder [26]
Apatite also occurs in some otherwise unexplained acute arthritis and, like CPPD, is
common in osteo-arthritic joint effusions. Most joints or bursae ( A fibrous sac lined
with sinovial membrane containing sinovia fluids) can be involved, with more

common sites including shoulders, hips, knees, and digits (human fingers). Joint or
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periarticular inflammation can be acute or chronic. An extremely destructive arthritis
has been noted especially at shoulders ("Milwaukee shoulder"), hips, and knees.
X-rays can also show soft tissue calcifications with or without bony erosions, which is
shown in figure (2.2) Apatite deposition can also be associated with scleroderma ( a
disease in which localized oedema of a skin is followed by hardening, atrophy,etc)
and the other connective tissue diseases like osteoarthritis and erosive arthritis (See
Table(2.1) [27] and with high-dose vitamin D therapy. Serum studies are generally
normal except that phosphate levels are often elevated in rena dialysis patients who

are at high risk of apatite deposition. In most instances the cause of soft tissue apatite

deposition is not known.

87/

- .

Figure (2.2): X-ray of the damaged shoulder dueto crystal formation
Common areas of involvement include the shoulder, greater trochanter of the hip,
lateral epicondyle of the elbow, tendons about the wrist, and tendon attachments at the
medial and lateral aspects of the knee, but tendons around the hip, hand, or
occasionally other placesin the body can also be affected [26].

Another form of apatite crystal-induced inflammation has been observed in

patients undergoing haemodialysis (a blood dialysis in which waste products are
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removed and replaced by useful ones) for chronic renal failure [28, 29]. The
inflammation is appeared to be related to the calcific deposits of apatite crystals found
in and around involved joints. Studies suggest that calcification in these patients is
related to elevated serum phosphorus concentration. Increased freguency and
efficiency of dialysisto maintain normal serum phosphate levels, coupled with regular
use of aluminum hydroxide to bind phosphate in the gastrointestinal tract, which has
led to prevention and control of these crystal related symptoms.

The role of apatite in the etiopathogenesis of the lesions is still somewhat
contested. It has suggested that HA crystals, phagocytosed (engulfing foreign bodies
by cells) by synovial macrophage like cells, activate collagenase and neutral protease
enzymes. [30, 31]. Active enzymes then lead to joint destruction, “enzymatic strip-
mining”, and release of additional crystals and particulate collagen into the joint
space, thereby, augmenting the destructive response. This hypothesis is supported by
experimental investigations that demonstrated increased collagenase and neutra
protease activities following the addition of hydroxyapatite crystals to cultured
synovid cells [31], release of prostaglandin PGE; in a dose-related fashion [32] and a
mitogenic ( cell division producing) response of synovial cells to calcium-containing
crystals [33]. The blocking crystal dissolution inhibited the mitogenic effect of HA
crystals but did not inhibit collagenase synthesis.

The detailed metabolism of HA deposition in the body is still not fully
understood to the best of the present author’s knowledge. On the other hand, in case
of other crystals responsible for the arthropathy, it is well documented. However, the
alterations in calcium and phosphorus metabolism are generally not observed in

patients with BCP or HA disease, other than in those with underlying associated
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disease, such as uraemic syndrome (renal failure- disturbs biochemical balance), who
are undergoing dialysis therapy.

The HA crystals are identified in synovial fluid in different ways. Multiple
filling defects on arthro-graphy were seen a times, consistent with
osteochondromatosis ( benign tumor of cartilage or bone). Studies of synovial fluids
revealed micro-spheroids containing crystals first described as HA. Further studies
suggested that crystal population associated with these disorders were not pure apatite
but rather a heterogeneous mixture of crystals, including partially carbonate-
substituted HA, octa-calcium phosphate, and tri-calcium phosphate [34]. However,
the specific identification of BCP crystals in the synovial fluid by light microscopy is
difficult, owing to their small size (less than 1 im in length). But shiny, non-
bifringent, irregular cytoplasmic (living material of the cell externa to nucleus)
inclusions that may result from clumps of crystals have been reported [35]. When
seen extra-cellularly, they take on the appearance of “shiny coins’. Similarly, purplish
cytoplasmic inclusions can be seen on Wright-stained smears. Moreover, the clumps
of crystals stain strongly with Alizarin red [36] or von Kossa stains.

As in al forms of sub-acute and chronic arthritis, appropriate attention to
physical therapy programs, including heat and exercise, is important in maintaining
joint range of motion and providing further symptomatic relief. Otherwise large
periarticular deposits of crystals may occasionally require surgical excision.

It is worth noting that different techniques have been employed by various
researchers to obtain HA. Hydroxyapatite and calcium deficient HA was precipitated
from agueous solution [12, 13]. Generally, HA crystals were grown by hydrothermal
methods at elevated temperatures and pressures [37]. Altogether, many other authors

have attempted to obtain HA, for example, flux growth of HA whiskers [38], high
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temperature sintering [39], HA bio-ceramic by wet chemical process [40] and
microwave irradiation synthesis of HA ceramic [25]. There are certain experiments
performed at the synthetic body fluid (SBF) conditions, which includes, synthesis of
bio-mimetic HA powders at 37 °C in SBF [41] and HA coating by bio-mimetic
method on titanium aloy using SBF [42]. In this bandwagon of HA crystal growth
and synthesis, the latest to join are nano-size HA. The template-assisted synthesis of
HA nano-wires [43] and physico- chemical properties of nano-crystalline apatites [45]
have been recently reported.

It is important to study the growth inhibition of HA. In this direction certain
efforts have been made, which are the effects of various amino acids on the growth of
HA [44-48] and the effect of certain drugs on the growth and dissolution of HA [49-
51]. Nevertheless, no mgjor efforts are made on the growth inhibition study of HA
crystalsin the presence of different herbal extracts.

Hydroxyapatite (Cao(PO4)s(OH),) crystals have been grown by the present
author employing the gel growth technique. The growth and characterization of HA
as well as inhibition study under the influence of different herbal extracts are
important aspects of the present study, which are discussed in detail in Chapter-V.
2.2.2. Monosodium Urate Monohydrate Crystal-Associated Arthropathy:

Deposition of monosodium urate monohydrate (MSUM) crystals or urate
crystals in a joint causes inflammatory arthritis known as gout [52]. Gout is a term
represents a heterogeneous group of diseases found exclusively in man. Due to its
peculiarity, gout is known as the king of diseases and the disease of kings. Several
excellent narrative and pictorial histories of gout have appeared [53-74]. The major

events in the history of gout are summarized in table (2.2).
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Table(2.2)

Major eventsin the history of Gout [53-74]

Date Event Author(9)

5™ Century B.C. | Aphorisms on gout Hippocrates

1% Century A.D | Familia nature Senecaet al.

3" Century Tophi described Galen

13™ Century The term gout originated de Vielehardouin et al.

1679 Crystalsin gouty tophi van Leeuwenhoek et al.

1776 Uric acid in stones Scheele

1797 Urate in Tophi Wollaston

1814 Specificity of colchicinein acute gout | Want

1848 Hyperuricemiain gout Garrod

1899 Urate crystals cause gouty arthritis Freudweiler

1950 Introduction of effective uricosuric | Talbot, Gutmann and YU
agents etal.

1963 Introduction of alloupurinol Rundles et al.

1967 First specific enzyme defect described | Kelly et a

in patients with gout

In general, gout in its full development is manifest by the following important points

[75]:

(® An increase in the serum urate concentration.

(b) Recurrent attacks of a characteristic type of acute arthritis, in which crystals

of MSUM are demonstrable in leukocytes of synovial fluid.

(©) Aggregated deposits of MSUM (tophi) occurring chiefly in and around the

joints of the extremists and sometimes leading to severe crippling and

deformity.

(d) Renal disease involving glomerular, tubular and interstitial tissues and blood

vessals.
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(e Uric acid urolithiasis.
However, these manifestations can occur in different combinations.

Gouty arthritis is the most common form of inflammatory joint disease in men
older than 40 years [74]. Recently, a mechanism of inflammation in gout is discussed
by Dalbeth and Haskard [76]. The prevalence of gout seems to increase substantially
with age and increasing serum urate concentration [77, 78]. For example, the
prevalence was 15 per 1000 in males in the age group from 35 to 44 years[79]. The
annual incidence rate of gout is 4.9 percent for urate levels greater than 9 mg per dl,
0.5 percent for urate levels 7.0 to 8.9 mg per dl and 0.1 percent for the values less than
7.0 mg per dl. [79].

Broadly speaking, gout can be divided in four different stages termed as, (a)
asymptomatic hyperuricemia (excess uric acid in blood), (b) acute gouty arthritis, (c)
inter-critical gout and (d) chronic tophaceous gout.

(@ Asymptomatic Hyperuricemia:

Asymptomatic hyperuricemia is the term for an abnormally high serum urate
level, without gouty arthritis or nephrolithiasis. Hyperuricemia is defined as a serum
urate concentration greater than 7 mg/dl (416 pmol/l), the approximate level at which
urate is supersaturated in plasma [80].

Hyperuricemia predisposes patients to both gout and nephrolithiasis, but
therapy is generally not needed in the asymptomatic patient. However, hyperuricemia
in the asymptomatic patient provides the physician with an opportunity to modify or
correct underlying acquired causes of hyperuricemia, which are summarized in table

(2.3).
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Table(2.3)

Acquired Causes of Hyperuricemia

Increased urate production

Cause

Nutritional Excess purine, ethanol and fructose consumption

Hematologic Myeloproliferative and lymphoproliferative disorders,
polycythemia

Drugs Ethanol, cytotoxic drugs, vitamin B> (treatment of pernicious
anemia)

Miscellaneous Obesity, psoriasis, hypertriglyceridemia

Decr eased renal excretion of urate

Cause

Drugs Ethanol, cyclosporine (Sandimmune), thiazides, furosemide
(Lasix) and other loop diuretics, ethambutol (Myambutol),
pyrazinamide, aspirin (low-dose), levodopa (Larodopa),
nicotinic acid (Nicolar)

Renal Hypertension, polycystic kidney disease, chronic renal failure
(any etiology)

Metabolic/endocrine | Dehydration, lactic acidosis, ketosis, hypothyroidism,
hyperparathyroidism

Miscellaneous Obesity, sarcoidosis, toxemia of pregnancy

The phase of asymptomatic hyperuricemia ends with the first attack of gouty
arthritis or of urolithiasis. In most instances gout comes first and usually after at least
20 to 30 years of sustained hyperuricemia.

(b)  AcuteGouty Arthritis:

Acute gout is characterized by the sudden onset of pain, erythema (reddening
of skin), limited range of motion and swelling of the involved joint. The peak
incidence of acute gout occurs between 30 and 50 years of age [81]. Approximately
90 percent of the first attacks are mono-articular (pertaining to single joint). In more
than one half of patients with acute gout, the first metatarsophalangeal (pertaining to
metatarsus -five bone of foot between ankle and toes- and phalanges -small bones of
fingers and toes) joint is the initial joint involved. Joint involvement (in order of

decreasing fregquency) includes the metatarsophalangeal joint, the instep/forefoot,
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ankle, knee, wrist and fingers. Different interesting surveys and reports are published.
Women develop gout a an older age than men and have twice the prevalence of
hypertension, rena insufficiency and exposure to diuretics [82]. The onset of gout
before 30 years of age in men or before menopause in women is a typical one and
raises concern about an associated inherited enzyme defect or renal disease.

(©) Inter-critical Gout:

Following the recovery from acute gouty arthritis, the patient reenters an
asymptomatic phase of the disease. This phase isreferred to asinter-critical gout. It is
during this inter-critical phase, the physician should focus on secondary causes of
hyperuricemia. Medications should be assessed to identify those that may aggravate
the patient's condition (e.g., diuretics) and dietary education regarding purine-rich
foods (which contribute to higher serum uric acid levels) should be provided to the
patient at this time. The patient should also be counseled about limiting alcohol
consumption and gradually losing weight, if obese.

(d) Chronic Tophaceous Gout:

Tophi are chalky deposits of sodium urate that are large enough to be seen on
radiographs, may occur at virtually any site. The most common sites include the joints
of the hands or feet. The helix of the ear, the olecranon (point of elbow) bursa and the
Achilles tendon ( tendinous termination in to the heel bone) are classic, albeit less
common, locations for tophi. Articular tophaceous gout can result in a destructive
arthropathy and chronic secondary osteoarthritis. The duration of time between the
first gouty attack and recognizable tophaceous disease is highly variable and may
range from three to 42 years (mean: 11.6 years) [83]. The rate of urate deposition and,
consequently, the rate of tophi formation correlate with the duration and severity of

hyperuricemia [84]. Tophaceous disease is more likely to occur in patients having; a
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polyarticular presentation, a serum urate level higher than 9.0 mg / dI (535 pmol/l) at
ayounger age at disease onset, i.e., 40.5 years or younger [85].
Pathogenesis of Gout:

The biochemical hallmark and prerequisite of gout is hyperuricemia. The
concentration of uric acid in body fluidsis determined by the balance between rates of
production and elimination of urate. The development of hyperuricemia may be due
to an excessive rate of uric acid production, a decrease in the renal excretion of uric
acid, or acombination of both events.

Hyperuricemia and gout may be classified as a primary, a secondary, or an
idiopathic. Primary hyperuricemia or gout refers to those cases that appear to be
innate, that are neither secondary to another acquired disorder nor a subordinate
manifestation of an inborn error that leads initially to a major disease unlike gouit.
Secondary hyperuricemia or gout refers to those cases that develop in the course of
another disease or as a consegquence of drugs. Finaly, idiopathic hyperuricemia or

gout represents those cases in which a more precise classification cannot be assigned.

Tissue
nucleic acids

Over production J underexcretion
! ~—a -
Urate
Dietary -
pwrines

Endogenous
Purme synthesis

Hyperuricemia
Silent tigzue Gout Renal Agzzociated
deposition ) manifestations cardiovascular events

and mortality

Figure (2.3): The hyperuricemia cascade
The deposition of MSUM crystals in the tissues is the resultant of the raised
level of uric acid (urate) in blood and other body fluids, which is called

hyperuricemia. Hyperuricemia, as it is already referred quite frequently earlier in this
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discussion, is a serum urate concentration in excess of urate solubility (6.8 mg/dl)
[86]. The following figure (2.3) shows the cascade of hyperuricemia, and table (2.3)
presents the acquired causes of hyperuricemia.

From figure (2.3) one can notice that achieving hyperuricemia is a quite
complex process and there are diverse reasons and sources such as, dietary purines,
tissue nucleic acids, and endogenous purine synthesis. The over production of dietary
purines or under-excretion of endogenous purine synthesis leads to hyperuricemia
and, ultimately, leads to many disorders.

Purine Metabolism:

The role of purines in human diseases recognized with the observation that
uric acid, the end product of purine metabolism, was a component of some renal
caculi [66] and its salt MSUM was present in crystaline form in synovia fluid
during the acute attack of gouty arthritis [69].

It is interesting to understand the molecular structure of the parent purine
compound. The purine is composed of a six-member pyrimidine ring fused to the five

member imidazole ring.
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Figure (2.4): Originsof atoms of the purinering
The origins of individual atoms of the purine ring are as follows.: carbon atoms 4 and

5 and nitrogen atom 7 come from glycine [87-89], carbon atoms 2 and 8 come from

formate [89-90], carbon atom 6 comes from CO-, [88, 91], nitrogen atoms 3 and 9
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come from the amide nitrogen of glutamine [92-94], and finally, nitrogen atom 1

comes from aspartic acid [93]. These precursor-product relationships are shown in

figure (2.4).
Ribose—5—P + ATP
0|
5 —Phosphoribosyl—1—Pyrophosphate (PRPP).+ Glutamine
P 0! T
\““‘,‘?\' S—Phosphoribosyl—l—Amino"".ég,‘
$°°? Glycine - .A".,".‘.z';
& "%
i I/- Formate )
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Uric Acid
Figure (2.5): Purine metabolism: (1) Amidophosphoribosyltransferase;  (2)
hypoxanthine- guanine phosphoribosyl transferase; (3) PRPP synthetase (4) adenine
phosphoribosyltranferase (5) adenosine deminase (6) purine nucleoside phosphorylase

(7) 5'-nucleotidase; (8) xanthine oxidase (From: Seegmiller, J.E. et al.. Science 155
(1967) 1682.)

The purine metabolism and the production of uric acid is quite complex. This
has been presented in the flow chart of figure (2.5). The detailed discussion is avoided
in the present thesis; however, the elaborative discussion is available elsewhere [95].
In about two-third of daily purine load is generated endogenously form turnover of
cells, while one third is delivered from the diet.

Two different mammalian purine phosphoribosyltransferase (formly termed
rebonucleotied Pyrophosphorylases) have been identified: one is adenine
phosphoribosyltransferase (APRT) acting on 4(5)-amino-5(4)-imidazol ecarboxamide

AIC and adenine (Reaction-4 in figure (2.5)) [96, 97], and the other one is
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hypoxanthine-guanine phosphoribosyltransferase (HPRT) acting on hypoxanthine and
guanine (Reaction-2 Figure (2.5)) [98, 99].

Since purine nucleoside phosphorylase acts most readily on inosine and
guanosine [100], the major bases generated are very likely hypoxanthine and guanine.
Guanine is deaminated to xanthine by guanase as shown in figure (2.5). Hypoxanthine
is oxidized to xanthine by xanthine oxidase and then further oxidized to uric acid by
the same enzyme (Reation-8). It is the D-form of xanthine oxidase that is responsible
for the formation of uric acid as the final metabolic product in human purine
metabolism. The enzymes, which convert hypoxanthine to xanthine and, finaly,
xanthineto uric acid, are shown in figure (2.5) by Reaction-8.

Hypoxanthine + H,O + 2 O, DXanthine + 20 2 + 2H*

Hypoxanthine + H,O +O, [Xanthine+ H ,0;

Xanthine + H,O + 2 O, [Uric acid + 20 »- + 2H"

Xanthine + H,O +O, Uricacid + H 5,0,

The compounds, 0%, H,0,, and OHY are important mediators of inflammation and
tissue destruction.

Treatments and Preventions of Gout:

About 300 years ago, John Locke, a philosopher, proposed a diet, which was
low in meat and high in milk, dairy products and herbs as a means to prevent gout
[101, 102]. Purine rich food includes animal meats, sea foods and certain plants. By
contrast, dairy products, grains and their products, vegetables, fruits, nuts, sugars are
low in purines. There are several remedies based on plants such as cherries [103],
leaves of Lagerstroemia speciosa [104] and certain Northeastern North American
plants [105]. A very good editorial has been written recently, by A.G. Fam [106],

editor of the Journal of Rheumatology, entitled “Gout: Excess calories, purines and
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alcohol intake and beyond response to a urate lowering diet”. In this editorial he has
discussed critically all the aspects related to gout from the dietary habits, causes to the
prevention of gout. Isthat the gout is affecting to the gourmands who love rich food,
connoisseur of alcohol and sedentary life? A large debate is going on this. Nowadays
it is believed that if the attention is paid on to achieving a good diet and regular mild
exercise then it is helpful in gout and arthritis [107].

A large number of literatures are available on gout [97, 108-109]. The authors
deal with various aspects of gouts and how to tackle it. Hence the detailed discussion
is avoided here. However, the in vitro growth, characterization and growth inhibition
of gout, related MSUM crystals in different herbal extracts solutions will be discussed
in Chapter-VI. This inhibition study may be helpful to either prevent or cure the
MSUM induced gouty arthritis.

The therapeutic aims in the case of gout are, (1) to terminate the acute attack
as promptly as possible, (2) to prevent recurrences of acute gouty arthritis, (3) to
prevent or reserve complications of the disease resulting form deposition of sodium
urate and /or uric acid crystals in joints, kidneys, or other sites and (4) to prevent or
reverse associated features of the illness that are also deleterious such as obesity,
hypertriglyceridemia, or hypertention.

Treating gout is also a maor challenge. The four treatment options are
available for the acute gouty attack, which are NSAIDs, (Non-Steroida Anti-
Inflammatory Drugs), colchicine, corticosteroids and analgesics. Usually, NSAIDs are
the preferred therapy for the treatment of patients without complications.
Indomethacin (Indocin) was the first NSAID used for gout, but other NSAIDs,
including ibuprofen (Motrin), naproxen (Naprosyn), sulindac (Clinoril), piroxicam

(Feldene) and ketoprofen (Orudis), are aso effective in the treatment of acute gout
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[110]. The use of low-dose colchicine as prophylaxis for the prevention of gouty
arthritis was first described in 1936 by Cohen [111]. It is common practice among
rheumatol ogists to administer prophylactic or low-dose colchicine (from 0.6 mgto 1.2
mg) and at the same time urate-lowering drug therapy is initiated, but this regimen has
not been widely embraced by primary care physicians[112, 113].

After the gouty attack is treated and prophylactic therapy is initiated, the issue
of ongoing urate deposition should be addressed. A common practice is not to initiate
drug therapy aimed at lowering urate levels after the initial attack. Rather, most
clinicians prefer to aggressively correct or reverse sources of hyperuricemia in hopes
of lowering the serum urate level without the use of medication. Sulfinpyrazone
(Anturane), Probenecid (Benemid) and Allopurinol (Zyloprim) are well established
indications for the use of urate-lowering agents.

However, it is worthy to mention that colchicines has draw backs, which
includes slow on set of action, narrow ratio of benefit to toxicity and reduced
efficiency when used for more than 24 hrs. After the attack begins, conventional
NASAIDs exerts their anti-inflammatory effects mainly through inhibition of the
enzymes Clyclo-oxygenase, which catalyses the conversion of arachidonic acid to
pro-inflammatory prostaglandins particularly prostaglandin E,. Conventional NASIDs
inhibits both cyclo-oxygnase-1 (COX;) and cyclo-oxygenase-2 (COXy). Their anti-
inflammatory effects are largely due to suppression of COX,, and most adverse
effects, particularly gastrointestinal toxicity, results from inhibition of cyclo-
oxygenase-1 (COX1). New NASIDS such as celecoxib, refecoxib, valdecoxib, etc. are
highly COX,, selective [114]. Very recently, the prophylactic effect of highly selective
COX; inhibition in acute MSU crystal induced inflammation in the rat subcutaneous

(benesath the skin) air pouch has been reported by Nalbant et al [115].
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Nevertheless, the present authors has grown and characterized MSUM crystals
and studied the in vitro growth inhibition of the crystals in the presences of different
herbal extracts. Further, the collaborators have adopted, more-or-less, the same
technique as reported by Nalbant [115] to study the prophylactic use of these herbal
extracts on animals to find out the pre-clinical formulations. This has been reported
elsewhere [116]. The in vitro growth inhibition of MSUM crystals will be discussed
in chapter- VI.

2.2.3. Calcium Pyrophosphate Crystal-Associated Arthropathy:

With the use of skeletal radiography, it became apparent that articular
(pertaining to joints) cartilage calcification (chndrocalcinosis-CC) was a common
phenomenon occurring either alone or in association with arthritis. Clinical and
pathologic diversity was first emphasized by Mandl in 1927 [117]. The major
milestone was achieved to identify urate crystalsin gout, using compensated polarized
microscopy, by McCarty and Hollander [118] in 1961. Within a year McCarty and
colleagues [119] discovered the non-urate crystals, identified by X-ray diffraction as
calcium pyrophosphate dihydrate (CPPD) (CaP.O7- 2H20), in the knee fluids from
patients with acute synovitis (inflammation of synovial membrane) and CC. However,
the clinical similarity to gout prompted the term pseudogout. Cadaveric studies
subsequently established CPPD as the most common but not exclusive cause of knee
CC. However, CPPD is dso associated with the subacute and chronic arthritis. To
make this smple, McCarty [120] designated the total disease state associated with
CPPD crystal deposition as calcium pyrophosphate deposition disease (CPDD). The
term chondrocalcinosis is still widely used, athough it lacks the specificity of

nomenclature defined on the basis of crystal type. Pyrophosphate arthropathy (PA) is
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a nosologically attractive term that can be modified to define acute and chronic
disease manifestation [121]. The following definitions are used nowadays [122]:

Chondrocalcinosis — the calcification of articular fibro- or hyaline

(transparent) cartilage.

Pyrophosphate arthropathy — the structural cartilage and bone abnormality

(identical to osteoarthritissOA) associated with intra-articular CPPD

deposition.

Pseudogout - the clinical syndrome of acute synovitis associated with intra-

articular CPPD deposition.

The CPPD crystal deposition disease is usually idiopathic (spontaneous origin)
and presents as sporadic episodes in the majority of patients. There are rare familia
forms of the disease and its association with some metabolic disorders-such as
hyperparathyroidism (over action of the parathyroid glands with increase in serum
cacium level), haemochromatosis (a congenital error in iron metabolism with
increased iron deposition in tissues), hypercalcaemia (and perhaps other
hypercalcaemic states), diabetes mellitus (a condition characterized by
hyperglycaemia due to deficiency of insulin) and hypomagnesaemia (decreased
magnesium in the blood) [123, 124]. It has been noted that the treatment of
osteoarthritis (OA) of the knee with intra-articular injections of hyaluronic acid
preparations (such as Hylan GF-20) are associated with triggering of an acute attack
of pseudo gout [125].

The CPPD crystal associated disease is clinically heterogeneous and may

cause both an acute or chronic arthritis.
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Acute Synovitis (Pseudogout):

Generally, CPPD deposition disease presents early onset (<50 yrs) with acute
presentation. The kneeis by far the commonest site followed by wrist, shoulder, ankle
and elbow. A typical attack develops rapidly with severe pain, stiffness and swelling,
maximum within 6-24 hours of onset. Overlying erythema is common and
examination reveas a tender joint held in the loose pack position with signs of
marked synovitis. Acute attacks are usualy self-limiting and resolve within one to
three weeks. The most pseudogout episodes are devel oped spontaneously.

Chronic Pyrophospahte Arthropathy:

This common condition is generally belongs to elderly (<50 yrs) male and
female. Large and medium size joints are mainly affected, again the knee being most
common, followed by wrists, shoulders, elbows, hips and mid-tarsal joints. In hand,
the metacarpophalangeal joints, particularly the second and the third, are the most
common and most severely affected. Presentation is usually with chronic pain,
inactivity, stiffness, limitation of movement, and functional impairment. Affected

joints usualy reveal signs of OA (bony swelling, crepitus, restricted movement) with

Synovial lining
Joint space

Bone CPPD crystals

Cartilage
Cartilage

Meniscus (semilunar cartilage)

Synaovial lining membrane —J\\

Figure (2.6): (a) Normal Joints and (b) after deposition of CPPD crystals [126]

Bone
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varying degrees of synovitis. Typically, knees show bi or tri-compartmental disease
with marked or predominant patella (knee cap bone)-femora (thigh bone)
involvement.

Tophaceous CPPD deposition is very rare, but reported in intraor peri-
articular (surrounding joints) sites that include the elbow, finger joints, acromio-
clavicular joint (joint of summit of shoulder and collar bone) and hip. Most commonly
it arises at sites of chondroid metaplasis in subjects with no CC, elsewhere. CC is one
of a family of conditions associated with ectopic (mal-position of organ)
mineralization. This family also includes disorders of mineralization of bone, spinal
and other ligaments and vascular calcification. The key role of transport and
metabolism of inorganic pyrophosphate (PPi) in control of mineralization has the
likely explanation for the association of a variety of genetic variants with CC and
ectopic mineralization. Genetic study of CC has been reported by Zhang and Brown
[127] very recently.

Factors Affecting Etiology of CPDD:

There are several factors affecting the etiology of CPPD related disease or CC.
These factors are summarized as follows.

Ageing

Ageing is amajor predisposing factor to CC. The synovial fluid from normal
knees shows no increase in inorganic pyrophosphate (PPi) levels with age, therefore,
favoring age-related alterations in cartilage matrix poses as the principal cause [128].
Familial Predisposition

A primary cartilage abnormality (reduction in proteoglycan, increase in
phospholipid) is suggested by histological (microscopic study of tissues) studies of

Swedish and Japanese families [129, 130]. A generalized abnormality of PPi
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metabolism is reported in French and American kindred [131]. Genetic linkage to
chromosome 5p has been identified in one UK family [132]. It seems likely that
different mechanisms operate in different families, resulting in wide variations in
phenotypic expressions.
M etabolic Predisposition
The PPi metabolism has important role to play. Associations with metabolic disease
can be rationalized through effects on PPi metabolism as briefly mentioned in the
following points:
Reduced breakdown of PPi by alkaline phosphatase (enzyme) due to reduced
levels (or hypophosphatasia), presence of inhibitory ions (calcium, iron or
copper in hyperparathyroidism, haemochromatosis and Wilson's disease,
respectively) and impaired complexing with magnesium (hypomagnesaemia).
Enhanced nucleation of CPPD crystals by increased iron (haemochromatosis),
or copper (Wilson' s disease)
Increased PPi production through para-thyroid hormone (PTH) stimulation of
adenylate cyclase (hyperparathyroidism).
This has been discussed in detail by Wright and Doharty [133] el sewhere.
M echanisms of CPPD Crystal For mation
It is already discussed that the PPi metabolism is very crucia for the CPPD
crystals. This PPi is produced as a byproduct of multiple intra-cellular biosynthetic
reactions throughout the body [131]. Despite a very high turnover, both intra- and
extra-articular concentrations are maintained at, generaly, low levels by ubiquitous
pyrophosphatases which metabolize PPi  (complexed to magnesium) to

orthophosphates. Numerous biological roles for PPi are now recognized [128] and an
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important role in locomotors tissues (tissues used in movement) is modulation of

mineralization (principally apatite).

alkaling
phosphatase

a' nucleotidase
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Figure (2.7): Outline of main factorsrelating to extra cellular pyrophosphate
metabolism

By and large the source of extra-cellular PPi still remains uncertain. Since the
substrates for its formation are nucleoside triphosphates (NTP), virtualy all PPi
derived from NTP-dependent biosynthetic reactions. Probably, it originates extra-
cellularly as PPi, being a phosphate ester, cannot cross cell membranes. No active or
facilitative transport mechanism for PPi has been demonstrated at the cell surface,
although some NTP may reach the extra-cellular space during cell division and injury.
Severa cells, including chondrocytes, possess ecto-enzymes (NTP pyrophosphatase)
that convert leaked NTP to nucleosides and the extra-cellular PPi. The extra-cellular
PPi, complexed with magnesium, is then rapidly broken down to orthophosphate,
which crosses cell membranes by surface akaline phosphatase. An outline of the
main factors relating to extra-cellular pyrophosphate metabolism is shown in figure

(2.7). The extracellular ATP, a major substrate for PPi, has been confirmed in
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synovial fluid, with higher levels in pyrophosphate arthropathy than OA or
rheumatoid arthritis [131]. Chondrocytes appear to be the principal source of
increased intra-articular PPi.

Solute Excess (Ca2+ +PPi)

_a— Inhibitory factors

_a—"Nucleating factors

A" Growth promoting factors

' CPPD depaosition

& ' Tt dissolution

crystal 'shedding'

Figure (2.8): Factorsinfluencing the CPPD crystal formation

The CPPD formation appears to be restricted principally to fibro and hyaline
cartilages and less commonly to capsule or tendon. The factors likely to affect the
formation, growth and dissolution of CPPD crystals are outlined in figure (2.8).
Unlike urate crystals, they require exact physiochemical conditions for the formation
and the current knowledge is derived from the model systems and the following
generalities appear to be true. Many models have been proposed and most knowledge
derives from model systems employing gels (non-biological, gelatin or native

collagen gels). From these the general remarks can be made as follows [133].
In addition to the product, Ca2" x PPi, local magnesium concentration isimportant
and influences CPPD deposition by inhibiting nucleation and growth, and
enhancing dissolution. Orthophosphate, chondrotin sulphate, and proteoglycan are
inhibiting the nucleation and growth. With proteoglycan this effect depends on the

spatial arrangement of carboxylate ligands, which may operate via calcium
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binding or spatial regulation of Mg™*, phosphate or unidentified small molecular
weight promoters and inhibitors.

Conversely, nucleating and growth promoting factors include ions (Fe™ > Fe*?)
and seeded MSUM crystals. However, seeded apatite has little epitaxial effect but
it efficiently traps PPi leading to more stable CPPD growth. Moreover, a possible
promoting role of collagens and acidic phospholipids requires further study and
confirmations.

Formation CPPD crystal is slow, usualy, occurring via intermediate crystal
species, that transform in to the more triclinic.

Histological studies suggest that CPPD crystals form in peri-cellular sites,
principaly, in phospholipid-rich articular chondrocyte vesicles (akin to matrix
vesicles of immature cartilage) in the mid-zone of fibro- and hyaline cartilage [130].
A close association is reported with hypertrophic (increase in the size of tissue or
structures) or metaplastic chondrocytes, the surrounding matrix often being
proteoglycan depleted and degenerative. These findings support the importance of
tissue (soil) factors, implying that reduction of inhibitors (e.g. proteoglycan) and
increase in promoters (e.g. lipid) combine to co-promote CPPD crystal formation.
Conversely, elevation of synovia fluid PPi, consequent upon increased release and
breakdown of NTP from the hypertrophic metabolically active chondrocytes, favors a
seed component. The relative importance of these multiple factors will vary in
different clinical settings.

Concurrent deposition of CPPD and apatite crystals is common. This is
probably explained by epitaxial growth (one type of crystal seeding and growth of

another on its active surface) and the fact that modest increase in PPi concentration
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stimul ates apatite formation; although, paradoxically, very high concentrations of PPi
inhibit apatite formation and growth.

‘Crystal shedding’ is the mechanism which appears to explain the occurrence
of CPPD within synovial fluid [134]. Shedding occurs due to reduction in crystal size,
fissuring of cartilage, or aterations in cartilage matrix that facilitate crystal escape.
Direct evidence of shedding comes from reduction in radiographic CC during pseudo-
gout attacks and during follow-up of chronic pyrophosphate arthropathy patients
[135]. Shedding from cartilage deposits may expose previously protected, but now
naked (non-protein coated) crystals to soluble inflammatory mediators and cells,
thereby, triggering acute attacks.

Treatments:

The aims of management are identical to those for osteoarthritis, specifically,
(2) to educated the patient, (2) to reduce pain and stiffness and (3) to maintain or
improve function.

Management of Acute Pseudo-gout:

For the management of pseudo-gout, NSAIDs may be helpful to reduce
symptoms but should be used with caution in elderly and medicaly unfit patients;
simple analgesics are often adequate. Ora colchicine is also effective but rarely
required.

Chronic Pyrophosphate Arthropathy:

Unlike gout, there is no specific therapy. Simple analgesics and topical
NSAIDs are safe and often effective and they should be tried first; moreover,
combined analgesics and oral NSAIDs may be more effective but their use is limited
by side-effects. Intra-articular steroid injection may temporarily improve symptoms.

Intra-articular radio-colloid may be considered in patients with troublesome knee or
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shoulder synovitis who show definite but temporary improvement following steroid
injection; however, the benefit may last months rather than just weeks. Patients with
progressive or destructive large joint arthropathy appear to derive benefit from
surgery equal to the patients with uncomplicated OA.

Several attempts have been made to study the dissolution of CPPD crystals,
which are very important to design various drugs to dissolve crystals. Shinozaki and
K.P. Pritzker [136] reported that polyamines enhanced CPPD crystal dissolution.
They found that akaline phosphatase (ALP), an enzyme, with pyrophosphatase
actively dissolved CPPD crystals. Earlier, Xu et a. [137] already studied the effect of
pyrophosphatase on dissolution of CPPD crystals. In comparatively recent study, Cini
et a. [138] have reported dissolution of calcium pyrophosphate crystals by
polyphosphates in vitro and ex vivo study. Linear potassium triphosphate, cylic
trisodium metaphosphate and polymeric sodium exhibited ability to dissolve synthetic
CPPD and crystalline aggregates of menisci from patients with CC. They concluded
that polyphosphates were effective in dissolving CPPD. However, no major work is
reported on dissolving CPPD crystals using herbal extrects.

There is good number of review articles and monograms on CPPD induced
arthropathies. Update on pathogenesis, clinical features and therapy for CPPD
induced arthropathies are reported by Hang-Korng and Liote [139]. An overview on
crystal induced arthritis by Gupta [9] includes detailed accounts of CPPD induced
arthritis. Wheeless textbook on orthopaedics [140], the Merck manual [141] and
crystal related arthropathies [133] also deal with CPPD induced arthropathy in detail.

In the present study, the calcium pyrophosphate (CPP) crystals have been
grown by using the single diffusion gel growth technique and characterized by various

techniques. Several herbal extracts were used to study the inhibitive effect on the
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growth of CPP crystals. This will be discussed in Chapter-VIl. The author, hereby,
focuses on the other crystal related ailment in the following part of this chapter, which
are the urinary stone problems.

23  Urinary Stone Problems:

The urinary stones, usually known as rena calculi, kidney stones,
nephrolithiasis, urolithiasis, concentration or concernments, are solid masses of
sediments formed in some part of the urinary tract. The urinary calculi are among the
oldest afflictions of man [10] and even of animals [142]. A first bladder stone was
found in an Egyptian mummy, which was first reported by Elliot [143]. The mummy
was of sixteen-year-old boy who probably lived seven thousand years ago. In India,
the earliest Sanskrit documents like the Vedas, the Puradas and the Samhitas also
described urinary stone and their remedies [144]. The Charak Samhitd contains
sufficient but scattered matter pertaining to anatomy, physiology and pathology of
Mutrava ha a°mari as well as the diagnosis and treatment of its disorders. The
Susruta Samhité is the pioneer text in surgery and it contains more descriptive
explanations as far as the anatomy and physiology of Mutrava ha a’mari is
concerned. The A°amari Nidana chapter provides a scientific description.

Nowadays, urinary calculi are common in al regions of the world, and the
occurrence in some areas is so alarming that they are known as “stone belts’” [145].
There are many areas of high incidence of urinary calculi which include British Isles,
Scandinavian countries, Northern Australia, central Europe, northern India, Pakistan
and Mediterranean countries [10]. Saurashtra region of Gujarat state has higher
prevalence of urinary stones.

Calcium stones are the most common comprising of 75% of all urinary stones

and majority of them are of calcium oxalate monohydrate (COM or whwellite) or
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calcium oxalate dihydrate (COD or weddelite). Generally, urinary stones are formed
as pure calcium oxalate (50%) and pure calcium phosphate (5%), or as mixtures of
calcium oxalate and calcium phosphate (45%). Usually, oxalate, phosphate, uric acid

and urate crystals are found in urinary stones [10], which are compiled in Table (4).

Table (2.4)
The crystalline components of urinary stone [10]
Compounds Mineralogic Formula
Name
Oxalates Calcium Oxalate Monohydrate Whewellite CaC,04 HO
Calcium Oxalate Dihydrate Weddellite CaC,04 2H,0
Phosphates | Hydroxyapatite Hydroxyapatite | Cayo(PO4)s(OH)-
Calcium Hydrogen Phosphate | Brushite CaHPO;s- 2H,0
Dihydrate
Tricalcium Phosphate Whitlockite Cas(POy),
Magnesium Ammonium | Struvite MgNH4PO,- 6H,0O
Phosphate Hexahydrate
Magnesium Hydrogen Phosphate | Newberyite MgHPO,- 3H,O
Trihydrate
Carbonate Apatite Carbonate apatite | Cauo(PO4,CO3,0H)e
(OH)2
Octacal cium Phosphate - CayH(PO4)3- 2.5 H,0
Uric Acid | Uric Acid Anhydrous - CsH4N4O3
Uric Acid Dihydrate - CsHsN4O3- 2H,0
Urates Ammonium Acid Urate - CsH3N4O3NH4
Sodium Acid Urate Monohydrate CsHsN4OsNa: H,O

2.3.1 Etiology of Uralithiasis:
Many investigators tried to understand the causes of stone formation.
Generally, the etiology or aetiology ( study of causes of disease) of urinary stones is

categorized as follows [10]:
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(1) Age (2) Genetic disorder, (3) Occupation, (4) Climate, (5 Metabolic
disturbances, (6) Presence of infections, (7) Dietary Patterns, and (8) Amounts of
water consumed.

The age and sex of the patientsis found to be important in the stone formation.
As per one study, the peak incidence of urinary calculi occursin the twenties to forties
[146-149]. Several disorders that cause renal stones are hereditary. Familia renal
tubular acidosis (RTA) is associated with nephrolithiasis and nephrocalcinosis in
almost 70% of patients [150].

Water intake and dietary patterns also play an important role in formation of
urinary stones. Water diuresis reduces the average time of residence of free crystal,
particles in urine and dilutes the components of urine that may crystallize. Finlayson
[145] conclude that the dilution effects of water diuresis out-weigh the changesinion
activity and, therefore, do help to prevent stone formation. Sierakowski et al. [151]
state that excessive water hardness causes a greater incidence of stone disease.
Dietary intake of various foods and fluids that result in greater urinary excretion of
substance that produce stones has a significant effect on the incidence of urinary
caculi. Ingestion of excessive amounts of purines [152], oxalates [153], calcium
phosphate and other elements often results in excessive excretion of these components
in urine. This is ultimately expected to affect the probability of incidence of urinary
calculi.

2.3.2 Theoriesof Growth of Urinary Calculi:

In general, stone formation requires supersaturated urine. Super-saturation
depends on urinary pH, ionic strength, solute concentration and complexation. lonic
strength is determined primarily by the relative concentration of mono-valent ions. As

ionic strength increases, the activity coefficient decreases. The activity coefficient

Brief Review on Bio-crystallization Induced Ailments



Chapter-11...51

indicates the availability of a particular ion. The greater the concentration of two ions,
the more likely they are to precipitate. Low ion concentrations result in under-
saturation and increased solubility. Other factors also play major roles in the
development of wurinary calculi, which includes complexation. Complexation
influences the availability of specific ions. Crystal formation is modified by a variety
of other substances found in the urinary tract including magnesium, citrate,
pyrophosphate and a variety of trace metals. These may act at the active crystal
growth sites or as inhibitors in solution. The nucleation theory suggests that urinary
stones originate from crystals or foreign bodies immersed in supersaturated urine.
This theory has some drawbacks. Stones do not always form in patients who are
hyper-excretors or who are at risk for dehydration.

While, the crystal inhibitor theory proposes that calculi form due to the
absence or low concentration of natural stone inhibitors including magnesium, citrate,
pyrophosphate, glycoprotein and a variety of trace metals. This theory, however, does
not have absolute validity since many people lacking such inhibitors may never form
stones and others with abundance of inhibitors may, paradoxically, form them.

Broadly speaking, multiple steps are involved in crystal formation, including
nucleation, growth and aggregation. Nucleation initiates the stone process and may be
induced by a variety of substances including proteinaceous matrix, crystals, foreign
bodies and other particulate tissues. This Heterogeneous nucleation requires less
energy and may occur in less saturated urine, which is a common theme in stone
formation. A crystal of one type, thereby, serves as a nidus for the nucleation of other
types with asimilar crystal lattice [154].

An attractive theory for the origin of primary renal calculi was proposed by

Randall [155]. Randall's plaque theory is based upon a submucosal lesion (below
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mucous membrane) of unknown nature in the renal papillathat is exposed to urine by
erosion of the overlying epithelium, urinary salts are deposited on the resultant plaque
and augmented by accretion. The deposit eventually breaks away as a free calculus.
Such a calculus has a definite indentation where it has grown, as if molded over the
papilla. A small, shallow, rough depression near the center of the indentation isindeed
often seen and is the point of attachment according to Randall's theory.

In normal urine, the concentration of calcium oxalate is four times higher than
its solubility. Low urinary volumes, high rates of calcium oxalate, phosphate or urate
excretion and low citrate and magnesium excretion all increase calcium oxal ate super-
saturation. Ones calcium oxalate concentration becomes more than the critical super-
saturation, K, the crystallization takes place. Because of inhibitors and other
molecules, calcium oxalate precipitation in urine occurs only when its super-
saturation is seven to eleven times its solubility. The process, where nuclei form in
pure solution, is known as homogeneous nucleation. The crystals grow further on
these nuclei. Thiswill be discussed in somewhat details in Chapter- VIII.

Another concept developed to understand the genesis of urinary calculi is of
aggregation. Crystal nuclei can not grow large enough to attach to and occlude rena
tubular lumens within the five to seven minutes, that it takes them to pass through
tubules and enter the renal pelvis. Nevertheless, they can aggregate into large lumps
within a minute [156]. Therefore, the crystal growth alone cannot explain clinical
stone diseases, a combination of growth and aggregation both are needed.
Magnesium and citrate are expected to inhibit crystal aggregation. Nephrocalcin, an
acidic glycoprotein of rena origin, aso inhibits calcium oxalate nucleation, growth
and aggregation [157, 158]. Interference with crystal growth and aggregation is a

major therapeutic strategy for the prevention of recurrent stone disease.
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However, the standard laws of the physical chemistry of crystallization can
explain the occurrence of crystals in a static solution. But normal urine is not a static
solution, it flows continuously and new solutes are added and subtracted from the
solution. The point of greatest super-saturation is usually the renal papilla[159]. The
lumen of the nephron at the level of collecting duct is 50 to 200 im. A newly formed
crystal within nephron needs time from ninety to fifteen hundred minutes to grow to a
diameter of 200 im at levels of conventional urinary super-saturation. Although,
crystal aggregation can result in urinary microliths large enough to occlude collecting
ducts, in many cases, this mechanism is not enough to explain the genesis of rena
calculi. Thus, factors must exist that causes crystals to remain within the kidney. If a
crystal mass is lodged in a rena papilla or tubul, it is no longer allowed to move
through the system. Thus, if a crystal is retained in a kidney, growth can occur for
long periods of time whenever urinary super-saturation or aggregation of new crystals
occurs. It has been found that many kidney stones have a layered structure, which
suggests intermittent growth during the periods of super-saturations. There are many
theories of crystal growth and still new theories are being proposed. The present
author deals with the growth inhibition of urinary type only calcium hydrogen
phosphate dihydrate CHPD) crystals by weak organic acids, i.e., citric acid and
tartaric acid, which are found in many fruits and natural food products. This study is
carried out on the macro size and micro size CHPD crystals to further augment the
inhibition theory in the in vitro conditions, which is discussed in detail in Chapter-
VIII.

In general, the theories of uralithiasis are as follows; (1) Nucleation theory,

(2) Crystal inhibition theory, (3) Epitaxy, heterogeneous nucleation theory,
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(4) Mass precipitation theory (Intera-nephronic calculosis), (5) Fixed particle
hypothesis, (6) Randall’ s theory, and (7) Carr's hypothesis.

Altogether, five common basis of etiology of urinary stones are mentioned as
follows:

(1)Super-saturation / Crystallization theory, (2) The matrix nucleation theory, (3)
Inhibitor absence theory, (4) Epitaxy, and (5) Combination of super-saturation and
inhibitor absence theory.

2.3.3 Inhibitorsand Promotersof Urinary Calculi:

Urine is having several substances that change or modify crystal formation
[160-163]. These can further be divided into inhibitors, complexers and promoters.
Urinary inhibitors attach to growth sites on crystals, retarding further growth and
aggregation.Urinary inhibitors can be organic or inorganic.

In urine, inhibitors have been identified for the calcium phosphate and calcium
oxalate crystal systems, but not the urate systems. Magnesium citrate, pyrophosphate
and nephrocalcin make up the most of the inhibitors for the calcium phosphate crystal
system [164].

Inhibitors of calcium oxalate crystal formation present in urine include citrate,
pyrophosphate, glycosaminoglycans, RNA fragments and nephrocalcin, with much of
the inhibition is exhibited from large molecular weight compounds [163, 165].

Two urinary glycoproteins, namely, nephrocalcin and Tamm-Horsfall
glycoprotein are potent inhibitors of calcium oxalate monohydrate crystal aggregation
[158]. Another important inhibitor of calcium oxalate crystal growth present in urine

is uropontin [166]. These substances are listed in table (2.5).
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Table (2.5)

Inhibitorsof Crystallization

lonic: Low molecular weight, macromolecules.

Magnesium: Tamm Horsfall, glycoprotein, citrate, glycosaminoglycans,
phosphocitrate, Nephrocalcin pyrophosphate, Uropontin
(Osteopontin), Tartrate Bikunin (Inter inhibitor of tripsin),

Calgranulin, (Calprotectin), Urinary prothrombin fragment- 1.

Certain substances that form soluble complexes with the lattice ions of
specific crystals, such as, calcium oxalate, decrease the free ion activity of that ion
and effectively decrease the state of saturation for that ion system. Citrate is known to
be the most potent complexor of calcium and gives its maximum effect at a pH of 6.5.
In the calcium oxalate system magnesium forms soluble complexes with oxalate by
complexation. This way, both citrate and magnesium act not only as inhibitors, but
also as complexors [167-170].

A third type of substance act as a promoter of crystal formation. Sometimes, a
substance may promote one stage of crystal formation such as growth and inhibit
another stage such as aggregation. For example glycosaminoglaycans promote crystal
nucleation but inhibit crystal aggregation and growth [171]. The effect of different
additive solutions and fruit juices as an inhibitor or promoter in urinary crystal growth
system will be discussed in detail section 8.3 of Chapter -VIII.

2.3.4 Calcium Phosphate Stone For mation:
The metabolism of calcium oxalate, brushite and struvite stone formation is

discussed in detail by Menon et a [10]. Inasmuch as the present author deals with the
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growth and inhibition of macro size and micro size CHPD crystals in this thesis, the

discussion on metabolism of other stones except the phosphate stones is avoided.

Calcium phosphate stones occur only when the chemical pressure of

respective ions for crystallization is quite high and hence, generally, seen in active

stone disease [172]. Calcium phosphate stones mainly occur due to the renal tubular

acidosis (RTA), hyperparathyroidism (HPT), hypercalcuria, hyperphosphaturia,

hypocitraturia, urinary tract infection, urinary tract dysfunctions [173].

The RTA is a clinical syndrome that results from specific defects in rena

tubular H" secretion and urinary acidification. If the kidneys lose some of their ability

to lower urinary pH, the resulting higher pH increases the divalent and trivalent forms

of phosphate, which raises calcium phosphate super-saturation [174].
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Figure (2.9): Pathophysiologic mechanismsfor Type-l RTA (Distal) and

metabolic abnor malities that produce the clinical syndromes seen

inrenal tubular acidosis.
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Three major type of RTA are currently recognized; (1) Type-l RTA (Distal), (2)
Type-ll RTA (Proxima RTA) and (3) type-111 RTA. Carunana and Buckalew [175]
have reported that up to 70% of adults with distal RTA (Type-l) had urinary stones.
Figure (2.9) shows the physiologic basis for the features seen in patients with distal
RTA (Type-l).

Stone formation is the result of hypercalciuria, hypocitraturia and increased
urinary pH. Hypercalciuria is the result of the effects of systemic acidosis on bone
demineralization and secondary hyperparathyroidism as a result of decreased
production of 1, 25-dihydroxyvitamin Ds. Hypocitraturia results from a primary
defect in renal tubular citrate transport, again, that is the result of metabolic acidosis.
Urinary citrate levels may be less than 50 mg per 24 hours in the presence of systemic
acidosis [176]. Systemic acidosis increases trans-mitochondrial citrate transport and
mitochondrial citrate metabolism [177]. Hypocitraturiais probably the most important
metabolic factor for stone formation in patients with type- | RTA.

Table (2.6)

Causes of hypocitraturic calcium nephrolithiasis

Distal renal tubular acidosis
Complete
Incomplete
Chronic diarheal syndrome
Thiazide-induced hypocitraturia
Idiopathic
Diet high in animal protein
Strenuous physical exercise
High sodium intake
Active urinary Tract infection
Intestinal mal-absorption of citrate
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Hypocitraturia has been reported in 15% to 63% of patients with
nephrolithiasis [148, 178]. In about 10% of patients, hypocitraturia exists as an
isolated anomaly; in the rest it coexists with other metabolic abnormalities[178, 179].
Scott et al [180] have reported the role of citric acid in urolithiasis but much of the
understanding about hypocitraturic calcium nephrolithiasis comes from the work of
Pak and colleagues [148, 181 and 182]. Causes of hypocitraturic calcium
nephrolithiasis are outlined in Table (2.6). Acidosis is probably the most important
etiology factor in hypocitraturia.

The primary mechanism of action of citrate is as a complexing agent for
cacium. Calcium citrate complexes are considerably more soluble than calcium
oxalate or calcium phosphate. In addition, citrate inhibits the spontaneous nucleation,
growth and aggregation of calcium oxalate as well as calcium phosphate crystals
[183, 184] Tiselius and colleagues [185] demonstrated the physiologic concentrations
of citrate inhibited calcium oxalate monohydrate sedimentation and aggregation.

The development of stonesin the urinary tract is a complex, poorly understood
multi-factorial process. A number of chemical and physical factors are known to play
their roles. Severa attempts have been made later on in the present millennium to
study the crystallization of calcium oxalate and other urinary systems in vitro with
help of thermodynamics and computer modeling. Thermodynamic modeling has been
given by Konigsberger and Konigsberger [186] of various crystal depositions in
human. The same authors have suggested through the computer simulation that a
large consumption of pure water is not helpful for the treatment of calcium oxalate
monohydrate (COM) crystals, because it does not significantly reduce the super-
saturation of COM in urine. A relatively high intake of fluid containing complexing

agent, such as magnesium, would be a better choice for reduction of super-saturation.
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In another study, the effect of seed crystals of hydroxyapatite and brushite on the
crystalization of calcium oxalate in undiluted human urine in vitro is reported by
Grover et a [187] in terms of implications for urinary stone pathogenesis.
Prothrombin is precursor of thrombin formed in liver. Effect of prothrombin and its
activation fragments on calcium oxalate crystal growth and aggregation in undiluted
human urinein vitro has been reported by Grover and Ryall [188] by keeping in view
the relationship between protein structure and its inhibitory activity.

Moreover, the role of so-called nano-bacteria has been explored in the
formation of urinary stones. Some nano-bacteria were found in kidney stones and
have been claimed to induce calcification in urine that eventually lead to urolithiasis.
[189]. A new method is proposed by Aoki and Y okoyama [190] of using a bacterium
for dissolution of urinary stones.

As mentioned earlier the effect of as an inhibitor on urinary crystal growth
will be discussed in section 8.3 of Chapter -VIII.

Several authors have written detailed reviews on the etiology, epidemiology,
congtitutions, theories, therapies, medical managements and metabolic factors of
urinary stones. The predecessors of the present author [191, 192] have written detailed
reviews on urolithiasis, therefore, it is avoided in greater details in the present thesis.

Also they have dedicated their thesis on growth inhibition studies.
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Chapter 111

Crystal Growth and M ethodologies

3.1 Introduction:
Ahh, finally | made it, critical size,
Surface energy no longer a barrier
Being outside the spinodal, Arrhenius lent me a hand
Against probability I've made it this far.
Collecting from around me | will expand
Sarting for that lowest free energy
Aslong as | stay ahead of my curve, above average
| will survive. My brothers around me will savage

Itisagrain eatsgrain crystal.

-Jennifer Mc Keehan (2002)
Systematic study of the growth and properties of crystals is covered under the
subject crystal growth. The growth of crystals occurs either in nature or artificially in
a laboratory. The Mother Nature grows a variety of crystals in the crust of Earth,
which are the natura mineral crystals. However, the demand of the modern day
science and technology has tempted scientists to synthesize and grow several new
varieties of crystals. This has brought the field of crystal growth into the lime light.

As aresult the congeries of crystalsis ever expanding day by day.
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3.2 Basic Theoriesand Developments:

Crystal growth has been long cherished for the fascinating observations, where
the atomic nature of matter clearly shows itself. It has been realized that the subject
can be divided into two parts: (1) the study of the equilibrium between the crystal and
surrounding medium and (2) the study of the kinetics of growth.

The Kossel model [1] is helpful to understand the basic theories of crystal
growth. In figure (3.1a), a low index face of a perfect (001) face of crystal at the
absolute zero temperature, at which no thermal vibrations of component molecules

are available, is shown.

Figure (3.1a) Figure (3.1b)
Figure (3.1): (a) Step on a perfect crystalline surface, (b) Step with kinks and

vacancies

This represents the profile of a completely flat surface partially covered by
another layer. The boundary line, where there is a difference of level equal to an inter-
molecular spacing between the two sides of the line, is called a step on the crystal
surface. If a crystal is in stable equilibrium with its vapor, which is neither super-
saturated nor under-saturated, then a step in equilibrium in the crystal surface will
exhibit a constant mean direction h, inclined at an angle & to the principal direction
given by the following expression,

taneé=n. n
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Where, n, and n. are the numbers of kinks of opposite sign per atom spacing. The
potential energy considerations suggest that at absolute zero temperature, a step will
tend to remain as straight as possible.

As the temperature increases from absolute zero, the component molecules
will start vibrating relative to one another. As the temperature increases the vibrations
become progressively stronger. Now the scenario changes, some molecules will be
able to overcome the energy that binds them to the crystal and will jump in the space
surrounding it. In this manner, a certain vapor concentration, which is the average
number of vapor molecules per unit volume, will occur in contact with the crystal
surface. With comparison to the other molecules, the molecules positioned at the kink
are more prone to depart from the crystal and vaporize. The molecules at the kinks are
bound by three molecules. Moreover, the molecules on the straight portions of the
step are bound by four molecules and those on the flat portions of the surface by five.
The energy required for a molecule to leave the kink position such as A in figure
(3.1b) is equal to the evaporation energy W. Here two different processes will occur
simultaneously; in one process some molecules will be leaving the crystal and in the
other one the molecules will be arriving at the crystal from the vapor. Equilibrium is
reached when the rates of these two processes are equal. Now, the surface will ook
like as shown in figure (3.1b).

One can notice the changes in the surface easily by comparing the figures
(3.18) and (3.1b). The two main changes are noticeable; which are (1) the step has
acquired a number of kinks such as A and (2) a small number of molecules have been
adsorbed on the crystal surface and on the step, indicated as B in the figure (3.1b), and
also a similar number of surface vacancies C, a small number of pairs of adsorbed

molecules D or pairs of vacancies have been created.

Crystal Growth and Methodologies



Chapter-111...75

The mean distance x, between the kinks is estimated in terms of the inter-
atomic distance, a, by
X =Y [exp(u/kT)+ 2] O%al[exp(u/kT)]
Now, introducing the nearest neighbor interaction as, O, which is related to the
evaporation energy, W, by the expression as follows
O=16W)
Therefore, the mean distance X, can be obtained as
X = Yoexp [O/ 2KT]

It was first realized by Volmer [2] in 1922 that the adsorbed molecules diffuse
with considerable ease over the crystal surfaces. The process of growth of a crystal
surfaces with steps is the result of mainly three processes;, (1) a transport of
molecules from the vapor to the adsorbed layer, (2) the diffusion of the adsorbed
molecules towards the steps and (3) the diffusion of adsorbed molecules along the
edge of the steps towards kinks. This process is shown in Figure (3.1b).

The proportion ns of the surface sites covered by adsorbed molecules has been
given by Burton, Cabrera and Frank [3] approximately as,

Nns = exp [-Ws/ KT]
Where W is the energy of evaporation from the kinks on to the surface, that is, the
energy required to transfer a molecule from a site A to site B in figure (3.1b), which
was estimated to be about 2 W.

The mean displacement xs of adsorbed molecules, which is the average
distance a molecule would wander on the crystal surface between the time it hits the
surface and the time it evaporates again is given by Burton, Cabrera and Frank [3] as

x—aexp{ (Ws—Us)/ 2k T}

Crystal Growth and Methodologies



Chapter-111...76

where Us is the activation energy for surface diffusion, that is, migration from one
surface site to another, and this has been estimated to be of the order of 1/20; W’s is
the evaporation energy from the surface to the vapor and is given by, Ws =3 O, that
is, half the total evaporation energy W. One can further neglect Us and estimate that xs
Oaexp (30 /2KT), which is of the order of 4 x 10%a for the typical valuesof O/ kT
[J4. This indicates that xs>>a, therefore, the molecules diffuse considerable distance
before evaporating. This leads to conclude that the direct arrival of molecules from
vapor at any particular point on a crystal surface is, generally, small as compared with
the rate of indirect arrival through the surface migration.

Nevertheless, the concept of minimum total surface free energy is also
important in crystal growth. Gibbs [4] in 1878 developed a consistent
phenomenological treatment (thermodynamic treatment) of the equilibrium problem,
which is still essential as an introduction to the study of crystal growth. Gibbs made
use of the analogy of liquid drops, and applied it to the conditions governing the
growth of water droplets in a mist to the growth of a crystal. The free energy, which
resides on the surface separating the two phases, retards the formation of the second
phase in the first. The condition for the stability of an isolated drop of aliquid is that
its surface free energy, and hence its area, minimum. Altogether, in a similar manner
for a crystal in equilibrium with its surrounding at constant temperature and pressure,
this condition implies that the Gibbs free energy is the minimum for a given volume.
Considering the volume free energy per unit volume as constant through out the
crystal, one gets the condition,

O G Fi = minimum, (Wherei = 1,2,....n)
Where, 6; is the surface free energy per unit area of the i" face of area F; on a crystal

bounded by n faces. Therefore, those faces will develop which leads to a minimum
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total surface free energy for a given volume. In a drop of liquid the atoms or
molecules are randomly arranged, in contrast to this in a crystal the structural units
are arrange in a regular way in three dimensions as per the prevailing symmetries.
Curie [5] in 1878 calculated the shapes and end form of crystals in equilibrium with
solution or vapor, which was consistent with the condition that the free energy must
be a minimum for a given volume. Later on, Wulff [6] extended this theory and
showed that Gibbs equilibrium shape of crystal was related to the relative surface free
energies of the faces in a very ssimple manner.

It was thought that on perfect crystal faces steps could be created by the
thermodynamic fluctuations in much similar way as the kinks are formed on a step.
However, in the earlier theoretical considerations the problem was to start the
nucleation on the perfect crystal face. Gibbs [4] considered that before a new layer
can grow, atwo dimensional nucleus or island monolayer, probably of 100 molecular
diameters, has to be formed and on the edges of which the growth can proceed. Once
such type of layer is formed, it spreads quickly across the whole face and the process
of growth is held until a new nucleus is formed. This has been described in Figure

(3.2).

Figure 3.2: Surface with island monolayer
The problem of nucleating an island monolayer on a closed-packed crystal surface is

analogous to the nucleation of a water droplet as mentioned earlier. For a given
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degree of super-saturation, there a critical radius fi; of the nucleus of circular nature
such that a nucleus of radius greater than i, will grow and if less it will evaporate.
This is due to the line energy of the step of isand monolayer causes a local
equilibrium vapor pressure, which is inversely proportional to its radius of curvature.
In the case of circular nucleus of radius i, the free energy is,
F=-8if°+ 256

Where © is the free energy gained per unit area when an adsorbed molecule becomes
attached to the nucleus, and ¢ is the free energy per unit length of the step at boundary
of the nucleus. From this expression one finds interesting behavior, initialy, as i
increases from zero, the F also increases until it reaches a maximum value of F, for
. = f; thereafter, it decreases with increasing .

Burton, Cabrera and Frank [3] have re-examined the shape of the nucleus.
Their arduous analysis shows that the nucleus is, ipso-facto, not circular but varying
in the shape and hence the free energy per unit length of the edge changes with the
crystallographic directions. In more general manner, fi; can be regarded to be the
radius of circumscribing circle to the critica nucleus. The rate of the formation of
nuclei is given by,

Z=(S/s)exp(-Fo/kT)

Where, Z gives the rate of arrival of fresh molecules at single surface lattice site, S
is the surface area of the crystal face under consideration and s, is the area per
molecule in the layer. Usudly, Z cannot exceed 10 ** sec’ even in a dense
environment, however, the pre-exponential factor is about 10 %%, For the observable
growth rate on the time scale of a laboratory experiments, for example, 102 layers per
second or one micron per month, it follows that the logarithm of saturation ratio, log

4, must be at least (O / k )90, where O isthe binding energy of nearest neighbor,
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with typical value of O / k T requires a super-saturation of at least 25 to 50 percent.
Therefore, the nucleation rate is very sensitive function of super-saturation. It isworth
noting that above this critical super-saturation, the growth process is not limited by
nucleation but below this critical super-saturation, the probability of nucleation would
diminish to the negligible value.

The effect of presence of impurities on the nucleation rate has been reported
by many researchers. Turnbull [7] proposed that the free energy of formation of a
critical nucleus can by catalyzed by a suitable surface in contact with the nucleus.
Nucleation catalysts or nucleates may be solid particles suspended in liquid, the
surface of the container or a solid surface. This process of nucleation is known as
heter ogeneous nucleation. In heterogeneous nucleation, the reaction may be the direct
exchange of monomers between the parent phase and embryo, that is, a cluster of
molecules, or through the surface, which is normaly known as substrate. The
theories of heterogeneous nucleation are developed well by many authors and edited
by Zettlemoyer [8]. Moreover, in highly polar molecules, the dipole-dipole interaction
is expected to play a prominent role in modifying the surface free energy of micro-
cluster at the critical stage. In order to determine the effect of dipole-dipole interaction
on the surface free energy, a model was proposed by Abraham. [9] This has been
discussed for various shapes of nucleation.

One of the major drawbacks of early nucleation theories is that once the
kinked ledge receives sufficient ad-atoms to move it to the edge of the crystal, it can
no longer work as a low energy nucleation site. Now, the generation of a new ledge
reguires an adsorption on aflat surface, for which the estimated super-saturation is of
the order of 50%. But in 1931 Volmer and Schultze [10] found astonishing results,

while studying the growth rate of individual iodine crystals at slightly supersaturated
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vapor a 0° C. They found that the growth rate was proportional to the super-
saturation down to 1%. Only below this degree of super-saturation did it fall below
proportionality and that also not abruptly.

New experimental evidences made earlier theory apocryphal; an attempt was
made by Frank [11] and Burton [12] to propose a new concept by considering
dislocations. A screw dislocation emerging on the face of a crystal provides it with a
step. This step, containing kinks, offers a mechanism for growth of crystals at low
super-saturations. When the atoms are adsorbed on the crystal surfaces they diffuse to
the step and finally to the kinks and thus the step advances. The step provided by the
screw dislocation, terminates at the dislocation point, where it remains fixed. Hence,
when growth takes place, the step can advance only by rotating around dislocation
point. At particular super-saturation each point on a straight step will advance with the
same speed, therefore, the section of the step near the dislocation will have higher
angular velocity for the same linear velocity and consequently make a larger number
of revolutions in a given time than the section farther away. Actually, for the portion
of the step near the centre, having higher curvature, there will be higher equilibrium
vapor pressure and therefore a lower local super-saturation, hence the rate of advance
is bit dower. When steady state has been reached, the whole spira will rotate
uniformly about dislocation. This has been described in figure (3.3). Varma has given

adetailed account of the various growth spirals and their significances [13].

(@) (b) (c)

Figure (3.3): Growth spirals
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A theory of crystal growth, incorporating the mechanism of step generation
and transport into the step, was given by Burton, Cabrera and Frank (BCF) [3] in
1951, in their celebrated paper. This theory has gained importance because much of
the content will apply to any theory of crystal growth. Varma has elaborated great
significances of Kossel- Transki- Volmer theory and BCF theory in his well
appreciated book [13]. This BCF theory was originally proposed for growth from the
vapor phase but its applicability to solution growth has been strongly advocated by
Bennema and Gilmer [14].

Numerous other theories and models have been developed not only for the
vapor growth but solution growth and melt growth aso [15, 16, and 17]. Many
models are based on Monte Carlo simulations [18]. Derby [19] has recently given
minute details of the present challenges of the crystal growth models. According to
him the requirements are that one needs more realistically represent the many
important interactions in crystal growth systems, models must be capable of
describing detailed system geometry and design , three dimensional and transient
continuum transport, phase change phenomenon, and, ultimately, atomistic events.
Altogether, Neugebauer [20] high lighted the challenges in the accurate simulations
on crystal growth. According to his views, one naturally gets interested in a
problem on a meso-scopic scale , where the size of typical surface features such as
guantum dots, surface roughness, terrace length is in the order of 10 to 1000 nm and
the characteristic timescale to form such features is in the order of seconds, the
mechanisms leading to these structures, such as ad-atoms, adsorption, diffusion, de-
sorption, island nucleation, require an atomic scale resolution , that is, a resolution in

the length scale of 10 nm and in thetime scale of 10" s™.
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3.3  Crystal Growth Techniques:

Crystal growth deals with the control of a phase change. Hence it may be
defined by the three basic categories of crystal growth processes[15]:
Solid growth: SIS processes involving solid-solid phase transitions.
Melt growth: L [$ processes involving liquid-solid phase transitions.
Vapor growth: V [$ processes involving vapor-solid phase transitions.

The S [$ processes are not commonly used except for certain metals where
strain annealing is effective and certain cases where a crystal structure alters between
the melting point and room temperature. These processes include annealing or
sintering, strain annealing, deformation growth and polymorphic phase transitions.

The LOS processes are many and important. The normal freezing or
directional freezing is a very important process for the crystals which melt
congruently with out decomposing. When an ingot is gradually frozen from one end
to the other, it is said to be frozen normally or directionally. This process comprises of
many techniques, which are used world wide for industrial crystallizations, including
growth of semiconductor crystals for electronic and computer chip making industries.
Sometimes the liquid phase contains deliberately added foreign materials as in
solution growth or flux growth or liquid phase epitaxy. The solution growth is also
very popular for the growth of numerous crystals for industry.

The V [$ processes include sublimation, which is strictly speaking a kind of
SOV OS process, and vapor phase reactions which are used in the epitaxial growth
of semiconductors. Sometimes deliberately added gases are helpful as transporting

agents for the growing materials.
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Crystal Growth Methods
I
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The development and refinement of methods of crystal growth to achieve
useful products have relied heavily on empirical engineering and on trial and error
methods. Crystal growth till remains, by and large, as an art along with a science
[16]. A phalanx of crystal growers has developed various crystal growth techniques
after their pain staking efforts of years together. The classification scheme for various
growth techniques are summarized by Laudise, which is very important for the
neophytes [21].

34  Solution Growth Techniques:

Crystal growth from solution is one of the most widely used techniques for the
growth of crystals. This technique is practiced among the crystal growth community
next to the melt growth technique. The main advantage of the solution growth is that
the crystals are grown at temperatures well below their melting points. A detailed
inherent knowledge is required for the melt growth techniques such as, melting point,
melting behavior, stability in reduced pressure and atmosphere, however, which is not
needed in the solution growth. Myriad technologically important crystals are grown
by this technique. Solution growth techniques can broadly be subdivided as follows
[22]

Q) L ow temper ature solution growth

This technique is used for materials having very good solubility at room
temperature in water or any other solvents. In the agqueous solution growth technique,
water is used as a solvent; while in non-aqueous techniques other than water is used
as a solvent. This method hinges on achieving super-saturation without inducing
spontaneous nucleation, so that the growth can proceed on the seed material. Super-
saturation can be achieved and maintained in a number of ways, depending upon the

conditions of the experiment and desired results. Broadly speaking, in the solution
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growth, the water can be evaporated (slow evaporation technique), the solution
temperature can be decreased (slow cooling technique} or solution, saturated at a
temperature higher than the growth temperature, can be continuously added into the
growth vessel (temperature differential method). Many ionic salt crystals as well as
organic material crystals have been grown for different applications. Recently, large
size KDP (Potassum Dihydrogen Phosphate) single crystals have been grown for
LASER applications. The dimensions of KDP crystals are 26 x 21 x 23 inches, and
weighing 700 Ibs [23].
2 High temper atur e solution growth

This technique is aso known as flux growth. Molten salts are the only solvents
for oxides or solid solutions of oxides, which are having very high melting points
and/or decompose before melting. Oxides or fluorides are dissolved in a flux and the
growth proceeds at relatively low temperatures, often as much as 1000° C below the
melting point of the solute. The common fluxes are KF, PbO, PbF,, and B,Os.
Different ferrites and garnets can be grown by this technique.
3 Hydrothermal growth

This technique is essentially agueous solution growth at high temperature and
pressure, which is applicable for the materials having limited solubility under ordinary
conditions. This technique is used to grow quartz and calcite crystals.
(4) Metallic— Solution growth

This method is used to grow single crystals of metallic phases and inorganic
compounds, which are readily obtained by solidification of saturated metallic
solutions. Diamonds are commercially grown from transition-metal solutions under

high pressure. Cubic SIC crystals are harvested from iron melts saturated with C and
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Si. Nowadays, this technique is preferred for semi-conducting material crystals like
GaAsfor industry.

4 Gel growth

Crystals can be grown in the gel media. This is a one kind of modified version of
solution growth technique. In which the growth occurs due to reaction between two
solutions in a gel medium or achieving super-saturation by diffusion in gel medium.

The present author has employed the low temperature solution growth
technique up to a certain extent and the gel growth technique up to a large extent to
grow his biomaterials crystals; therefore, these techniques are dealt with in details.
However, the gel growth technique has been discussed in some what more
elaborately, hereby.

35 Ge Growth:

The growth of crystals from gel is the ssimplest technique under ambient
conditions. This technique is well suited for the crystal growth of compounds, which
are sparingly soluble and decompose at fairly low temperatures. Crystal growth by the
gel technique has attracted the attention of numerous researchers, as this technique is
comparatively simple and can be set up in a laboratory with simple glass-wares and
without any need of sophisticated instruments and high temperature furnaces. By
carefully selecting the gel density, pH of the reactants and concentration of the
reactants, good quality single crystals can be grown at room temperatures.

In the gel growth, interestingly, the gel acts as a ‘three dimensional crucible
which supports the crystals; at the same time yields to its growth without exerting
major forces upon it. This relative freedom from constraint is believed to be an
important factor in the achievement of high structural perfection. Because of this,

some times, the growth of crystalsin gel is considered to be similar to the growth of
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an embryo in womb. This technique also finds applications in growth of different bio-
material crystals, which has been well explored in the present thesis. The gel growth
technique is elaborately described by Henisch [24], Henisch and Hanoka [25] as well
as Patel and Venkateswara Rao [26]. An attempt has been made by the present author
to review the gel growth technique briefly.

351 Typesof Gels:

Out of four states of matter- solid, liquid, gas and plasma, the three states of
matter-solid, liquid and gas are more the familiar ones. Even there are many exotic
materials, which are yet not fully understood. Material scientists are trying to
understand their structures and properties to derive their useful applications.

One exotic state of matter is gels. They are neither solids nor liquids. A gel has
been defined as “a two component system of a semi solid nature rich in liquid” [27].
According to the colloid chemistry definition, gels have a semi solid consistency, they
are flexible but stable in form; deform systems produced by the interaction of a gel
forming compound with a solvating medium. A characteristic property of gel is that
they contain a conspicuously high percentage of solvent and little solid matter. The
gel forming substances and solvating solvents stabilize each other in the gel structure
and are functional parts of one another. Gels may lose their solvent content during
dehydration, and may pick up some spontaneously while swelling. Although the loss
or the uptake of solvents is generally reversible, the removal of the solvating
molecules may cause reversible or irreversible changesin the gel structure.

Gels fall into two groups, on the basis of the structural changes caused by
solvation. The structure of xero-gels collapses on the removal of the dispersive

medium, whereas the solid structure-the so called matrix of the steric networks of
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aero-gels remains unchanged even after the remova of the dispersive medium. An
example of xero-gel isthe dextran gel (sephadex), and of the aero-gel isthe silicagel.
The cross-linked structure of gelsis the result of the cross-linkage of polymer
molecules with straight or branched chains. Depending on the type of bond, the gel
structures are of two types.
Q) In most natural biopolymers, like Polysaccharides (starch, agar, latex, pectin,
collagen, gelatin, etc.) gel forming, apart from the substantial properties (molecular
weight, chemical structure), is a spontaneous reversible process, which depends on the
temperature and concentration of the colloid solution of the polymer. The solution of
colloidal particles and macromolecules is known as sols. The sol-to-gel conversion is
induced by loose-secondary chemical forces, hydrogen bonds, polarization
interactions and the London-van der Waals dispersive forces. Such gel structures may
be disrupted by dight physicochemical effects (i.e. warming up), which cause sol
formation. When it is cooled down the bonds will recombine and the sol once more
solidifiesinto agel.
2 In this second type of gel, the gel formation is irreversible; the polymer chains
are built up by primary covalent bonds. The colloidal- size macromolecules, which
are characteristic of gels, are often produced by the polymerization of low molecular
weight monomers (acrylamide, acrylic acid, styrene etc.). In other cases, as for
instance in the production of sephadex gels, the cross-links come about by cross-
linkage between high molecular weight polymer (dextran) chains. Gel structures fixed
by primary chemical bonds show higher resistance to slight physicochemical affects
and cannot be converted into sols by warming. The gel structure cannot be disrupted

except by breakdown of the polymer molecules.

Crystal Growth and Methodologies



Chapter-111...89

The structure of synthetic and semi-synthetic gel is generally depending on the
chemical properties of the basic substances, the relative concentration of the reagents
and the solubility conditions during gel formation. The functional reactivity of
monomers and their spatial orientation has pronounced effect on cross-linking. The
reactions inducing cross-linkages are random processes governed by the laws of
statistical probability. These processes cause voids of dimensions and geometry,
which are the characteristic of the type of gel used to form the polymer chains. These
voids are known as the pores of the gel. Since the gel structure is not arigid system
but a mobile one, more-or-less, fixed network of polymer chains, the terms used in
practice are average or effective pore size. The pore size is one of the most important
parameters of the molecular phenomena (diffusion, permeability). Pore sizes may be
influenced by the conditions of manufacture, and the solubility relationships of the
initial substances and the end product.

From the aspect of pore size, Kum and Kunin [28] distinguished two principal
types of gel structures, which are micro-reticular (micro-porous) and macro-reticular
structures. The more uniform repetition of the cross-links in micro-reticular gels
produces smaller pores and renders the gel suitable for the separation of smaller
molecules. Micro-reticular gels are obtained if the solubility of the starting substances
(monomers) and the end product do not differ greatly, and if the cross-links assume
the desired gel structure only gradually, for instances, by increasing the number of
cross-links between the polymer chains already fixed.

On the other hand, the structure of the macro-reticular gel is rather
heterogeneous, the spatial distribution of the matrix being uneven. Their large pores

render them suitable for the permeation and separation even of macromolecules. Most
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macro-reticular gels are aero-gels; in spite of their high porosity, they are resistant to
mechanical effects[29].

One of the most common gels is the silica gel; the synonyms are silica hydro-
gel and water of silicate glass. This is prepared from sodium meta-silicate solution.
The pores are separated by a solid film of about 2° 10°cm thicknesses. The
dimensions of pores depend on the concentration of gel material. The effective pore
diameter of silica hydro-gel is of the order of 50-100 A. In order to obtain a gel
medium of desired pH, arequisite amount of agqueous sodium meta-silicate solution is
normally added to the constantly agitated suitable acid of desired concentration. The
acidity of the resulting solution determines the course and the rate of polymerization
[26].

Agar is probably the oldest hydrophilic gel. Raw purified polysacchrides
(agar-agar) extracted from agae are widely used in food industry and in laboratory
(bacteriology, immunology and electrophoresis). While semi-synthetic gels are
produced by small or large-scale purification, fractionation and chemical conversion
of natural base material, namely, dextran. The well-known dextran derivative semi-
synthetic gel is under trade name sephadex.

When the dispersion medium is water, it is called a hydro-gel. There is a
distribution of pore sizes within each gel and one gel is distinguished from another by
the nature of this distribution. In course of some early experiments on gels, Biltz [30]
concluded that hydro-gels are characterized by two types of pores; the ‘primary’ pores
are of nearly molecular dimensions and the other ones are much coarser ‘secondary’
pores which behave as normal capillaries.

Because of their different properties, gels have many applications in various

fields. The DNA samples can be separated using gel electrophoresis. Polyacrylamide
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gel electrophoresis technique was introduced by Raymond and Weintraub in 1959.
The pore size of the gel may be varied to produce different molecular sieving effects
for separating proteins of different sizes[31].

The recent advancements in the intelligent gels have brought numerous
advantages. Poly-€electrolytes are a special kind of macromolecules, in which many of
the side groups can easily become charged by gaining or losing electrons. By
developing branches and intermolecular connections (cross-linking) these
macromolecules can form 3-dimensional networks. If water isfilled it can swell up to
form gels. Interconnections between water and the polymer network determine the
swelling or shrinking. The intelligent gel, which expands upon application of electric
field, has many applications. Insulin is encapsulated in such a gel and implanted into
diabetic patients. The controlled release is achieved by applying an electric field
external to the body; the needle pricks are thus spared. Some medications are
destroyed by acidic environment; therefore, they can not be used in the acidic
environment of stomach. A gel, which shrinks in acidic conditions and expands in
alkaline condition, can be used to encapsul ate the medication. When the medication is
encapsulated in such a gel, it will be tightly protected as it passes through stomach;
however, in relative alkaline conditions of the intestines, the gel will expand and
release the medications.

The poly-electrolyte gels undergo phase transitions and can have sudden
change in volume, ranging from 100 to 500 times to original size. These transitions
are caused by small changes in temperatures, solvent composition, salinity, pH, ionic
strength and electric field. For example, poly (N-isopropylacrylamide) can suddenly
swell 100-fold when the temperature is changed as little as one degree from 31 °C to

32°C.
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Certain gels have been developed, which can change both their size and shape
and thereby converting chemical energy directly into mechanica work. They act,
more-or-less, like biological systems consist mostly of soft and wet substances, for
example, the sea-cucumber, which is consider as something like a water swollen gel
with primitive organs. Researchers have developed new gels that swell or shrink in
response to many stimuli- temperature, pH and electric fields- depending upon the
chemical composition of the gel and solvent. This type of gels can form a base for soft
machine similar to amuscle [32].

3.5.2 Structureof Silica Hydro-gel: -

Silica hydro-gel is the most favorite gel for the crystal growth experiments;
hence the study of its gelling mechanism and gel structure carries considerable
importance. When sodium meta-silicate goes into aqueous solution, mono-silicic acid
is produced in accordance with the dynamic equilibrium,

N&SiO3+3H,0 ® H;SiOs+2NaOH

This mono-silicic acid can polymerize with the liberation of water,

oH OH OH OH

OH—Si—O0H + OH—S8i—0H — DH—S‘i—D—Si—DH + H:0

OH OH OH OH

This can occur repeatedly and a three dimensional network of Si-O links is

established as silica hydro-gdl.

OH

DH—éi—D—Si-—--
0 0

OH—$i—0—$i-—-
OH

Crystal Growth and Methodologies



Chapter-111...93

As the polymerization process continues, water accumulates on top of the gel
surface. This phenomenon is known as “ Syneresis’. Much of the water has its origin
in the above condensation process, and some may arise from purely mechanical
factors connected with a small amount of gel shrinkage. The well-known stability of
the silicon-oxygen bonds is responsible for the fact that the polymerization is largely
irreversible. It is interesting to note that Kononenko et a, [33] studied the
characteristics of light scattering in the initial stage of gel formation in silicic acid,
which provides valuable information.

The time required for gelation is very sensitive to pH. As the gelation is a
gradual process, there is no unique definition for gelation time. It is known that two
types of ions are produced during the gelation; HsSiOs and H.SiO4?, in relative
amount which depends on the hydrogen ion concentration. The latter one, favored by
high pH values, is in principle more reactive, but higher charge implies a greater
degree of repulsions. The H3S O, isfavored by moderately low pH values and found
to be responsible for initial formation for long chain polymerization products [34].
Between these chains the cross-linkages are formed in due course, and these
contribute to the sharp increase of viscosity that signals the onset of gelation. Because
of their low mobility, very long chains will cross-link more slowly than short chains.
At very low pH values, the tendency towards polymerization is diminished and chain
formation is slowed. Gelation time is strongly dependent on temperature [27]. This
has been described in detail by Henisch [24].

A weak acid is generally preferred to adjust the pH values, because pH of the
set gel changes only slightly with time, and secondly, the mineral acids tend to spoil
the growing crystals. It is noteworthy that in less acidic gel solutions the reaction

between the acid and sodium meta-silicate occurs with liberation of hydroxyl ions and
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thus pH of the solution rapidly increases with the process of polymerization, while in
highly acidic gel there is no change in pH except due to very little difference in
dissociation of acids of different complexities, as well as requirements of reaction
mechanism. Hence pH has profound influence on the gel structure [35].

35.3 Ge Growth Methods: -

Crystal growth in gel has been mainly divided into the following five
different methods
1. Reaction Method.

2. Chemical Reduction Method.

3. Complex Decomplexion Method.

4. Solubility Reduction Method.

5. Electrolytic Method.

3.5.3.1 Crystal Growth by Reaction: -

Crystals which are insoluble or slightly soluble in water and which decompose
before reaching their melting points can be conveniently grown by this method. The
basic requirements to grow single crystals by this method are,

(1) The reactants used must be soluble in the solvent (usually water) and the product
crystal must be relatively less soluble.
(2) The gel must remain stable in the presence of the reacting solutions and must not
react with these solutions or with the product formed.
(3) Some solubility of the product crystal is needed in order to grow crystals of any
size [36].

Two agueous solutions of soluble salts are suitably chosen and allowed to

diffuse through the gel, so that there can be a slow and controlled segregation of ions

and molecules resulting into the precipitation of an insoluble phase as the crystal. The
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gel affords to limit the number of critical size nuclei and decreases the rate of crystal
growth either by controlling the diffusion of reacting ions or by governing the
reaction velocity on the surfaces of the growing crystals. Resulting chemical reaction
can be expressed as:
AX +BY ® AY +BX

Where, A and B are the cations, X and Y are the anions.

This can be achieved by the test tube technique, in which one of the reactants
is incorporated in the gel and the other reactant is diffused into it, or by the U-tube
technique as shown in Fig. (3.4), or its modification in which the two reactants are

allowed to react by diffusion into an essentially inactive gel.
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Figure (3.4): Crystal Growth by reaction method
Thereis avariety of crystallization apparatus employed to grow single crystals by this
method. The disadvantages of these crystallization apparatus are the depletion of one
the reactants which is inside the gel, the incorporation of reaction waste products by
the growing crystals, supporting, handling and cleaning of the apparatus and gel

preparation inside the horizontal tube open at both the ends [24].
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3.5.3.2. Chemical Reduction Method: -

This method is suitable for growing only meta crystals from gel media
Hatschek and Simons [37] were the first to report the growth of gold crystals by
adding 8 % oxalic acid solution over a set gel containing gold chloride solution. By
this particular method crystals of Nickel ,Cobalt, Selenium, Lead and Copper have
been obtained.
3.5.3.3. Complex Decomplexion Method: -

This method requires first forming a chemical complex of the materia of the
crystals to be grown with agueous solutions of some suitable substance, called
complexing agent, in which the former is homogeneously mixable and then providing
externally a condition conducive to de-complexing or dissociation of the complex
formed. A standard procedure adopted for decomplexion is to increase the dilution
steadily, while complex solution is diffused through the gel. Crystal growth by this
method was first attempted by O’ Connor et al. [38] for the growth of cupric halide
crystals.

3.5.3.4. Solubility Reduction Method:

. =~ Solution A

Gel liquid
Interface

Crystals

Gel +
Salt Solution

Figure (3.5): Crystal Growth by solubility reduction method
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This method is applicable to grow single crystals of highly water-soluble
substances. The growth of ammonium dihydrogen phosphate (ADP) single crystals by
this method has been first reported by Gloker and Soest [39].

In this method, the substance to be grown is dissolved in water and is
incorporated with the gel forming solution. Then a solution, which reduces the
solubility of the substance is added over the set gel to induce crystallization asin Fig.
(3.5). For instance, potassium dihydrogen phosphate (KDP) crystals have been grown
by adding ethyl alcohol over the gel containing a saturated solution of KDP [40].
Crystals are grown due to the reduction of solubility of KDP in the liquid phase by the
diffusing alcohol.

3.5.35 Electrolytic Method: -

The electrolytic method can also be used for the growth of metallic crystals by
selecting the gel medium for controlled growth. For this a very low d.c. electric
current, usually of the order of 2-10 mA, is passed through a silica gel charged with

suitable acid or electrolytic solution.

YVW—*
Rh

NH,4C1

Gel liquid
Interface

Crystals

Gel +
Tartaric acid

Carbon electrode

Figure (3.6): Crystal Growth by electrolytic Method
Details are given in Fig. (3.6). It has been found that the pH of the gel medium, the

concentration of the supernatant solution, the current density and the material used as
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electrode, have considerable influence on the habit of the crystals grown. Mohanan
Pilla et a. [41] grew lead dendrites, while George and Vaidyan [42] grew copper
dendrites and silver dendrites and single crystals [43] using the el ectrolytic technique.
3.6  Growth Mechanism:

Even though crystals can be grown by using a variety of gels, it is found that
silica gels are the best to grow good quality single crystals. As gels are neither liquid
nor solid in nature there are only a few methods available for quantitative
investigations. From the SEM observations of dried silica gels, it has been found that
the gel consists of sheet- like structures of varying degrees of surface roughness and
porosity, forming interconnected cells. Generally, the cell walls are curved. It has
been estimated from the SEM pictures that the cell walls in dense gels (0.4 M
N&SO3z) have pores from 0.Imto 0.5mand 0.1 mto 4min low density (0.2M
N&SO3) gels. The cell walls are thicker in dense gels. During gelling the pH has a
profound influence on the gel structure, changes from a distinctly box like network to
a structure consisting of loosely bound platelets which appear to lack cross- linkages
and the cellular nature becoming less distinct [44].

In the absence of convection, the only mechanism available for the supply of
solute to the growing crystal is diffusion. One may envisage that the solute super-
saturation fy at large distances from the crystal remains unchanged during growth.
However, at the crystal surface f would initially have the same value but would then
adjust itself in the course of growth to the lower value f o. Hence this is determined by
the dynamics of the growth processes.

For different idealized geometries, Frank [45] has developed equations, which
give adescription of diffusion controlled growth rates. The growth rates calculated by

Frank involve the “reduced radius’ (S) which for spherical system is defined asr /
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(Dt)”, where ‘r’ is the radius of the crystal, ‘D’ is the diffusion constant and ‘t’ is the
time. The theory presents a simple relation,
fy-fo=F (9

By measuring ‘'S and knowing the function ‘F’ the value of f, a any time
could be determined. As long as ‘D’ does not alter, a constant value of ‘S implies a
constant value of f o.The constancy of ‘S can be checked by plotting r? versus t.

However, some limitations exist; one arising from the initial transient period
during which steady—state concentration is established, and one arising from
exhaustion of available solute. Both factors must be expected to give rise to
nonlinearity. In general, there remains substantial uncertainty as to the effect of which
the disruption of the gel structure has on the local value of ‘D’. This also applies to
the effect of pH changes, which occurs during growth. This has been described for
various crystals grown in detail by Henisch [24].

Cipanov et al. [46] have developed a mathematical model of crystal growth
process in gels. Calculations suggest that there is a locality in a gel that provides the
best condition for nucleation and growth of crystals. They have compared the model
with experimental results. Moreover, theoretical aspects of the crystal growth in gel
medium have been proposed by Desai and Hanchinal [47].

In growth systems, which depend on the diffusion of the reactant through a gel
incorporating the other reagent, it has been found that the growth rate is more near the
gel solution interface where the concentration gradients are high and away from the
interface, the gradients are relatively low. Dislocation density is aso different
corresponding to the different growth rates. This further suggests that the growth rate
itself determines the number of defects grown into the crystal even in the absence of

foreign impurities. Occasionally, crystals grown in gels are found to have dislocation
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densities less than 10%cm? The high degree of perfection of these crystals has been
demonstrated by many authors [48, 49].

In general, crystals growing in gel either displace the gel as they grow [50] or
incorporate [51]. In the case of gel displacing, cusp will be formed around the
growing crystals, whereas in the other case, since the crystals incorporate the gel as
they grow, final crystals turn turbid instead of being transparent. The cusps like
cavities are the regions in which the gel has been split and separated from the growing
faces.

3.7 Nucleation Control:

Even though gel helps in suppressing nucleation, crystals growing in a gel
system compete with one another for the solute atoms. This competition limits their
size and perfection. It is, therefore, desirable to suppress nucleation so that only afew
crystals are formed. There are some methods which control nucleation :

1. Using suitable reactants

2. Using gels prepared with various acids
3. Changing the gel structure

4. Using intermediate neutral gel

5. Concentration programming

Severa authors [24, 26, 52] have discussed these methods in great details
hence the elaborate discussion is avoided.
3.8 Crystal Habit:

Crystals with various habits are important both commercially and aso in
studying their physical properties. In gel growth, crystals with various habits can be

grown by changing concentration of feed solutions, crystallization temperature,
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adding impurities and using various types of gels. Moreover, in some cases various
habitsin different regions of gel are also observed.

The habit modification can be obtained by changing concentration of the feed
solution. McCauley and Gehrhardt [53] observed that during the growth of
neodymium carbonate, a sodium carbonate incorporated gel enhanced the formation
of dendrites and spherulites, while a neodymium chloride incorporated gel favored the
growth of rhombic plates. Also, Bandhopadhyay and De [54] found that as the
strength of feed solution was increased from 0.2 to 0.3 M, the calcium carbonate
crystals were of rhombohedral habit and for 0.4 to 0.6 M concentrations the crystals
were with the edges having wavy and ripple like features. On further increasing the
strength of feed solution to 1M or more, a large number of nucleation centers with
dendritic growth were observed.

The temperature of the growth has pronounced effect on habit of crystals. For
example, in the case of strontium sulphate, all crystals grown at about 35°C exhibited
{011} and {102} as their habit faces, whereas the crystals grown at about 20°C
developed {022} habit faces in addition to {011} and {102} faces[51].

The habit modification can be observed for various gel structures. Mc Cauley
and Roy [55] investigated the growth of calcite crystals and found that decrease in pH
of the gel turned spherulites (pH 10.5) into feathery polycrystalline aggregates (pH 9
to 10.5) and, ultimately, into single crystals of rhombic habits (pH 7 to 9).

Alike to ‘solution growth’, it is possible to change the crystal habit by adding
impurities in the gel growth also. Various habits of calcite were obtained by adding
impurities of magnesium, strontium, nickel and barium in different proportions during
the growth of these crystals [56]. A similar study was carried out by Rosmalen et al

[57] on gypsum crystals.
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However, the habit modification is observed by using various types of gelsfor
crystal growth. A comparison of crystals of calcium sulphate dihydrate grown in two
different gel media, sodium silicate gel and bentonite clay gel showed that the two
media clearly affect the crystal habit and surface topography [58].

Interestingly, various crystal habits have been observed at different regions of
gel. For lead molybdate growth, there were different regions inside the gel, where lead
molybdate crystals of different habits were grown. Near lead nitrate solute, i.e. at the
gel-liquid interface, polyhedral pyramidal crystas were formed. Altogether,
octahedral bi-pyramidal crystals and platelets were observed in the central region and
near the ammonium molybdate solution, respectively [59].Nucleation of crystals in
gel is aso influenced by light [25, 60]. Calcium tartrate crystals were observed to
have grown more perfectly with irradiation of the gel than in darkness, but copper
chloride crystals grown from gel had an adverse effect [61].

39 Spherulitic Crystals: -

Spherulites were first observed by Bunn and Alcock in a polymer system in
1945 [62], however, Price [63] studied in detail about the kinetics of spherulitic
formation. In most of crystal growth, after attaining a stable size a typical primary
nucleus grows into a crystallite having a discrete crystallographic orientation. This
continues to develop as a single crystal until it impinges either upon externa
boundaries or upon other similar crystallites advancing from neighboring nuclei. In
certain systems, primary nuclei are incapable of such a development and each one
giving rise instead to a more complicated structure. It is with a radiating array of
crystalline fibers, all having the same fiber axis. The fibers branching will be in such a
way that the crystallographic orientation of a branch departs slightly, but appreciably

from that of its parent fibers. It is a characteristic property of these particular systems
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that the primary nuclei initiate the formation of polycrystalline aggregates, which are
more-or-less radially symmetric. The growths of these aggregates, which are called
spherulites, occur naturally in silicate minerals and found in igneous rock strata. Apart
from this, artificial spherulites have been grown in organic and inorganic compounds.
According to McCauley et al. [36] a spherulite is a crystalline spherical body, which
is formed by the growth of radiating crystallites or a concentric banding, is a
polycrystalline aggregate and not a single crystal. Many materias can form
spherulites under suitable conditions; the main requirement is the high viscosity of the
medium [64].

Impurities may play a crucia role in promoting a fibrous habit in spherulitic
crystallization, which has been suggested by Bernauer [65].

Many authors have observed spherulitic crystal growth, for example, alkaline
earth molybdates [66], rare earth tartrates [67], iron (1) tartrate [68] and zinc tartrate
[69].

3.10 Liesegang Rings:

Chemical reactions leading to the formation of precipitatesin gels areideal in
sense that the particles of precipitates remain where they are produced and the reagent
reach each other only by diffusion. This study is very important, because chemical
reactions in biological media, whether leaving or dead, and in many geological
structures are of this type. The diffusion of a soluble substance from an agueous
solution into gel follows the ordinary Fick’s diffusion law.

The main feature of chemical reactionsis that the diffusion of one reagent into
the other contained in the gel produces not only the ordinary chemical change, but
also definite mechanical structure. This structure varies with conditions and can be

controlled.
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Hedges [70] has identified the following four types of structures produced by
chemical reaction in gels.

1. Precipitates of continuous structure, which consists of small particles
uniformly distributed so that the whole mass appears homogeneous to the eye.

2. Discrete structures consist of particles of relatively large size, separated by
considerable spaces and may contain well-formed crystals having a length of a few
millimeters.

3. Cellular structures comprise of a network of honey—comb like cells of
precipitates enclosing clear gel, frequently obtained with a large number of a
precipitate.

4, Periodic structures contain definite bends or rings of precipitants separated by
clear spaces, which often contain the precipitate as discrete structures [71].

The first interesting study of a periodic structure was made by Liesegang in
1896 [72, 73]. He covered a glass plate with a layer of gelatin impregnated with
potassum chromate and added a small drop of silver nitrate. As a result, silver
chromate was precipitated in the form of a series of concentric rings; well develop
with regularly varying spacing. These types of fascinating formations are called as
Liesegang rings.

Several workers have observed that, in many cases, the space between the
rings contains a considerable amount of precipitate. Often the rings contain a large
number of small particles and the intervening spaces contain a small number of large
particles. Hatschek [74] had reported very interesting case of a cadmium sulphide
precipitates in silicic acid gel, where the precipitates consisted of alternate pink and

yellow bands with the difference in the size of particles. Dhar and Chatterji [75] had
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recognized that alayer of precipitates was followed by aclear zone in some structures
and by a zone of differently dispersed precipitates in others.

Generally, the distance between successive bands of Liesegang rings increases
as the diffusion proceeds further. Schleussner [76] had found the spacing to confirm
with the geometric series and this conclusion had been confirmed by severa other
investigators [77, 78]. However, a different nature was observed by Davis [79], when
mercurous nitrate was allowed to diffuse into Agar gel containing sodium formate, the
distance between successive bands was found to decrease.

Generally, two types of Liesegang rings have been reported in literature [80];
they are direct type and revert type. In the direct type, the spacing between successive
rings increases with increase in the order of the ring from the gel boundary. Gnanam
et a. [81] have reported the direct type Liesegang rings of calcite. In contrast to this,
the revert type Liesegang rings exhibit the spacing between successive rings
decreasing as the order of ring increases from the gel boundary.

Many parameters influence the formation of Liesegang rings which are listed
asfollows[71]:

Q) Concentration

(2 Light

3 Temperature

4) Reaction medium

(5) Presence of impurities
(6) Electric field

(7 Gravity

(8) Tension

9 Age of the gel
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Many authors have attempted to give explanations of the formation of
Liesegang rings by different models, theories and computer simulations. Henisch and
Gracia-Ruiz [82] suggested a numerical method to obtain the formation of Liesegang
rings on the basis of Fick’s diffusion equation for reagents in gel as afunction of time.
In other study, Henisch and Gracia-Ruiz [83] extended the condition under which two
diffusing reagents could form precipitates either continuous or periodic in a gel
media. Moreover, several other theories and models have been suggested by different
workers. A microscopic approach to the formation of Liesegang patterns, based on a
cellular automate model has been proposed by Chopard et al. [84]. While in another
model, Chernavskii et a. [85] take into account of the effects of super-saturation,
competition between nucleation centers and droplet growth kinetics as well as
redistribution of matter between particles of precipitants. Also, many researchers have
presented diffusion based models and theories. A turning type reaction-diffusion
model is explored by Brechet and Kirkaldy [86], which can be applicable to
Liesegang bands, rings and spirals evolving by precipitation in the environments of an
equilibrium solubility product reaction. Diffusion coefficient of barium ions from
Liesegang rings formation have been estimated by Dharmaprakash and Mohan Rao
[87] using the simple mathematical model based on Kirov model [88]. Moreover,
Varghese et al. [89] estimated diffusion coefficient in multi-component systems
forming Liesegang ring. Apart from this, some computer simulation experiments aso
have been carried out. Bueki et al. [90] studied regular Liesegang structure by means
of computer simulation. Also, the same authors [91] studied two dimensional
chemical patterns formation in gels by experiments as well as computer simulations.

Many natural phenomena exhibit the Liesegang ring type of structures, for

example, the periodicity in the structure of urinary calculi [92]; the concentric rings of
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beet roots [93]; the periodic structures found in geological objects like agates and
malachite [71] and the periodical layering in bones [94]. It is interesting to note that
the solid state reaction in Ag-Ti-Si system produces periodic layer formation, which
resembles the Liesegang ring phenomenon [95]. Gerard et a. [96, 97] studied
conditions for formation and development of the Liesegang rings produced by sodium
chloride aerosols. Moreover, Liesegang ring type periodic precipitation reaction has
been investigated in anodic oxide films, on titanium and zirconium and grown in the
presence of sodium tungstate, by X-ray, photoelectron spectroscopy and Rutherford
back scattering spectrometry [98]. Also, Liesegang ring type periodic microstructures
have been observed on single crystal surfaces of oxide superconductors Bag sKo.4BiOs
[99].

311 CrystalsGrown by Gel Method: -

Numerous workers have grown various crystals by the gel growth technique. It
is a tedious and laborious task to cover the entire list of crystals; nevertheless, some
important biomaterials crystals, grown for special interest and applications, are
reported hereby.

Quite significant work has been reported on different kinds of urinary crystals
such as, cacium oxalate monohydrate (COM) [100-103], calcium hydrogen
phosphate dihydrate (CHPD) [101,104-106]], ammonium magnesium phosphate
(AMP) [107,108], uric acid crystals [109], hydroxyapatite crystals [110].

Interestingly, the growths of various bio-molecule crystals have been carried
out by different researchers in view to understand their formations in body. The worth
noting examples are, the gel growth of cholesterol crystal [111]; growth of fibrous
crystals of cholesterol in silica gel [112]; growth of steroid crystals of cholesteryl

acetate [113]; single crystal growth of testosterone monohydrate (CigH250,H20) in
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silicagel [114]; growth of plant steroid Beta sitosterol in silicagel [115]; and growth
of egg white lysozyme (protein) in agarose gel using hanging drop technique [116].
Spherulites and polycrystalline aggregates of calcite produced by the bacteria activity
of Escherichia Coli within the gel medium were also reported [117]. Natargjan et al.
[118] have grown single crystals of amino acids, such as a-glycine, in silicagel using
reduction in solubility method.

Understanding of organo-crystalline interactions is very vita in study of the
formation of bio-mineralized structures inducing bones and teeth. Crystal faces of
same form but on opposite sides of mirror of symmetry in monoclinic gypsum were
shown for 28 cases to exhibit unequal affinity for chiral organic molecules [119].
Rinaudo et al. [120] grew gypsum (CaS0..2H,0) crystals and characterized them
with X-ray topography, whereas, Raju [121] reported tracking of dislocations in gel
grown gypsum crystals. Statoliths of coronate medusa, Periphylla periplylla consist of
crystals of calcium sulphate [122]. Recently, gel grown crystals are characterized by
XRD, thermal and FTIR studies[123].

In the present author’s laboratory, his predecessors [52,103,124] have made
detailed survey of various crystals grown by the gel techniques, therefore, a detailed
survey has been avoided here and the concentration is focused on the bio-materials
crystals growth only. Chapters- VI, VII, VIII and I1X deal with the growth of various
bio-materials crystals the author has grown.

3.12 Crystal Growth Observation Techniques:

It is always of great interest for a curious mind to know how the crystal
growth process occurs and to observe it at every instance of time. Holographic
interferometry has proved to be a very powerful optical technique to study the micro-

topography of crystal faces and crystal growth from solution. Double exposure, depth
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contouring and real time have been described to check crystal morphology by
Bedarida [125]. However, the real time interferometry was revealed to be a very
useful tool to study crystal growth from solution and form a transparent gel. Later on,
Lafaucheux et al. [126] applied the holographic interferometry to study mass transfer
induced by nucleation and growth in gel media. Real time observations were made on
growth of insoluble (CaHPO, 2H20) and soluble (KDP) materials.

3.13 Advantagesand Limitation of Gel Growth: -

Gel method has many advantages and it is preferred to grow certain crystals,
which are otherwise very difficult to grow by other techniques. This method is quite
popular to grow crystals which are sparingly soluble in water or decompose on
heating. Because for these crystals the application of techniques like solution growth
and melt growth is not feasible.

The gel framework, which is chemically inert and harmless, acts like a three
dimensional crucible wherein the crystal nuclei are delicately held in the position of
their formation and growth, thereby preventing the damage, if any, due to impact with
either the bottom or the walls of the container. Also, the crystals can be observed
practically in all stages of their growth. All crystal nuclei are spatialy separated and
hence the effects of precipitations are eliminated. The gel medium considerably
prevents convection currents and turbulence.

Thermodynamic consideration reveals that as the growth proceeds at ambient
temperature, the grown crystals would contain relatively less concentration of
equilibrium defects.

Growth of crystals with different morphologies is commonly found in bio-
mineraization. In the gel growth technique, by changing the growth conditions,

crystals with different morphologies and sizes can be obtained.
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Inasmuch as this method is extremely ssimple and inexpensive, good quality
crystals can be grown even in small laboratories, which do not possess sophisticated
equipments, however, it requires delicate art of growing crystals.

This gives the gel growth the cutting edge over other techniques for in vitro
studies of growth of different bio-materials crystals, because the bio-crystallization or
bio-mineralization usually occurs in the slow and steady media. This technique can
mimic the bio-environment for the growth. It is worth noting, hereby, that this
advantage of the gel growth iswell explored by the present author in this thesis.

With lots of advantages, notwithstanding, the gel method posses severa
limitations also. Crystal size is generally small and the growth period is large,
therefore, large crystals cannot be grown by this method. In case of using silica gel,
the gel inclusion occurs during growth in some crystals. Also, there is a chance of
lattice contamination by impurities from the gel itself.

3.14 Moaodified Gel Growth Techniquefor the Micro-crystal Growth:

The growth of micro-crystals is playing important role in various
systems, including the human body. Gout is an inflammatory arthritis caused by the
deposition of micro-crystals of mono-sodium urate (MSU) in a joint [127]. Calcium
oxalate micro-crystals in urine are important to study the conditions for urinary stones
[128, 129]. Also, many other micro-crystals have been studied for various purposes.
The concentration dependence of free electron mobility in InSb micro-crystals,
obtained from chemical transport reactions, studied for different doping combinations
[130]. A closed packed arrays of micro-crystals, within the domain or through out the
framboidal pyrite was reported [131]. The growth rate enhancement of Potash Alum

crystals by micro-crystals was reported as well [132].
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However, many authors have attempted to grow micro-crystals by various
techniques. By using the micro-batch technique Chayen [133] has grown micro-
crystals of glucose isomerase under paraffin oil in a 1.3 micro-liter drop. In another
study, using a microscopic set up; Oosterhof et al. [134] have reported the growth of
sodium nitrate micro-crystals from mixture of water and iso-propoxyethanol.
Moreover, Holmback and Rasmuson [135] have grown Benzoic acid micro-crystalsin
a semi-batch operation by feeding water or water-ethanol mixture into agitated,
saturated, ethanol water solutions. The growth of crystals from the gels is well-
explored technigue and Henisch [24] has described it elaborately in his book.
Notwithstanding, the growth of micro-crystals by gel technique is not well reported,
except one report by Ivan van As[137].

In the present thesis, the in situ growth observations of micro-crystals of
calcium hydrogen phosphate dihydrate (CHPD) or brushite and its growth inhibition
study is reported in Chapter-VI1II.

In the usual experimental technique for micro-crystal growth, glass dlides with
cover dlips and Petri dishes are used as the growth apparatus. The glass dlides are
arranged in the Petri dish in form of a plus sign, where the lower dlide is used just for
the support and the upper dlide is used for the micro-crystal growth. To grow the
micro-crystals in a silica gel medium, a sodium meta-silicate solution of desired
specific gravity is mixed with weak acid so that appropriate pH could be set for the
mixture. Thereafter, with help of suitable glass dropper a small drop of this mixture is
put at the middle of glass slide. The cover dlip is put on this drop of mixture in such a
way that it floats on the mixture and covers amost the area of a cover dip size,
without spillage beyond the cover dlip. To assure that the gelling process occurs

properly without drying the solution, the slides are put in a Petri dish in such a way
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that water poured in the Petri dish does not touch the cover slip, but remains slightly
below the upper surface of the dlide. These experimental arrangements are described
in figure (3.7). After setting the gel, water is sucked from the Petri dish with the help
of suitable dropper. Thereafter, other solution of appropriate salt is added with

dropper carefully so that it should cover the slide up to the cover dlip.

Petrdish Cover

Upper slide Petridish
Cover Slip

| / |
N «— Petridish

_____________________

Base Slide Silides Cover Slip

Water

Figure (3.7): Set up for modified gel growth technique

The poured solution diffuses through the gel and a reaction takes place between the
weak acid impregnated in the gel and the salt solution poured afterwards and,
subsequently, nucleation and growth of micro-crystals occurs within 24 hours.
Usually, the cover dip is having diameter 18 mm and total area 254.34 mn?. If the
drop put on the dlide to form the gel is of the order of 10 micro-liter, then the
thickness of the gel can be estimated to be of the order of 0.039 mm. The dlides can be
observed regularly by using normal optical microscope and can be photographed
either by anormal camera or a CCD camera attached with microscope.

This is an inexpensive technique, which requires a good quality optical
microscope with measurement facilities; otherwise, comparatively costly techniques

are employed to observe the growth of micro-crystals such as, AFM [138], on-line x-
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ray diffraction [139], ultrasonic spectroscopy [140], etc. This technique can also be
used for screening samples in biological media, observing changes in morphology as
well as growth inhibition and promotion studies. This technique gives results quite
rapidly within a day or two, requires very less amount of chemicals and, of course,
economical also. Therefore, it is preferred over the other conventional techniques.
3.15 Solution Growth:

The growth of crystalsis aresult of addition of new atoms, molecules or more
complex aggregates. The addition of a new particle of the same substance is not
necessarily the same thing as crystal growth. For example, adsorption on a atomically
smooth surface is not sufficient to be regarded as growth, because it may stop once a
certain concentration of ad-atoms is achieved; this happens when the chemical
potential of the adsorbed atoms or molecules becomes equal to that of the identical
atoms or molecules in vapor or solution, as the case may be [141].

The solution growth usually occurs in alayer wise manner. The crystallizing
substance is delivered to the step by either bulk or surface diffusion. However, their
relative role is not well established.

Recently, many authors have discussed different crystal growth topics
covering mainly the solution growth, which are thermodynamics versus kinetics[142],
the terrace-step-kink approach and the capillary wave approach to the fluctuation
properties 143] and a comprehensive treatise on crystal growth from solutions[144].

All methods of growing crystals from solutions are based on the dependence
of the solubility of a substance on the thermodynamic parameters of the process,
temperature, pressure, and solvent concentration. In the majority of the cases the

temperature dependence of the solubility is employed.
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The state of super-saturation is very essential for crystallization to occur. One
of the convenient ways in which the degree of super-saturation can be expressed is by
the means of the following expression,

S=cl/c
Where, ¢ is the concentration of the solution and ¢ is the equilibrium saturation
concentration at the same temperature. Hence different three states of saturations are
denoted by the values of S; namely, a saturated solution indicates S = 1, under-
saturated solution denotes S < 1, and supersaturated solution indicates S > 1. Other
common expressions of super-saturation are the concentration driving force, A ¢, and
relative super-saturation, 0, defined by [145]
Ac=c-c and 6= Ac/c'=S-1

For any solution growth experiments it is required to study the temperature-
concentration (T-C) diagram. This has been discussed by Chernov [141] in detail
hence elaborative discussion is avoided here.

3.16 Choice of Solventsand Additives:

It is important to select proper solvent for the solution growth so that one can
yield prismatic growth habits of crystals. A good solvent ideally displays the
following characteristics:

@ Moderate reversible solubility

(b) A reasonable positive temperature coefficient of solubility
(© A small vapor pressure

(d) Non-corrosiveness

(e Non-toxicity

) Low pricein apure state

(9) Non-flammability

Solvents possessing al these characteristics, altogether, do not exist.

However, solvent in practical use include water-both light (H.0O) and heavy (D20),
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ethyl alcohol, acetone, carbon tetrachloride, hexane, xylene and many others. Water is
used in about 90% of cases, and heavy water, alcohol and acetone each contributes
about 1%.

Usually, a solvent is used in which the solute is soluble to the extent of 10 to
60 %. If the solvent is volatile, precautions must be taken to prevent volatilization
which promotes spurious nucleation due to temperature and concentration changes.

The experiments of Bunn and Emmett [146] show that electrostatic forces
between crystal and solution are involved in crystal growth, and therefore the polarity
of the solvent must be considered. Kohman [147] has observed that crystals of non-
polar organic compounds grow from non- polar organic solvents at rates comparable
to the solidification of melts, suggesting that the main difference between two
processes is the interaction of solute and solvent molecule. Many additives that
influence crystal growth morphology [148] and the crystal growth rates [149] are
studied. Many times a change in the growing crystalline habit is desirable. A habit of
growing crystal can be atered by changing the temperature of growth, changing the
pH of solution, adding a habit modifying agent and changing the solvent.

Moreover, to have aregular and even growth, the level of super-saturation has
to be maintained equally around the surface of the growing crystal. An uneven growth
leads to localized stresses at the surface generating imperfection in the bulk crystal.
The concentration gradients that exist in the growth vessel at different faces of crystal
cause fluctuations in super-saturation, which seriously affects the growth rate of
individual faces. The gradient at the bottom of the growth vessel exceeds the meta-
stable zone width, resulting into spurious nucleation. However, the degree of

formation of concentration gradients around the crystal depends on the efficiency of

Crystal Growth and Methodologies



Chapter-111...116

agitation of the solution. For these reasons, the agitation of saturated solution in either
direction at an optimized speed of stirrer motor is advisable.
3.17 Selection of Seeds:

Gilman [16] compared the artificial growth of crystals with agriculture. Alike
in agriculture, good crystal growth needs good quality seeds, uninterrupted supply of
nutrients and allowing the fittest to grow. Getting a proper quality of seed crystalsis
a prime factor in crystal growth. The classical method is by evaporating or slow
cooling saturated solution. But it is frequently more practical to use a piece from a
natural or a previously grown crystal, or to produce oriented over growth on a seed of
similar material. Any fragment of the desired crystal can serve as a seed. A piece
bounded by the natural facesis not always the most preferable one. The most efficient
seed is a plate whose faces are normal to the most rapid growth direction [150].

3.18 Solution Growth Methods:

A vaiety of crystals are grown by the solution growth techniques for
industrial applications. The size of the crystallizer vessels varies depending upon the
requirements, whether it is for the research or industry. A large number of ionic salt
crystals, organic crystals and semi-organic crystals are grown by these methods.
Various authors [15, 16,141,151-153] have given elaborative discussions on various
solution growth techniques and hence a brief review is presented here.

Usually, slow cooling method is employed to achieve the required degree of
super-saturation. The simplest illustration of the method is crystallization in a closed

vessel, which is depicted in Figure (3.8).
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Figure (3.8): Schematic diagram of a crystallizer used for rapid crystal growth:
(1) growth tank; (2) air-sealed lead; (3) stirrer; (4) heater; (5)
thermo-controller; (6) water bath; (7) platform with the seed; (8)
growth solution; (9) water cup seal.

A solution saturated at an above room temperature is poured into a crystallizer, which

is then hermetically sealed. Prior to this, the solution is heated to a temperature

dlightly above the saturation point in order to avoid spontaneous crystallization at the
moment it is filled into the crystallizer. A seeding crystal is suspended in the solution,
and the crystallizer is placed in a water thermostat whose temperature is reduced
according to a pre-assigned plan. Super-saturation is maintained by slow cooling and
the rates required can be as low as 0.1 °C to 1 °C per day. This has made big demands
of appropriate temperature controllers and also made easier to achieve solution
temperature near the room temperature. The solution is agitated either by mechanical
dtirrer or the rotating seed holder. The fluid flow thus provided breaks up the
boundary layer of rejected solvent and leads to more perfect and faster growth. This
method often produces sufficiently large crystals. A very large size, in terms of
several kilograms of weight, KDP crystals have been grown for LASER applications

by this method [23]
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Temperature difference methods are based on the formation of two regions
with different temperatures in the crystallizer. In one of them, the substance which is
always in excess in the form of the solid phase is dissolved and in the other, crystal
growth takes place. In this case two vessels connected by tubes are usually employed.
The substance is dissolved in the vessel with the higher temperature, and the crystal is
grown in the other. The exchange between the vessal is achieved both by natural
convection of the solution and by stirring with a mechanical agitator. Due to natural
convection, the solution from the dissolution chamber moves along the upper tube
into the growth chamber, and along the water tube in the reverse direction. The large
size crystals of various compounds can be grown successfully by this method. Figure
(3.9) shows the schematic diagram of this method.

GROWTH DISSOLVING
VESSEL VESSEL

5| Excess
|| soLuTE
NUTRIENT

Figure (3.9) Temperature difference method
The super-saturation is achieved, in another method, by evaporating the
solvent, as it evaporates the solute concentration increases to above equilibrium value.
This is known as the slow evaporation method. The process is carried out at a
constant temperature under strictly isothermal conditions. Preferential evaporation of
the solvent occurs “spontaneously” if contact is provided between the solution and the

atmosphere, for non-toxic solvents. The rate of evaporation can readily be controlled
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by changing the solution temperature or controlling the passage using a screw-capped
jar. The details of thistechnique are given by Chernov [141].
3.19 Advantagesof Growth from Solution:

There are severa advantages of crystal growth from solution. This technique
makes it possible to grow crystals that are unstable at their melting points or that exist
in severa crystal forms depending on the temperature and provides control over
temperature of growth [154]

Many times an advantage in control of viscosity in solution growth methods
which permits crystals that tends to form glasses when cooled from their melts to be
grown. Low viscosity solvents such as water greatly accelerate diversification of silica
glass [155].

Generdly, the rates of growth from melts are very large than those from
solution. Crystals grown from solution usualy have well defined faces as compared
with those grown from melts.

Solution growth methods are comparatively inexpensive. In addition, the
growth from solution can be visually inspected; in fact it has been extensively used
for studying the growth parameters, including convection and transport, by means of
photography. However, the solution growth techniques are comparatively slower,
requires high purity solvents and a good deal of designing and parameter settings for

good quality crystal growth [156].
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Chapter IV

Experimental Techniques

4.1  Introduction:

Nowadays, scientists and engineers have an impressive array of powerful and
elegant tools for acquiring quantitative and qualitative informations about the
composition and structure of matter. There are variety of crystals grown having
numerous applications in science and technology. It is aways important to
characterize these crystals with various angles of interests by different instruments
[1]. The present chapter gives a brief review of experimental techniques, which are
used by the present author to characterize the crystal grown.

4.2  Crystal Growth:

The crystals for the present investigations have been grown by the gel
technique using single diffusion column, the wet chemical techniques and the solution
growth. These particular techniques were discussed elaborately in the following
chapters.

4.3  Thermo-gravimetric Analysis (TGA):

According to widely accepted definition of thermal analysis, it is a group of
techniques in which physical properties of a substance and/or its reaction products are
measured as a function of temperature whilst the substance is subjected to a controlled
temperature program [1]. Nearly over a dozen thermal methods can be identified,
which differ in the properties measured and temperature programs [2-4]. These

methods find widespread use for both quality control and research applications of
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various substances, such as, polymers, pharmaceuticals, crystals, clays, minerals,

metals and alloys. Various thermal techniques are categorized in figure (4.1).
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Figure (4.1): Variousthermal techniques

The TGA involves change in weight with respect to temperature. The

acquired data obtained as a plot of mass or loss of mass in percentage as a function of

temperature is considered as a thermal spectrum, or a thermogram, or a thermal

decomposition curve. These thermo-grams characterize a system in terms of

temperature dependence of its thermodynamic properties and physical-chemical

kinetics.

The TGA involves measurement of a change in weight of a system as the

temperature is increased at pre-determined rate. Changes in weight are a result of the

rupture and/or formation of various physical and chemical bonds at elevated

temperatures that lead to the evaluation of volatile products or the formation of
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heavier reaction products. From such curves data is obtained concerning the
thermodynamics and kinetics of the various chemical reactions, reaction mechanism
and the intermediate and fina reaction products. Usually the temperature range is
from ambient to 1200 °C with inert or reactive atmospheres. The derivative in TG is
often used to pinpoint completion of weight- loss steps or to increase resolution of
overlapping weight-loss occurrences.

Modern commercial variety of instruments for TGA usually consists of; (1) a
sensitive analytical balance, (2) a furnace, (3) a pure gas system (for providing an
inert or sometimes reactive gas atmosphere), and (4) a microcomputer or
microprocessor for instrumental control and data acquisition and display. A block

diagram of TGA isas shown in figure (4.2).

Furnace
B control
rd L 4|
, = Temperature sensor ,,.® D
Furnace o

A = .
L,
D F /I

@cC G H /

Figure (4.2): Components of a thermal balance: A, beam: B, sample cup and
holder; C, counterweight; D, lamp and photodiodes; E, coail; F,
magnet; G, control amplifier; H, tare calculator; I, amplifier; J
recorder. (Courtsey of metter Instrument Corp. Hightston, NL)
There are mainly two types of thermo-gravimetry available, one is a dynamic

thermo-gravimetry and the other is a static or endothermic thermo-gravimetry. In the

dynamic thermo-gravimerty, the sample is subjected at continuous and linearly
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increasing temperature. Whereas, in the static or endothermic thermo-gravimetry, the
sample is maintained at constant temperature for a certain period of time during which
any change in weight is recorded. The basic requirements for the analysis are a
precision balance and a recorder. At present the availability of automatic recording
thermo-balances in market are, usually, ranging from 1 mg to 100 g. In genera a
furnace should have a linear rise of temperature with time and should be capable to
work in inert, oxidizing or reducing atmosphere from ambient to 1500°C. Often the
heating and cooling rate of the furnace can be selected from dlightly higher than zero
to as high as 200° C/min. Because of the continuous record of weight and temperature
no features of thermo-grams are overlooked. The shape of thermo-gravimetric curve
of a particular compound is influenced by the rate of heating of the sample and the
atmosphere surrounding it [2, 5, 6].

The TGA for the present samples was carried out from the room temperature
to 800 °C at a heating rate of 15 °C/ min in an atmosphere of air using a-Al,0O3 as
standard reference. The analysis was done in the temperature range from room
temperature to 950 °C and the heating rates from £2 to +100 °C/ min. Powdered
samples were used for this study.

The anayses were carried out at Regional Sophisticated Instrumentation
Center (RSIC), Chennai (11T, Madras), and Sophisticated Instrumentation Center for
Applied Research and Testing (SICART), Vallabh Vidyanagar, Gujarat.

4.4 Infrared (IR) Spectroscopy and FTIR spectroscopy:

Infrared spectroscopy is one of the most powerful anaytical techniques,
which indicates the possibility of chemical identifications [7]. Till the early 1980s,
instruments for the mid-infrared region were mostly of dispersive type based on

diffraction gratings. Due to the advent of Fourier transform technology, the scenario is

Experimental Techniques



Chapter-1V...134

completely changed. Photometers based on interference filters also find applications
in measuring the composition of gases and atmospheric contaminants. Before the
appearance of these new instruments, the mid- infrared frequency region of spectra
were largely used for qualitative organic analysis and structural determination based
on absorption spectra. Nowadays, in contrast the mid-infrared spectroscopy is used in
addition for quantitative anaysis for complex samples by both absorption and
emission spectrometry. In addition to this the mid- infrared spectral regions find
applications in microscopic studies of surfaces, analysis of solids by attenuated total
reflectance and diffuse reflectance, photo-acoustic instruments and others [1].

The infrared region of the electromagnetic spectrum extends from the red end
of the visible spectrum out to the microwave region. Infrared spectral region can be

divided into three regions; near infrared, mid-infrared and far infrared.

Table (4.1)
Different Infrared Spectral Regions and its Applications
Spectral | Wave numbers Type of Type Type sample
regions (cm™) Measurement | Analysis
Near- 12,800 to 4000 Diffuse Quantitative | Solid  or  liquid
infrared reflectance materials
Absorption Quantitative | Gaseous mixtures
Mid- 4000 to 200 Absorption Qualitative | Pure solid, liquid
infrared liquid or gaseous
compounds. (mainly
organic)
Quantitative | Complex  Gaseous
Liqgud or solid
mixtures
Reflectance Qualitative | Pure solid or liquid
compounds
Emission Quantitative | Atmospheric
samples
Far- 200to0 10 Adsorption Qualitative | Pure inorganic or
infrared metal organic
species
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Table (1) gives the details of different infrared spectral regions. Molecular vibrations
are falling into basic categories of stretching and bending. A stretching vibration
involves a continuous change in the inter-atomic distance along the axis of bond
between two atoms. However, the bending vibrations are characterized by a change in
the angle between two bonds, which are of four types, scissoring, rocking, wagging

and twisting, Figure (4.3).
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{a) symmetrical stretching
{b} asymmetrical stretching
{¢) bending

Figure (4.3): Stretching and bending

Because of the interaction with infrared radiation, portions of the incident radiation
are absorbed at particular wavelengths. The multiplicity of vibrations occurring
simultaneously produces a highly complex absorption spectrum, which is a unique
characteristic of the overall configuration of the atoms as well. Details of assignments
of different frequencies with different vibrations of bonds, such as H-O, N-H, C = O,
C-C, C-H and many others were given in detail by many authors[1, 7-9]. Many times
it is given in the chart and tabular form to facilitate the user to identify the specific
bond vibrations from the frequency in wave numbers.

There are mainly three types of instruments available, which are (1)
dispersive grating type, (2) multiplex type and (3) non-dispersive type. Variety of

infrared sources are developed depending upon requirements, which include the
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Nernst glow-bar, incandescent wire sources, mercury arc, tungsten filament lamp, etc.
Good transducers such as, thermal transducers, pyro-electric transducers and photo-
conducting transducers are also equally important in the detection and measurement
of infrared radiation. For different regions, different type of radiation sources, optical
systems and detectors are needed. The standard infrared spectrometer is a filter-
grating or prism- grating instrument covering range from 4000 to 650 cm™ (2.5 to
15.4 mm). However the grating instruments offer high resolution that permits
separation of closely spaced absorption bands, accurate measurements of band
position and intensities, and high scanning speeds for a given resolution and noise
level. Modern spectrometers generally have attachments that permit speed
suppression, scale expansion, repetitive scanning and automatic control of dlit, period
and gain. These are very often under the control of a microprocessor. Accessories
such as beam condensers, reflectance units, polarizers and microcells can usually be
added to extend versatility or accuracy [10].

45 Fourier Transform Infrared Spectroscopy:

Multiplex type of instruments employs the mathematical tool of Fourier
Transform [11]. The apparatus of Fourier Transform Infrared (FTIR) spectrometer is
derived from Michaelson interferometer, which is shown in figure (4.4). The main
components of the FT-IR spectrometers are (1) drive mechanism, (2) beam splitters,
and (3) sources and transducers. In Figure (4.5) a parallel beam of radiation is directed
from the source to the interferometer, consisting of a beam splitter (B) and two
mirrors (M1 and My). It is well known that for monochromatic radiation the

interference patterns are obtained.
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Figure (4.5): Theprincipleof FT-IR
The constructive or destructive interference is produced depending on the
relative path lengths B to M; and B to M,. When mirror M, moves smoothly towards
or away from B, a detector sees radiation of changing intensity. If white radiation is
used, the interference patterns are obtained which can be transferred back to the
original frequency distribution. This can be achieved by a mathematical process

known as Fourier transform, nowadays, this process is carried out by a computer or
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microprocessor of the spectrometer. Under these conditions, the detector response
fluctuates at a rate, which depends upon the rate of movement of mirror and the
wavelength of radiation. In general, any combination of frequencies with
corresponding amplitudes will produce an interferogram containing all the spectral
information of the original radiation. The interferogram is the Fourier transform of the
spectrum and the task of the computer is to apply the inverse Fourier transform.
Interferometric or Fourier transform spectroscopy makes use of all the
frequencies from the source simultaneoudly, rather than sequentialy as in scanning
instrument. This was first proposed by Fellgett and hence also caled as Fellgett
advantage FTS. The Fellgett advantage is an improvement in signal to noise ratio of

(M)?, where M is the number of resolution elements desired in the particular

spectrum. It is worth noting that the resolving power of Fourier transform instrument

is constant over the entire spectrum, whereas it varies with frequency in the
conventional technique [12]. Fourier transform spectroscopy is providing
simultaneous and almost instantaneous recording of whole spectrum in the magnetic
resonance, microwave and infrared regions. Fourier Transform (FT) Spectroscopy is
equally applicable to both emission and absorption spectroscopy.

The FT-IR set up has, as noted earlier, design based on Michaelson
interferometer, which is having mainly three important components:

(1) A drive mechanism is important for satisfactory interferograms, which needs
that the speed of the moving mirror be constant and its position be known
exactly at any instant. The planarity of the mirror must remain constant during
the entire sweep of 10 cm or more.

2 Beam gplitters are constructed of transparent materials with refractive indices

such that approximately 50% of the radiation is transmitted and 50% is
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reflected. A thin film of germanium or silicon coated on cesium iodide or

bromide, sodium chloride, or potassium bromide is employed for mid infrared

region.

3 The sources of FTIR are usually the same as IR ones. Inasmuch as the slow
response times the thermal transducers are not generaly preferred in FT-IR,
the Triglycine sulphate transducers are widely preferred in the mid frequency
range.

The FTIR instrument has many advantages. It has better signal to noise ratio
than good quality dispersive type instrument. Another important advantage is that its
optics provides a much larger energy throughput (one or two orders of magnitude)
than the dispersive type, where it is limited by the necessity of having the narrow dlit
widths. The prime advantage of FT-IR is that the interferometer is free from the
problem of stray radiation because each infrared frequency is chopped at a different
frequency.

There are many applications of FT-IR spectroscopy, which are spectroscopic
investigations of gaseous mixtures having complex spectra resulting from
superposition of vibrational and rotational bands as found in atmosphere; study of
samples with high absorbances; study of the substances with weak absorption bands;
collecting data from very small samples; investigations requiring fast scanning such
as kinetic studies or detection of chromatographic effluents and infrared emission
studies.

There are different versions, modifications and attachments are available with
FT-IR. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) uses
an effective way of obtaining infrared spectra directly on powdered samples with a

minimum sample preparation [13,14]. The advantage is that it permits conventional
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infrared spectral data to be obtained on the samples that are not altered much from
their original state. Apart from this, the photo-acoustic infrared spectroscopy is
another popular technique. This technique was introduced in 1970s, which provides a
mean for obtaining ultraviolet, visible and infrared absorption spectra of solids,
semisolids, or turbid liquids. This is based on the effect first investigated by
Alexander Graham Bell in 1880. When a gas in a closed cell is irradiated with a
chopped beam of radiation of a wavelength that is absorbed by a gas, the absorbed
radiation causes periodic heating of the gas which, consequently, gives in regular
pressure fluctuations in the chamber. This method has been used for detecting the
components of mixtures separated by thin- layer and high-performance liquid
chromatography. Most manufacturers offer photo-acoustic cell along with FT-IR as
the accessories.

The FT-IR spectra for the present study were taken at Regional Sophisticated
Instrumentation Center (R.S.I.C), Chennai and Chemistry Department, Saurashtra
university, Rajkot , using NICOLET MAGMA IR 550 Series |l FTIR Spectrometer,
and Simadzu 8400 FTIR Spectrometer, respectively. The spectra of powder samples
in KBr medium were recorded in the range from 400 cm™ to 4000cm’™.

46  X-ray Diffraction by Powder Method:

The powder X-ray diffraction (XRD) was devised independently in 1916 by
Peter Joseph William Debye, a Nobel Laureate, and P. Scherrer in Germany and in
1917 by A. W. Hull in United States [15 -17]. The powder XRD is a non-destructive
technique widely used for the characterization of a variety of crystaline materials.
This method has been conventionally used for phase identification, quantitative

analysis and the determination of structure imperfections. However, in recent years
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the applications have been extended to new areas, such as the determination of crystal
structures and the extraction of three-dimensional micro-structural properties.

Generaly, the method is applied to data collected under ambient conditions,
but in situ diffraction as a function of an external constraint, such as temperature,
pressure, stress, electric field, atmosphere, etc, is important for the interpretation of
solid state transformations and materials behaviors. Various types of micro and
nano crystalline materials can be characterized by powder- XRD, including organic
and inorganic materials, drugs, minerals, zeolites, catalysts, metals and ceramics. In
the pharmaceutical industries the powder-XRD is popular for identification of drug
molecule and its polymorphs. The physical states of the materials can be loose
powders, thin films, poly-crystalline and bulk materials. By properly using this
technique one can yield a great deal of structural information about the material under
investigation. For most applications, the amount of information which is possible to
extract depends on the nature of the sample microstructure (crystallinity, structure
imperfections, crystalite sizeand texture) the complexity of the crystal structure
(number of atoms in the asymmetric unit cell and unit cell volume), the quality of the
experimental data (instrument performances and counting statistics) [18].

Basically, this method involves the diffraction of monochromatic X-ray by a
powdered specimen. Usualy ‘monochromatic’ means the strong characteristic K
component of the filtered radiation from an X-ray tube operated above the K
excitation potential of the target material. The “Powder” can mean either an actual,
physical powder held together with suitable binder or any specimen in polycrystalline
form. Since single crystals are not always available, this method is more suitable for
structural determination of various substances. The powder method is also known as

the Debye-Scherrer method.
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Figure (4.6 a): ThePrinciple of Powder X-ray Diffraction
The fundamental law, which governs the x-ray diffraction phenomenon, is the
Bragg's Law and the eguation is as follows;

=nI
2snq

S nl  2dsnq or d 4.0

Figure (4.6 b): Powder Sample Diffract X-ray Beam in Cones
When X-ray is incident on the crystalline powdered sample it gets diffracted
according to the above mentioned equation in form of cones, which is exhibited in

Figure (4.6 b).
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There are many applications of the powder method. Fundamentaly this
method provides a way of investigating, within limits, the crystalography of the
crystal in the powder form. The powder method can be used as a tool to identify
crystals, since the powder XRD patterns produced by a crystalline substance is a
characteristic of that particular substance. One of the most important uses of the
powder method is in the identification of an unknown material. If a set of standard
diagrams of known substances, or tabular representations of them, available, then it is
possible to identify a pure substance with the aid of a set of rules for finding an
unknown diagram. The ASTM data cards as well as JCPDS data files are available for
large number of substances for identifications and comparison. Statistical study of the
relative orientations of the individual crystals of an aggregate is one of the important
secondary uses of the powder method [19]. Identification of phases can be done by
powder technique without solving crystal structure or assigning indices to the
reflections. Apart from these, cold work, recovery and re-crystallization are readily

recognized by their effect on the powder patterns.

Diffraction Line Parameter of Applications
Peak position Unit-cell parameter refinement
Pattern indexing

Space group determination (2&%absent reflections)
Anisotropic therma expansion

Macrostress: sin“g method

Phase identification (d/I)

Intensity Phase abundance
Reaction kinetics
Crystal structure analysis (whole pattern)
Rietveld refinement (whole pattern)
Search/match, phase identification
Preferred orientation, texture analysis

Width/breadth and shape Instrumental resolution function
Microstructure: line profile analysis
Microstructure (crystallite size, size
distribution, lattice distortion, structure
mistakes, dislocations, composition
gradient), crystallite growth kinetics
Three-dimensional microstructure (whole pattern)
Non-ambient and in situ diffraction under external dynamic diffraction
constraints reaction kinetics
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There are three types of powder methods, differentiated by the relative
position of the specimen and the film.
1. Debye-Scherrer Method:

The film is placed on the surface of a cylinder and specimen on the axis of the
cylinder.

2. Focusing M ethod:

The film, specimen, and X-ray source are all placed on the surface of a
cylinder.

3. Pinhole Method:

The film is flat, perpendicular to the incident X-ray beam, and located at any
convenient distance from the specimen.

For the purpose of simultaneous and quick measurement of the positions and
intensities of diffraction lines the diffracto-meters are advantageous; on the other
hand, the diffraction cameras are preferred when a very small amount of specimen is
available, if an entire diffraction ring is required to be recorded in order to do the
rapid estimation of grain size and preferred orientation and in case of large
immovable specimen.

The powder photographic methods are well described by Klug and Alexander
[20] aswell as Azaroff and Buerger [19].

The simplest and most inexpensive way of practicing the powder method is to
record the X-ray diffraction on photographic film, using a powder camera. A more
elaborate way is to detect the diffracted radiation by means as a quantum counter, like
Geiger counter. The use of counter diffracto-meter, and recorder equipment is

justified chiefly when one wants to examine many different samples rapidly. Such
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methods also have a real advantage whenever accurately measured intensities are
necessary.

In the present work crystals were analyzed by PW 1710 BASED diffracto-
meter with Cu-Kg radiation by using PC-APD Diffraction software. The crystal
structures were determined by a computer software Powder-X.

Moreover, the single crystal x-ray diffraction method has its own advantages,
but it is very expensive. The single crystal x-ray diffracto-meters use small single
crystalline samples instead of powder samples. The data are analyzed with the help of
various computer soft-wares and the molecular packing in the unit cell, the molecular
structure, the bond lengths, the bond angles, unit cell parameters, etc. are available.
The single crystal XRD the cynosure of many disciplines, such as physics, chemistry,
bio-chemistry, biology, pharmacy, etc. In the modern times the identification of new
substances with their molecular structures, their active bond sites, their crystal
structures, etc. are very important for the drug designing. Various viruses, including
HIV virus, have been crystallized and studied with the single crystal XRD.

The single crystal XRD was carried out on organic molecular crystal 4-(2-
hydroxy-phenylamino)-pent-3-en-2-one Organic Crystal Crystallography Laboratory
of University of Jammu, Jammu, using M, K4 radiation. The crystallographic data,
bond angle and bond length ORTEP diagram and packing of molecules in unit cells
were obtained by suitable soft-wares, which are discussed in detail in section 9.3
Chapter-1X.

4.7 Dielectric Studies:
Materials, which are electric insulators or in which an electric field can be
sustained with a minimum dissipation power are known as dielectric materias. In the

general sense, dielectric includes all materials except condensed states of metals.
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A dielectric is characterized by its dielectric constant,] (some times denoted

by &), which relates the electric flux density to the electric field by the following

relation

D=1 e

In the MKS system T is the product of T ¢ (permittivity of free space) and T .
(relative dielectric constant). In the earlier experiments Faraday found that by
inserting a dielectric material between the condenser plates, the capacitance could be
increase by a factor of T ;. The reason is the appearance of charges on the surface of
the dielectric necessitating the arrival of fresh charges from the battery in order to

keep the voltage constant. This is described in a schematic diagram of figure (4.7).
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Figure (4.7): Schematic representations of (a) the charge stored on capacitor platesfor

a vacuum. (b) the dipole arrangement in an unpolarized dielectric, and (c) the incr eased

charge storing capacity resulting from the polarization of a dielectric material.
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In vacuum the surface charge density on the condenser plate is represented as
Q=Tovd s (4.3)
Where, d, is the distance between the plates. In the presence of dielectric, the surface
charge density increase to
Q=To,vd e (4.4)
Denoting the increase in surface charge density by P and defining the dielectric
susceptibility by

c=1.-12 e (4.5)
From equation (4.3) and (4.4) the following relationship can be obtained

P=D-T@ad P=To¢c& e (4.6)
Usually, the dielectric constant for a given material is defined as the ratio of electric
capacitance of a dielectric field capacitor to a vacuum capacitor of identical
dimensions. This can be represented by the following relationship,

i=cco (4.7)
Where, C is the capacitance of the dielectric field capacitor and Cy is the capacitance
of vacuum capacitor. The dielectric constant T is also known as the specific inductive
capacity or as the relative permittivity. For a given charge distribution, the dielectric
constant expresses the ratio of electric field strength in vacuum to that in a dielectric,
the latter field being reduced by the polarization of the dielectric medium.

Considering a microscopic approach, an atom has a positively charged nucleus
surrounded by an electron cloud. In the absence of an electric field, the statistical
centers of positive and negative charges coincide. When an electric field is applied a
shift is expected in the charge centers, particularly of the electrons. If this separation

isd and the total charge is g then the molecule has an induced dipole moment,

m=qd e (4.8)
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If the center of electron charge moves by an amount,d, then the total volume
occupied by this electrons is Ad, where A is the area. This is actualy true for class of
molecules also. Denoting the number of molecules per unit volume by N, and taking
account of the fact that each molecule has a charge g, the total charge appearing in the
volume Ad is then AdNy, g or smply Nmqd per unit area, in other words, the surface
charge density.

It is interesting to note that this polarized surface charge density P is exactly
equal to the amount of dipole moment per unit volume, which is from equation (4.8)
is aso Nnqd. The first relationship between microscopic and macroscopic quantities
are obtained as follows

P=Nym e (4.9)

For low electric fields, one may assume that the dipole-moment is proportional
to the local electric field &,

m=ad e (4.10)
Where, a is the constant known as polarizability. Notice that the presence of dipoles
increases the local field, which will thus always be larger than the applied electric

field. This has been schematically shown in figure (4.8).

4=

Figure (4.8): Formation of Dipolein Electric Field
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There are several types of polarizations, such as, ionic polarization, interstitial
polarization, electronic polarizability of atoms, lattice polarization and molecular
polarizability. The main three types of polarizations are explained as follows.

(i) Electronic: -

All materials consist of ions surrounded by electron clouds. As electrons are
very light they have a rapid response to field changes; they may even follow the field
at optical frequencies.

(if) Molecular: -
Bonds between atoms are stretched by applied electric fields when the lattice

ions are charged. Thisis easily visualized with an akali halide crystal figure (4.9)

Cl Na

®
0

Figure (4.9): Stretching of Alkalihallide bondswhen ion is charged
Where small deformations of the ionic bond will occur when a field is applied,
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increasing the dipole moment of the lattice.
(i) Orientational: —

This occurs in liquids or gases when whole molecules having a permanent or
induced dipole moment move into line with the applied field.

Physically, one may consider the dipole-moments as trying to line up but,
jostled by their therma motion, not all of them are successful. Since the energy of
dipoleis an electric field & is given by

E=-mdcosq e (4.11)
The number of dipolesin asolid angled] is

Aep(idcosq/KN)2psing- e (4.12)
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Where, A isaconstant. Hence the average dipole moment is given as
<m> = net number of the assembly / total number of dipoles
Integrating in the interval of O top, oneyields
<m>/m= L(a)=cotha-1/a’, wherea= ma/KT = --------m--mmmmeemmmee- (4.13)
And L(a) is called the Langevin function.

If aissmall, which is true under quite wide conditions, equation (4.13) may be

approximated by,
<m>=nf&/KT s (4.14)
i.e.,the polarizability is inversely proportional to the absolute temperature.

The electric response of a normal dielectric can be explained by its dielectric
or breakdown strength, conductivity or dielectric loss, and dielectric constant. The
behavior of nonlinear dielectric depends also on the amplitude and time variation of
the electric field.

Dielectric strength is defined as the maximum electric field, which can be
applied to a dielectric without causing breakdown, the abrupt irreversible drop in
resistively at high fields often accompanied by destruction of the material. Dielectric
strength of most insulating materials is in the range from 10" to 10" V/in. at room
temperature and low frequencies and it decreases at higher temperatures.

Dielectric loss is the power dissipation in a dielectric because of conduction
process. This power loss results from thermal dissipation of the electrical energy
expended by the field. It is caused by molecular collisions. It can be described by any
of the following related parameters; the conductivity, 6, the factorl ”, the power
factor cosg and the loss tangent or dissipation factor, tand ;of these, only 0 is
applicable to direct current problems. The conductivity 6 is the current density | per

unit field strength E in phase with the applied voltage. The loss factorl ”, which isthe
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imaginary part of the permittivity, is related to the conductivity by 6 =wi "/ g, where
w equals 2p times the frequency. The power factor, cosqg, is the ratio of conduction or
loss current in phase with the applied voltage to the total current in any circuit, and q
is the phase angle between current and voltage. The dissipation factor, tand, is the
ratio of loss current to reactive or charging current, where d = 90°- . This is
expressed in terms of permittivity asin equation (4.15),

where, A *¥= Q 2+T—2T *=1'-i1",cosq =1 /YA *Y% - (4.15)
andtand=1"/1 . For low loss materials, cosq and tand are nearly equal.

The power dissipated per unit volume is P= 6 YEY$= Y4%cosq. This power
loss increases at high temperatures and, in many substances, at high frequencies and
also it increases for a given field strength. This effect is commercialy employed in
dielectric heating equipment for industrial and therapeutic purposes.

Didtinction is often made for semiconductors and dielectrics. A non-polar
material is having no permanent dipoles, for example, silicon, germanium and carbon
(diamond). The I11-V compounds such as GaAs, InSb and GaP share their valance
electrons in such a manner that the ions forming the lattice tend to be positive (group-
V) or negative (group-111). Hence, the lattice is a mass of permanent dipoles whose
moment can be changed by applied field. There are compounds, such as hydrocarbons
(CsHs and paraffins), having permanent dipole arrangements but surprisingly zero net
dipole moment. There are molecules like water and many transformer oils that have
permanent dipole moments and the total dipole moment is determined by their
orientational polarizability.

Depending upon the frequency range under investigation the experimental
method of measuring dielectric constant varies. For frequencies below 10°Hz the

permittivity or impedance of a dielectric sample, inserted in a parallel plate capacitor,
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can be measured by suitable circuits. A Schering bridge arrangement is used up to 10°
Hz and resonance circuit in the range of 10* to 10°Hz. In the case of frequencies
above 10®Hz, the dielectric constant may be determined by measuring the interaction
of electromagnetic waves with the medium. From 10% to 10"Hz the materia is
generally inserted in wave-guides or co-axial lines and the standing wave patterns are
measured. However, at still higher frequencies, optical techniques involving
reflections and transmission measurements are employed.

The applicability of dielectric materials not only requires the knowledge of
their electric properties, but also their general physical and chemical properties, such
as, mechanical strength, elasticity, resistance to heat and cold, thermal conductivity,
hygroscopicity, stability, crystalline structure and other parameters.

There are many applications of dielectric materials. Because the dielectric
constant is related to the chemical structure, it can be used for both qualitative and
quantitative analysis. If the dielectric constants for all constituents except one
constituent, in a multi-component system, are similar and there is little interaction
between them in solution, then the unique component can often be determined.
Interestingly, in the analysis for toluene in the presence of complex mixtures of
aliphatic hydrocarbons in petroleum refining as well as determining moisture in cereal
grains and other solids uses this type of dielectric measurement techniques. When the
nominaly electric insulating material is placed in a varying electrostatic field, the
heating effect of a material due to its own electric (dielectric) losses is known as
dielectric heating. The material to be heated is placed between two metallic electrodes
and high frequency signals of 2 to 90 MHz are applied by high frequency oscillator.
The resultant heat is generated within the material and in the homogeneous materials

it is through out uniform.

Experimental Techniques



Chapter-1V...153

Solid dielectrics are employed for the vast majority of commercia
applications. Important solid dielectrics include many ceramics and glasses; plastics
and rubber; minerals such as quartz, mica, magnesia, and asbestos; and paper and
fibrous products. The mechanical and thermal properties as well as the electrical
response are important in the choice of dielectric for a particular product. For high
mechanical strength and temperature resistance, ceramic and mineral insulators are
preferred, while plastic and rubber are employed where flexibility is desired. Low-
loss, non-polar dielectric, such as polyethylene or polystyrene, is necessary for many
ultra high frequency applications.

The materia requirements for dielectric devices are usually determined by the
specific electrical characteristics desired for the operating frequencies selected.
Semiconductors, such as silicon and germanium, and piezo-electric or ferroelectric
ceramics, including heavy metal titanates, zirconates, and niobates, have found
considerable application.

Many authors discussed various dielectric properties, dielectric applications
and dielectric theories in details [21-31]. Classical theory of dielectric constant was

also been given by Kachhava and Saxena[32].

Figure (4.10): LCR meter
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In the present investigation, a precison LCR meter Agilent 42848 capable of
measuring different impedance parameters at test frequencies from 20Hz to 1IMHz has
been used. The measurements were made at the ferrites laboratory of the Physics
Department, Saurashtra University. Figure (4.10) shows the photograph of the set up.

The powdered samples were palletized by using a die of 1cm diameter by
apply 2 tone pressure. The pallets were placed in a suitably design spring-loaded

holder. Figure (4.11) describes the design of the sample holder.

Figure (4.11): The sample holder
The frequency of the applied signal was varied from 500Hz to 1IMHz and the values
of capacitance were measured at different frequency at room temperature. The
dielectric constant (€) is measured by employing the following expressions,
C=38Alt= & éAlt, 8=Ct/ A (4.16)
Where, C = Capacitance, I = Relative permittivity, € = Dielectric constant, A = Area

of sample, and T o= Permittivity of free space.
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The dissipation factor (D) is measured along with the capacitance at different
temperatures and frequencies. The dielectric loss tand is calculated by using the
following relation

tandc=D (4.17)
Where, D= dissipation factor.

4.8  Photoconductivity and NL O Properties M easur ements:

The generation of charge carrier density under illumination of a sample
increases the electrical conductivity, which is known as the phenomenon of
photoconductivity. This occurs when the energy of incident photon hi is higher than
the energy band gap E,. When hi > Eg, an electron absorbs a photon of incident beam
and jumps from the valance band to the conduction band. Thus, the new electron hole

pairs created by the incident radiation increases the conductivity.
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Figure (4.12): Schematic diagram of the photoconductivity study
Figure (4.12) shows the schematic diagram for the photoconductivity study.
The electrical contacts were made on the polished surface of the sample by silver
paint at a suitable spacing d between the two conducting wires. The d.c. input was
increased from 0 to 300 volts in steps of 20 volts and current readings were noted
down by Keithley 485 Pico- ammeter. For the photocurrent measurements, the sample
was illuminated with halogen lamp of 100W by focusing a spot of light on the sample

with the help of a convex lens. The experiment was performed at Physics Department
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of Loyala College, Chennai, on organic crystals. This will be discussed in detail in
section 9.3 of Chapter-1X.

The powder technique is the most convenient and simple technique for
measurement of second orders non-linear optical (NLO) properties of materias. The

experimental set up employed is shown schematically in figure (4.13).
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Figure (4.13): Krutz powder experimental set-up
It consists of Q- switched Laser and the sample is illuminated using UV-visible cut
filter. The second harmonic generation is detected by photomultiplier tube and
displayed on an oscilloscope. To increase the efficiency of a second harmonic
collection at the detector, many times, a parabolic reflector is placed directly in front
of the sample with a small access hole for laser beam.

For qualitative analysis, a thin layer of un-graded powder was placed on a
microscope slide and held with a transparent tape. The experimental details are
discussed elsewhere by several authors [33, 34].

4.9 Herbal Extract Preparation:
Growth inhibition study of three main crystals responsible for arthropathy, that is,
MSUM, CPPD, and HA, has been carried out by using various herbal extracts. The

details of selected plants for herbal extracts are as followsin Table (4.2).
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Table (4.2)

Details of Herbal extracts and its applications

Sr. | Sanskrit Name Latin Name Part used Plant chemicals uses
No.
1 Purnarnava Boerhaavia Whole Plant, Boerhavic acid, borhavine, Anti inflammatory,
diffusaLinn Root punarnavine, sitosterols, and anti arthritis etc...
alanine etc...
2 Pashanabheda Routla Aquatica | Whole Plant, Rhabdiol, Allant Cough, cardiac
Lour. Root disorder, fever, ulcers,
bladder stone.
3 Gokshuru Tribulus Whole Plant, Syeroidal saponins gitonin, Antiinflammatory,
terrestris Linn Fruit hecogenin, neotigogenin etc... | diuretic, Arthritis.
4 Guggul Commiphora Gumresin Gugglesterone-E, Antiinflammatory,
wightii Engl. Gugglesterone-Z, rheumatoid arthritis,
Gugg;esterpne I-1V, heart diseases.
5 Salai Guggul Boswelliaserrta | Gumresin a- Thujene, P-cymene, & Arthritis, nervous &
Roxb. pipine, linalool, essentia oils, | skin disorders, anti
galactaronic acid fungal, anti
inflammatory etc..
6 Gorakshanganja/ | Aervalanata Whole Plant, a-amyrin, Campesterol, & Calculus affection,
Kapur Madhura Juss ex. Schult Root sitosterol, &-sitosteryl. Coughs, diuretic,
anthelmentic,

demulcent, etc..

Figure (4.14) shows the photographs of the plants used in the extract preparations.

The phyto-chemical study and the tanardization of different extracts were done by

Bhavan's SPARC, Mumbai [35].

Extraction:

Preparation techniques of different herbal extracts are broadly described as follows.

Hot alcoholic and hydroal coholic extraction:

50 or 100 g of plant material packed in athimble

Placed in a soxhlet

Hot extraction carried out with 3 to 4 times the volumes of solvent
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For alcoholic extractions, a temperature of 65 °C is maintained through out the
extraction process, while for hydroalcoholic extracts, the temperature used is 70 °C.

The extractions are carried out for one-and-a-half hours each day for three successive

days.

B. diffusa R. aquatica root

T. terrestris C. wightii

B. serrata A. lanata

Figure (4.14): Photographs of the plants used in extract preparation
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Hot aqueous extracts:

50 g of plant material placed in a beaker

400 ml of Didtilled water added to the plant material (1:8 ratio)

Heated in aboiling water bath until the kwath reduces to half of the original volume

All extracts are dried in arotary vacuum evaporator to a syrupy consistency and then

in a steam bath to thick, pasty consistency. All the extracts are stored in glass vials

kept in airtight plastic boxes at -20 °C. The extractive values and pH values for

different plants are given in Table (4.3) [35].

Table (4.3)

Extractive value and pH values of different plant extracts

Plant name Extractive value (%) pH Values
Hot Hot Hot Hot Hot Hot
aqueous | ethanolic | hydroet- | agueous | ethanolic | hydroeth-
hanolic anolic
Boerhaavia diffusa 10.58 5.45 6.49 6.0 6.5 6.5
Linn (root)
Routla AquaticaLour. | 8,97 10.09 12.27 4.0 6.0 6.5
(root)
TribulusterrestrisLinn | 13.36 9.77 7.44 35 5.0 6.5
(fruit)
Commiphora wightii 9.36 31.59 25.75 35 35 6.0
Engl. (gum resin)
BoswelliaserrtaRoxb. | 8,52 46.62 41.35 45 6.5 7.0
(gumresin)
Aervalanata Juss ex. 8.9 3.95 21.44 6.5 55 6.5

Schult (whole plant)

The extract of Boerhaavia diffusa is brown colored and pasty in nature with

positive results of sugar test, phenol test, tannin test and saponin test. However, the

same type of nature of Rotula aquatica extracts was observed. Extracts of Tribulus

terrestris are brown in color and syrupy in the consistency for ethanolic extracts and
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the pasty consistency for hydroethanolic and aqueous extracts. Hydroethanolic and
ethanolic extracts of Commiphora wightii are light brown in color and are gum like in
consistency, but oily consistency with yellow color is found for cold hexane extracts.
The hot agueous extract of Boswellia serrata is brown in color and pasty in the
consistency. A thorough investigation of these herbal extracts has been carried out by

Bhavan's SPARC at Mumbai.
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Chapter V

Growth and Characterization of

Hydroxyapatite Crystals

51 Introduction:

There are various applications of bio-materials and bio-ceramics, but most
important objective of the science of the bio-materialsis to develop a new material for
bone substitution. The chemical compositions of various calcium phosphates are
roughly equivalent to that of the inorganic matrix of the human bone and they are
found to be the most suitable as implant materials [1]. The major phase found in bone
is Hydroxyapatite (HA, Cayo(PO4)s(OH),) and the other commonly known phases are
octacalcium phosphate, tricalcium phosphate, dicalcium phosphate dihydrate and
dicalcium phosphate [2]. The HA is not only bio-compatible but also bioactive
material, it directly bonds to the bone and favours the implant fixation due to its
various interesting properties like, osteoconductivity, nontoxicity, non-inflammatory
behavior, and non-immunogenicity [3, 4]. Therefore, the coatings of HA are often
applied to metallic implants (most commonly titanium/titanium alloys and stainless
steels) to alter the surface properties. In this manner, the body feels the foreign
material as the HA-type material only and readily accepts it [5]. Apatites are not only
biologically important materials, but they have also great importance in the industry
as catalysts, in environmenta remediation and in ceramic membranes [6].

Hydroxyapatite is a very useful compound but it is not always true; because

HA is also responsible for the ailments caled the arthritis, particularly, calcific
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periarthritis, acute/ chronic inflammatory arthritis, destructive arthropathy and soft
tissue calcinosis. The HA associated arthritis is explained as; the tiny crystals of HA
form in or around joints can cause inflammation of joints and also the tissues around
the joints, such as tendons and ligaments. They have been described particularly as a
cause of rotator cuff inflammation of the shoulder. The inflammation caused by HA
crystals has been referred to asthe hydroxyapatite crystal disease [7].

Hydroxyapatite is the most stable calcium phosphate salt under physiological
conditions, therefore, various researchers have used HA to study the hard tissue
calcification, such as bone and teeth, and in many undesirable cases of pathological
mineralization of articular cartilage [8, 9], cardiac valves [10-12] and kidney stones
[13]. Many researchers have studied the HA crystals with different aspects. Cuneyt
Taset a. [14, 15] have reported the synthesis process as well as the sintering behavior
of HA, composites of HA and tri calcium phosphate at high temperatures. While
Vilacampa et a. [16] have reported the synthesis of HA-SI composite material.
Koutsopoulos et a [17, 18] have studied the crystallization of HA in the presence of
various amino acids and also studied their inhibition effect. Prabakaran et a [19] have
reported the development of calcium phosphate based apatite from hen’'s eggshell.
Recently, Vandiver et a. [20] have reported the detection of nano-scale variation in
the surface charge of synthetic HA by chemically and spatially specific high-
resolution force spectroscopy.

5.2  Physical and Chemical Properties of HA:

Hydroxyapatite is a naturally occurring mineral and the predominant mineral
component of vertebrate bone and tooth enamel. It is the most stable and most bio-
compatible calcium phosphate [21]. At temperatures higher than 900 °C, partial

decomposition of HA may take place resulting in oxyapatite (OXA). Hydroxyapatite,
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partially dehydrated HA, or OXA decompose above 1300 °C into &tricalcium

phosphate (& TCP) and tetracalcium phosphate (TetCP).

Many researchers have studied various properties of apatites due to their vast
applications. Recently, Rey et a. [22] have studied the physico-chemical properties of
nano-crystalline apatites; while Mericier et a. [23] have studied the crystal chemistry
of various apatites from the geometrical aspects. The following Table (5.1) represents
the physical and chemical properties[24].

Table(5.1)

Physical and chemical propertiesof HA
General Hydroxyapatite I nfor mation
Chemical Formula: | Cas(PO4)s(OH)
Composition: Molecular Weight = 502.31 gm
Calcium 39.89% Ca 55.82 % CaO
Phosphorus 18.50% P 42.39 % P,Os
Hydrogen 020% H 1.79 % H,0
Oxygen 41.41%0

100.00 % 100.00 % = total oxide
Empirical Formula: | Cas(PO4)s(OH)

IMA Status: Valid Species (Pre-IMA) 1856
Locality: Holly Springs, Cherokee County, Georgia, USA.
Name Origin: Named as the hydroxyl end-member and from the
Greek apatao - "l am misleading.”
Synonym: Apatite
Deltaite-mixture with crandellite
Hydroxy Apatite
|CSD 203027
PDF 9-432
Hydroxyapatite Crystallography
Axia Ratios: ac=1.0.72998

Cell Dimensions: a=9418,¢c=6.875 Z = 2; V = 528.11 Den(Cac)=
(inA) 3.16

Crystal System: Hexagonal - Dipyramida H-M Symbol (6/m) Space
Group: P 63/m or monoclinic

X Ray Diffraction: | By Intensity(l/l,): 2.814(1), 2.72(0.6), 2.778(0.6),
Physical Properties of Hydr oxyapatite

Cleavage: I ndlistinct

Color: Colorless, White, Gray, Yellow, Y ellowish green.
Density: 3.08

Diaphaniety: Transparent to Opague
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Habit: Massive - Granular - Common texture observed in
granite and other igneous rock.

Hardness: 5 - Apatite

Luster: Vitreous - Dull

Streak: white

Optical Properties of Hydroxyapatite

Gladstone-Dale: Cl meas=-0.046 (Good) - where the CI = (1-
KPDmeas/K C)

Cl calc=-0.02 (Excellent) - where the CI = (1-
KPDcalc/KC)

KPDcalc= 0.2049,KPDmeas= 0.2102,K C= 0.2009
Optical Data: Uniaxial (-), e=1.644, w=1.651, bire=0.0070.
Calculated Properties of Hydr oxyapatite

Electron Density: Aeectron=3.15 gm/cc

NOtE: Mnydroxylapatite =3.16 gm/cc.

Fermion Index Fermion Index = 0.00073
Boson Index = 0.99927
Photoelectric: PEnydroxylapaite = 5.78 barns/electron
U:PEHydroxyIapatiteX fMgectron= 18.19 barns/cc.
Radioactivity: GRapi = 0 (Gamma Ray American Petroleum Institute
Units)

Hydroxylapatite is Not Radioactive

Hydr oxyapatite Classification

Dana Class: 41.8.1.3 (41) Anhydrous Phosphates, etc. Containing
Hydroxy! or Halogen

(41.8)where (A)5 (X0O4)3 Zq

(41.8.1)Dana Group

Strunz Class: VII/B.39-30 VII - Phosphates, Arsenates and
V anadates

VII/B - Waterfree phosphates with unfamiliar anions
F, Cl, O, OH. cations of medium and big size: Mg, Cu,
Zn, and Ca, Na, K, Ba, Pb

VI11/B.39 - Apatite - Pyromorphite group

Other Hydroxyapatite I nfor mation

References: NAME(Dana8) PHYS. PROP.(Dana8) OPTIC
PROP.(Enc. of Minerals,2nd ed.,1990)

53  Growth of HA Crystal:

Generaly, HA crystals are grown by hydrotherma methods at elevated
temperatures and pressures [25]. The synthesis of HA nano-wires through wet
chemical process has been reported [26]; where as Kamiya et al. [27] have reported

the growth of fibrous HA. Precipitation of HA and calcium deficient HA from
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agueous solution was also reported [28, 29]. The crystal growth of HA at ambient
conditions of temperature and pressure, generaly, yielded nano-crystals. There is
only one report [3] on the growth of platy HA single crystals by gel growth technique
at physiological temperature.

€)] Gel preparation:

In the present case, AR grade sodium metasilicate powder was used for
preparation of the gel medium. To remove the impurities, 250g sodium meta-silicate
was dissolved in one liter of water in a beaker. On stirring it thoroughly, a dense
milky solution of sodium meta-silicate was formed. It was left for a couple of days, so
that heavy insoluble impurities could accumulate at the bottom of a beaker. This was
decanted into another beaker and filtered twice with Whatman (cat No 1001 125)
filter paper of 12.5 cm diameter. Then the solution was centrifuged on MSE high-
speed centrifuge unit for about half an hour at 10000 revolutions per minute.
Practically the solution got rid off al suspended impurities and as a result,
transparent, slightly golden colored solution of sodium meta-silicate was obtained.
This could be preserved as a stock solution for quite along period. By adding double
distilled water of appropriate volume, one can make solution of desired specific
gravity. In the present study, the specific gravity was selected as 1.06. This solution
was acidified by 1 N, ortho-phosphoric acid in such a manner that appropriate pH was
obtained. The pH values between 6.0 to 6.5 were selected. This solution was
transferred to different test tubes for setting the gel.

(b) Hydroxyapatite Crystal growth:

Glass test-tubes of 25 mm diameter and 150 mm length were used as crysta

growth apparatus. The above mentioned mixture was poured in equal volumes in

different test tubes and allowed to set into the gel form. Within 48 hours good quality
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gel was set. After setting the gel, 1 M calcium chloride solution was poured gently on
to the set gel. Good quality, very small crystals were found in the form of Liesegang

rings, which is shown in the following figure (5.1).

Figure (5.1): HA crystalsgrowth in the form of Liesegang rings
The particle size measurement has also been carried out using the Model Master Sizer

2000, at CSMCRI, Bhavnagar, the results are given in Table (5.2)

Table (5.2)
Particle size measurement data of HA crystals
Sample code D(0.1) micron D(0.5) micron D(0.9) micron
HA (Aqueous) 47.25 82.68 107.54

From the table (5.2), it can be interpreted that 10% of the particles were less than
47.25 micron, 50% of particles were less than 82.68 micron and 90% particles were
less than 107.54 micron.
54  Characterization of HA Crystals:
54.1 FT-IR Spectroscopic Studies: -

Infrared spectroscopy is a very powerful analytical tool for examining both

inorganic and organic materials [30-32]. It is an easy way to identify the presence of
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certain functional groups in a molecule. Also, one can use the unique collection of
absorption bands to confirm the identity of a pure compound or to detect the presence
of specific impurities. Infrared spectroscopy reveals information about molecular
vibrations that cause a change in the dipole moment of molecules. It offers a
fingerprint of the chemical bonds present within materials. When radiation passes
through a sample (solid, liquid or gas), certain frequencies of the radiation are
absorbed by the molecules of the substance leading to the molecular vibrations. The
frequencies of absorbed radiation are unique for each molecule which provides the
characteristics of a substance.

FT-IR spectroscopy is the further advancement of IR spectroscopy by using
the mathematical concept of Fourier Transform through proper electronic circuit and
computer interfacing. From the earliest days of infrared spectroscopy it was observed
that functional groups of atoms could be associated with definite characteristic
absorption bands, i.e., the absorption of infrared radiation over certain frequency
intervals. The infrared spectrum of any given substance is interpreted by the use of the
known group frequencies and thus it will be easy to characterize the substance as one
containing a given type of group or groups. Although group frequencies occur within
narrow limits, interference or perturbation may cause a shift of the characteristic
bands due to (a) the electro negativity of neighboring groups or atoms, (b) the spatial
geometry of the molecule, or (c) the mechanical mixing of vibrational modes.

Functional groups sometimes have more than one characteristic absorption
band associated with them. On the other hand, two or more functional groups may
absorb in the same region and hence, in general, can only be distinguished from each
other by means of other characteristic infrared bands, which occur in non-overlapping

regions.
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Absorption bands may be considered as having two origins, these being the
fundamental vibrations of (a) functional groups, e.g. C=0, C=C, CIN, -CH,-, -CHs-,
and (b) skeletal groups, i.e. the molecular backbone or skeleton of the molecule e.g.,
C-C-C-C. Absorption bands may also be aroused from stretching vibrations, i.e.,
vibrations involving bond-length changes, or deformation vibration, i.e., vibrations
involving bond-angle changes, of the group. Each of these, in some cases, may be
considered as arising from symmetric or asymmetric vibrations.

For a given functional group, the vibration bands due to stretching occur at
higher frequencies than those due to deformation. This is because more energy is
required to stretch the group than to deform it due to the bonding force directly
opposing the change.

Many workers have studied the IR spectra of different phosphates and
biomaterial compounds. FT-IR spectra of calcium hydrogen phosphate dihydrate
(CHPD) and calcium oxalate type urinary crystals have been reported by Joshi [33].
Cuneyt Tas [34] has studied the FT-IR spectrum of synthesized Ca-HA powders from
synthetic body fluid at a physiological temperature of 37 °C. Whereas, K outsopoulos
et al. [35] have reported the crystallization of HA on sodium cholate and confirmed
the presences of HA through the FT-IR and other techniques. Moreover, Kontonasaki
et al. [36] have studied the in vitro formation of hydroxycarbonate apatite on the bio-
glass and through the FT-IR and SEM they confirmed the development of hydroxy
carbonate apatite layer on the commercially available bio-glass.

The FT-IR spectrum of HA crystals is shown in figure (5.2), which was
recorded on a Shimadzu 8400 instrument in KBr disc, in the range of 400 cm™ to
4000 cm™. From figure (5.2) one notices that the absorptions occurring at 3344.3

cm® and 1596.9 cm™ are due to the O - H stretching and O-H plane-bending
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vibration, respectively. The PO, " bands were recorded at 467 cm™ (u, ), 562.2 cm™,
602.7 cm™ (u,), 961.4 cm™® (Y1) and 1029 cm™(u,). The absorptions between 400
cm™ to 520 cm™ are due to the presence of oxygen-calcium bond. From the figure
(5.2) one can confirm that the crystal is completely free from C=0 bond inclusion.

Table (5.1) represents the assignments of different absorptions bands in Fourier

Transform Infrared (FT-IR) spectrum for HA crystals.
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Figure (5.2): FT-IR spectrum of HA crystals
Table (5.3)

Assignments of different absorption bandsin the FT-IR spectra of HA crystals

Hydroxyapatite Cayo(PO4)s(OH).
Assignments Observed frequencies (cm™)

O—P-0 bending 467.7
562.2

602.7

P-O Symmetric stretching bonds 860.2
961.4

P-O Asymmetric stretching 1029.0
O-H in plane bending 1596.9
O-H Stretching 3344.3
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Considering a molecular model where the nuclei are represented by point
masses and the inter atomic bonds are represented by mass-less springs, which
follows Hooke's law. If masses are expressed in unified atomic mass unit and the

force constant is expressed in mdynes /A, then

u = 1303 N (5.1)
1/M, +1/M,)

Where, 1303 is equal to (Na x 10° )* /2pC, Na is Avogadro’s number,
6.0225 10% mol™ [37]. A complex molecule consists of a number of atoms with
different bonds. Each bond between two atoms, which can oscillate about some
equilibrium bond length or for a bond angle between two bonds, can oscillate about
some equilibrium bond angle. Two such oscillators, which are arranged so that they
exert forces on each other, when they oscillate, are known as coupled oscillators. By
taking account of this simple model, the force constant has been calculated for O-H
vibrations. Which is found to be 6.200 mdynes/A.

From the FT-IR spectra, the presence of O-H bond and symmetric and
asymmetric stretching of PO, bonds are confirmed.

5.4.2 Powder X-ray Diffraction:

Powder X-ray Diffraction( XRD) is perhaps the most widely used x-ray
diffraction technique for characterizing inorganic and organic crystalline materials. As
the name suggests, the sample is usually in a powder form, consisting of fine grains of
single crystalline material to be studied. The technique is aso used widely for
studying particles in liquid suspensions or polycrystalline solids (bulk or thin film
materials) [38]. The term 'powder' really means that the crystalline domains are
randomly oriented in the sample. Therefore, when the 2-D diffraction pattern is

recorded, it shows concentric rings of scattering peaks corresponding to the various d
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spacings in the crystal lattice. The positions and the intensities of the peaks are used
for identifying the underlying structure (or phase) of the material. The method has
been traditionally used for phase identification, quantitative analysis and the
determination of structure imperfections. In recent years, applications have been
extended to new areas, such as the determination of crystal structures and the
extraction of three-dimensional micro-structural properties [39]. Further details are
already given in the section 4.6 of Chapter-1V.

The apatite prototype, (As(BO4)3X), Cas(PO4)sF structure was first determined
by Naray-Szabo [40] in 1930 and was confirmed to adopt P6s/m symmetry. An
extensive apatite compilation was prepared by Wyckoff [41], who noted that the lack
of thorough structure determinations let many unanswered questions about the
distribution of metals and oxygen anions. Subsequently, numerous studies of
biological, mineralogical and synthetic apatites and apatite related substances greatly
expanded the range of known chemistries. McConnell [42] summarized the work up
to the 1970’'s and highlighted the limitations associated with failing to consider the
underlying chemical principles that govern apatite crystallography and the need for
precise chemical analyses to properly account for apatite properties. Elliot [43]
updated and expanded the work of McConnell by covering a wider range of apatites,
reviewing iso- and atervalent substitutions, and detailing the identification of
compounds of lower symmetry. Since then there has been a substantial increase in the
number of apatites for which excellent crystallographic data exist. Recently, White
and Zzhili [6] have summarized the current knowledge of apatite structures,
particularly, with respect to the literature that has appeared since the publication of
Elliot’s [43] work and have reported the complementary work of Niragu and Moore

[44] and Brown and Constabtz [45] on phosphate compounds.
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The apatites are represented, generally, as As(BO4)3X, where, A represents
divalent cations ( Ca?*, Pb*, Ba" etc...), BO, represents trivalent anions ( PO,
VO,3, Si043, etc.) and X represents the an anion mono-valent ( F, ClI, OH, Br
,etc.). In general, drawings are projected along [001] direction and give prominence to
the BO, tetrahedra, either in ball and stick or tetrahedral display, as shown in figure
(5.3a) [46]; on the other hand, Sudarsanan and Young [47] have represented the
projection in such a way that it highlights the symmetry and the regular polyhydra
both together for apatite crystals, which is exhibited in figure (5.3b). In the following
figures (5.3a & b), the projection of a fluroapatite ,Cas(PO4)3F, is represented, where

F can be replaced by mono-valent anion, suchasOH °, Cl °, and Br .

@ Ca €O

Figure (5.3a): The[001] projection of the fluorapatite Cas(PO4)sF [46]
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Figure (5.3b): The[001] projection of the fluorapatite Cas(PO.)sF with the

crystal symmetry

The following figure (5.4) represents the morphology of the HA crystal with the

Miller indices of different faces[48].

Figure (5.4): Morphology of the hydroxyapatite crystal [48]

Various researchers have carried out X-ray characterization of different apatite

crystals; for instance, Sudarsanan and Y oung [47], and Kim et al. [49] and Elloit et al.

[50] have characterized the fluroapatite, chloroapatite and bromoapatite crystals,
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respectively. Hydroxyapatite is the main inorganic constituent of natural bone and a
rare naturally occurring mineral [43]. Crystallographic study of HA crystals has also
been reported by various researchers [49, 51, 52]. Kim et a. [49] have determined the
crystal structures of M1o(PO,)eX 2 type crystals, where M = Caor Pb and X = OH ,
F, ClI or Br, by Rietveld refinement of powder synchrotron, X -ray and neutron
diffraction data. Moreover, Calderin et a. [53] have studied the electronic and
crystallographic  structures of oxyapatite, hydroxyapatite, fluorapatite, and
chlorapatite. Recently, Ashok et al. [3] have reported the growth and characterization
of HA crystals at physiological temperature.

Calcium apatites have the general chemica formula Cas(PO4)3X, where X is
an electronegative element or group such as a halogen or an OH group. The structure
of the apatites can be viewed as consisting of unconnected PO, tetrahedra with Ca'*?
in the space between and a column of X ions along the ¢ axis to balance the charge.
The type and location of these anions distinguish various calcium apatites. Two kinds
of structures have been found experimentally depending on the stoichiometry,
temperature, and pressure [40]. These are the hexagonal and the monoclinic
structures, where the monaoclinic unit cell is obtained from the hexagonal one by
doubling the b lattice parameter with an alternating arrangement of the anion chain.

Various researchers [49, 51] have reported the hexagonal crystal structure with
following unit cell parameters,
a=b=94302A, c=6.8911A
a=a=4&=90
It is also reported [43, 52, 54-55] that HA has a monoclinic structure with four
formula units per unit cell and a phase transition to a hexagonal structure around 370

°C. The lattice parameters are as follows.
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a=9241(1) [ b=18843(2) U,c=6.881(1) O

4=a= 90" a=120.0(1)°

Calderin et al. [53] have studied the possibility of having hexagona as well as
monoclinic structures in the case of hydroxyapatite, chloroapatite (CAP), fluroapatite
and oxyapatie using density functional theory (DFT) [56] with the local-density
approximation (DFT-LDA), which provides a theoretical frame work for calculation.
From the calculation, it has been reported that hexagonal system is possible in al the
studied apatites, even in the case of HA and CAP, while the monaoclinic structure is
possible only in HA and CAP and has ailmost the same total energy per molecule as
the hexagonal system. By X-rays study, Van Rees et a. [57] have shown that
stoichiometric HA exhibits a monoclinic-hexagonal transition at 211.5 °C. In the
hexagonal HA structure, OH ~ions arein statistical disorder in channels parallel to the
c-axis while in the monoclinic HA these ions are pointing in the same direction in one
column and in the opposite orientation in the neighboring columns.

In the present study, an attempt is made to find out the cell parameters of HA
crystals and compare the same with the reported values. Using Powder-X computer
software the h, k, and | parameters as well as d and 2¢é values are generated in such a
way that these values match with the powder X-ray diffraction pattern. The present
investigation suggests that the cell parameters are closely matching with the values
reported by Elliot et a. [52], within the limits of estimated standard deviation.

The estimated values of cell parameters are as follows.
a=94320 b=18.8430 ¢=6.9230
a=a=90.01% a=119.05°
Figure (5.5) is the X-ray diffraction pattern and Table (5.4) represents the powder X-

ray diffraction results of HA crystals.
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Figure (5.5): Powder X-ray diffractogram of HA crystals
Table (5.4)

X-ray diffraction resultsfor HAP crystals

28 Degree Relative Intensity (%) | d () (hk1)
26.248 318.80 339505 | (012)
28.255 41.55 315830 | (-251)
29.948 259.43 298351 | (051)
32.458 126.32 275829 | (-212)
35.717 49.43 251380 | (310)
39.853 60.47 226190 | (241)
40.735 41.77 221492 | (-431)
41.569 26.72 217242 | (161)
47.206 31.40 192531 | (-191)
49.006 51.83 185872 | (411)
52.799 62.43 173380 | (-192)
54.357 2553 168773 | (-373)
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The above result suggests that the structure is monoclinic type. However, an
attempt is made to analyze the crystal structure of HA by considering the hexagonal
structure [49, 51]. The vaues of cell parameters indicate the large number of
deviation in standard errors and the sigma can not be minimized appreciably low. This
further suggests that the crystal structure is monoclinic, in the present case, and the
value is much more nearer to the value suggested by Elliot et al [52].

The figure (5.6) shows the unit cell and molecular packing of the HA crystals

[58].

Figure (5.6): Theunit cell diagram of HA crystals [58]
5.4.3 Didectric Studiesof HA Crystals:
There are many theories of dielectrics, however, an attempt has been made
hereby to briefly review these theories.
) Macroscopic Theory: -
The dielectric constant € in equation (5.2) is a dimensionless parameter
relating the following quantities,

é=1Mo=DNE=1+(@PN E) =1+ e (5.2
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Where, D is the displacement, P is the polarization, E is the electric field, c is
the electric susceptibility , g is a geometrical factor (I o =1 and g=4 p in CGS
electro-statistic units;l o = 8.854 ~ 10™ farad/m and ¢ =1 in rationalized MK S units),
T andT o are the permittivities of dielectric and vacuum, respectively. The quantities
€ and c are scalar or tensor quantities depending on whether it is isotropic or
anisotropic dielectrics, respectively.

For electric fields varying sinusoidally with time, the phase of the
displacement may be regarded with respect to the field. In that condition, the equation
(5.2) is having the complex number notations. Thus, € = &-i & , where & and &
designate the components of the permittivity ratio in phase with E and retarded %
cycle, respectively. The term dielectric constant is usually restricted to the real part,
€, while é* isdesignated as the complex relative permittivity.

(i) Microscopic Theory: -

The dielectric constant of a material depends on its polarization in an applied
field or, microscopically, on the relative displacement of the electrons and nuclei
composing the molecules of the dielectric, in the field direction. These displacements
are associated with changes in rotational and vibrational motions of the electrons and
nuclei upon application of an electric field. This leads to a frequency dependence and
temperature dependence resulting from the inertial characteristics of the motions and
the initial state of excitation of the system. The dielectric constant also depends on
field strength, since for sufficiently high fields the polarization will no longer be
proportional to the field because a saturation or breakdown phenomenon occurs. In
these cases, the nonlinear portions of the polarization lead to harmonic frequency

generation and interaction between two or more electromagnetic waves.
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@ Theory of Static Polarization: -

A molecule in an electric field devel ops an average dipole moment (ma=a E,
where a is the polarizability. For a polar molecule, a may be expressed asa = ap +
ap, Where a;, is the polarizability arising from the partial orientation of the permanent
dipole moment m, and ay is the polarizability due to all other processes. Then ("M)ay =
ao E + (mycosq )av, Where (mpcosq )ay is the average value of the component of my in
the field direction, g being angle between myand E.

The potential energy U of the permanent dipole is given by U = -ém, &E écosg.
For a system in thermodynamic equilibrium, the probabilities of the possible statesis
given by the Boltzmann distribution. It can be shown that (m, cosq )ay = cot h x = m
L(x), (here, the Langevin function is L(x) = cot h x - (1/x) and x = ém, &E & KT,
where k is the Boltzmann constant, and T is the absolute temperature). For x< <1, L
(X) @x/3; in this approximation the microscopic parameters have been multiplied by
N, the number of molecules per unit volume, to give the polarization.

P=N(Ma=N(act &m&/3KT)E e (5.3)
Equation (5.3) is the Langevin - Debye formula, from which the permanent
dipole moments of polar molecules may be obtained from the temperature variation of
measured values of polarization.
(b) Local Field: -

For gases at low densities, the molecular interactions can usually be neglected;
but for matter at higher densities, the interaction becomes important and is usually
treated by introducing the concept of local field E;, the average electric field strength
at molecular site. The E; is conveniently divided into two parts, Es and E;, where Es is

the field due to polarization by molecules inside a small sphere centered at the
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molecular site, and E; is the field due to external charges and polarization by
molecules outside the sphere; the sphere is taken sufficiently large that the medium
outside may be considered continuous. The E; is obtained by subtracting the field E,
at the center of a uniformly polarized isolated sphere from the macroscopic field E in
the dielectric. Thus, a sphere of uniform polarization, P, has a surface charge density
S= éPé&osg, where, q is the angle between P and the normal to the surface. The field
at the center contributed by a unit area of the surfaceis equal to gs/4 p 1 oR?, where R
is the radius of the sphere, and where its component in the direction of P is z gs cosq
14pi oR%. By integrating over surface gives the net field Ep = gP/3 1 o, Findlly, E; is
expressed as follows

EE=E-E,=E(+2)/3=E@+gc/3) e (5.9
By assuming that Es =0, one obtains the Lorentz local field E, = E; Which leads to the

expressions as follows for P, ¢ and &

P= N(m)a=NaE(1-gNa/3l o) e (5.5)
c=P/ToE=(Nafig)(1-gNa/3lo e (5.6)
&€=1+gc=1+gNa/(lo -gNa/3) e (5.7)

The last equation may be solved fora, giving

Na/31,=@-)/&+2) (5.8)
This is a form of the Clausius — Mosotti equation. This formula gives fairly good
agreement with experiments up to moderate densities for non-polar molecules, but
fails to account for the behaviour of strongly polar molecules.

In the Lorentz field approximation, the susceptibility becomes infiniteif gN a
=31 . Since a for polar molecules is given by a = ag+ &né/3KT, there exists a

critical temperature below which a >3 T o/ gN and the material should under go
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spontaneous polarization. This polarization catastrophe is not confirmed by
experiment except for a class of crystals known as ferroelectrics.
(© Onsager Theory: -

The polarization catastrophe is avoided in a dielectric theory of polar
molecules due to L. Onsager. In his treatment, the local field is calculated for an
actual spherical cavity of molecular size in the dielectric using Laplace's equation,
which givesE; = 3 € (2 € +1). A polar molecule with dipole moment ny, is inserted
in the cavity induces an additional reaction field as given by the following equation,

Er= g2 (€-1) /T oV32€&+1) e (5.9

Where, V is the volume of the cavity. This reaction field is parallel to m, and
thus exerts no aligning torqgue on the molecule. For this theory, the polarization is
given by,

P=NaE=Na3&E/R&+1 e (5.10)
Since,gP = (€-1)1 o E.

The eguation may be written as,

& = [1+3Z+3(1+2Z2/3+ 2" e (5.11)
Where Z= gNa/l o. The agreement with theory is satisfactory for most polar liquids,
but it isinadequate for systems with hydrogen bonds.

A detailed discussion of these theories is presented elsewhere [59-60]. The
electrical conduction of crystal dielectrics has been discussed by Tareev [60] on the
basis of crystalline defects. Apart from this, the same author has discussed ionic and
mol-ionic electrical conduction of dielectrics in detail.

(d) Debye Theory: -
There is one powerful generalization due to Debye of how materials with

orientational polarizability behave in the region where the dielectric polarization is
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relaxing, i.e. the period of the a.c. wave is comparable to the alignment time of the
molecule. When the applied frequency is much greater than the reciprocal of the
alignment time, the relative dielectric constant is Ty (representing atomic and
electronic polarization). For much lower frequencies it becomes| ¢, the static relative
dielectric constant. One needs to find an expression of the form

T wW=Ty+fwp e (5.12)
Which, for w0 reduces to

fO =1TsT« e (5.13)

Now, suppose that a steady field is applied to align the molecules and then
switched off.

The polarization and hence the internal field will diminish. One can notice that
it decays exponentially with a time constant, 0, the characteristic relaxation time of the
dipole moment of the molecule s,

P(t)=Poexp(-6) e (5.14)
It is well known that time variation and frequency spectrum is related by the Fourier
transform. In this particular case it happens to be true that the relationship is,
f(w) = k¥ P(t) e ™ dt
=kPo/ (-iw+10) e (5.15)
Where k is a constant ensuring that f(w) has the right dimension. Using the condition
(5.13) for the limit when w=0. One obtains

kPob=Ts-Ty e (5.16)
Hence equation (5.12) becomes

TwW=Ty+[Ts-Ty/(¢iwo+r)y) e (5.17)
This, after the separation of the real and imaginary parts, reduces to

I IV O v B Y & [ ——— (5.18)
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T=wo( s-1y)/1+WP6> e (5.19)

These equations agree well with experimental results. Their general shape is

shown in Figure (5.7).
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Figure (5.7): ThePlotsfor & and & versus U
Notice, particularly, that T ** has a peak at w6 = 1, where the slope of thel ’ curveis
maximum.
(i)  Dependence of Permittivity on Various Factors: -

The permittivity T depends on the external factors such as frequency of
applied voltage to the dielectric material, temperature, pressure, humidity etc [60].
This has been summarized hereby briefly.

The permittivity of non-polar dielectrics does not depend on frequency, when
it is changed within very broad range. On the other hand, in the case of polar
dielectrics when the frequency of alternating voltage increase the value of T remains
invariable, initially, but beginning with certain frequency fo the polarization fails to
settle itself completely during one half cycles and T begins to drop at very high
frequencies. The value of fo can approximately be obtained if relaxation time (0) is
equated to half period 1/2f, of voltage when

fo= kT/8hr* (5.20)
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Where, h is the dynamic viscosity, r is the radius of the molecule, T is the absolute
temperature and k is the Boltzmann constant. In the case of water, 6 is estimated to be
of the order of 10™ sec, hence the value of f, should be of order of 10"Hz or 100
GHz. A phenomenon of migrational polarization is observed in inhomogeneous
trielectrics, particularly in dielectrics with water inclusions. The phenomenon of the
so called resonance- polarization may cause maximaini at very high frequencies.

Temperature is not expected to affect the process of electronic polarization in
non-polar dielectrics. A relative sharp change in 1 of non-polar dielectric is observed
for temperature variation when crystalline material goes into transition to liquid. The
nature of dependence of permittivity on temperature may be different in solid ionic
linear dielectrics. In most cases an ionic mechanism of polarization increasesl , when
temperature grows. Generally, the molecules cannot orient themselves in polar
dielectrics in the low temperature region. When the temperature is raised the
orientation of dipoles is facilitated, and this increases permittivity. As temperature
grows the chaotic thermal oscillations of molecules are intensified and the degree of
orderliness of their orientation diminishes. This causes the curve of T versus
temperature to pass through the maximum and drop. Also, in case of chemically
individual polar material ajump like changein1 isobserved at the melting point.

In the dielectrics, which obey the Clausiuss Mosotti law, the magnitude of
permittivity increases as pressure rises due to increase in the density of the substance.

Moreover, in hygroscopic dielectrics with T smaller than that of water, the
permittivity is expected to increase with moistening.

A strong dependence of permittivity on the applied voltage to dielectrics is

typical in ferroelectrics. As regards in linear dielectrics the T can be assumed to be
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practically independent of voltage, however, a saturation effect can be expected in the
polar liquid and gases.
(iv)  Dependence of tand on Various Factors: -

The values of tand are not strictly constant and depend on various external
factors [60], which are briefly mentioned as follows,

The variation of tand with frequency is often considered. The problem is
usually analyzed in following interval

limyp tand = ¥

limypy tand = 0
Tareev [60] has remarked that the physical meaning of these limits, both w= 0 and w
= ¥, gives finite values of P and he has explained the physical significances.
Dielectric losses in polar dielectric and also the losses only due to electric conduction

in various cases were considered.

The dependence of tand on temperature, generally, suggests that tand
appreciably increases when temperature rises. Therefore, with an increased tand , as
in the case of decreasing r (conductivity), the insulation will operate under more
strain at high temperatures. The dielectric losses caused by the dipole mechanism
reach their maximum at a certain definite temperature Ty. At very low temperatures,
the tand of various dielectrics is extremely small.

The value of tand noticeably increases in hygroscopic dielectrics when
humidity grows.

Moreover, the variation of tand with voltage gives vauable information

regarding the quality of insulation material. When the insulation is studied the
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importance is given, apart from the absolute value of tand, to the nature of change in

tand depending on the applied value.

Many researcher have studied the dielectric properties of various biomaterials
[61], ceramics [62-66], single crystalline materials [67], glasses [68-70], acrylic acid
doped ethyl cellulose films [71], poly (N- Methyl Pyrrole) thin films [72], copper
ferrite- barium titanate composites [73], MgFe,O4 from iron ore rejects [74], ferrites
[75], rubber ferrites composites [76], fly ash [77], etc.

Dielectric properties of bone are extensively studied since the discovery of
bone piezoelectricity by Fukada and Yasuda [78]. The bone is made up of organic
materials, mainly collagen, and inorganic materials, mainly HA, and other phosphates
[79]. Because of complex composition and structure of bone, its dielectric properties
are anisotropic [80]. Moreover, like most biological tissues, bone dielectric properties
depend on moisture content and fluid conductivity [81]. Recently, Bonincontro et al
[82] have studied the dielectric behavior of organic bio-materials such as, Lysozyme
and Ferricytochrome-c, which are generally used as model proteins. Prieto Valdes et
al. [83] have used different conditions, like sintering at 1150 °C in air or under H,O
vapor flow, quenched in water at room temperature after sintering, or slow cooling
inside the furnace, for preparation of HA-ceramics and reported that, depending on
the specific combinations of these preparation conditions, resulting HA-ceramics
shows the significant differences in the phase composition and dielectric properties,
which are ranging from capacitive to a semiconducting response. Hitmi et al. [84]
have studied dielectric properties of different synthetic apatites and led to the
conclusion that the high temperature dielectric loss peak comes from dipolar
reorientations of ions inside apatite channels.

In the present investigation, the values of dielectric constant were calculated
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from the measured values of capacitance at room temperature within frequency range
from 500 Hz to 1 MHz, by applying formulae of equation (4.15) and (4.16) of
Chapter- IV. The variation of dielectric constant with frequency is displayed in figure
(5.8). From this plot one can observe that as the frequency increases the dielectric

constant initially decreases very rapidly and then slowly as the frequency increases.
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Figure (5.8): Plot of dielectric constant versuslog f

This type of variation suggests that the higher space charge polarizability at lower
frequency region. This type of behaviour is due to the electronic exchange of the
number of ions in the crystal gives local displacement of electrons in the direction of
applied field, which gives the polarization. As the frequency increases, a point is
reached where the space charge cannot sustain and comply with the external field.
Therefore, the polarization decreases and exhibits the reduction in the values of
dielectric constant as the frequency increases. This behaviour is similar to those of
observed by Lopez et al. [85] and Dabhi et a. [86] for zinc tartrate and Arora et al.
[87] for strontium tartrate.

Figure (5.9) represents the plot of tan & versus log f at room temperature. The
nature of the plot is similar to that of the variation of dielectric constant with

frequency. Figure (5.10) represents the plots of a.c. resistivity and a.c. conductivity
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versuslog f. The ac. resistivity (fiac) and a.c. conductivity (6a) were calculated from

the following formula,

fcdt 1
e pledt (52l8) s,z e (5.21b)
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Figure (5.10a & b): The plot of ac resistivity (fisc) and ac conductivity (6ac)

versuslog f

From these figures, one can easily notice that as the frequency increases the a.c.

conductivity decreases and, obviously, the a.c. resistivity increases.
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55 In vitro Inhibition Study of the HA Crystals for Different Herbal

Extracts:

Acute, sub-acute, and chronic musculoskeletal symptoms, such as bursitis and
tendonitis, are well known to occur in response to calcium apatite deposition at joints
other than the shoulder [88, 89]. Therefore, many researchers have studied the growth
and inhibition of HA crystals by various techniques. Hunter et al. [90] have studied
the effect of different concentration of chondroition sulphate on the growth of HA,
crystals, formed in type-1 collagen gel. From this study they have concluded that a
high concentration of chondroition sulphate inhibits the formation of HA in vitro;
while, recently, Jiang and Liu [91] have studied the effect of chondroition sulphate on
the nucleation of HA. Titanocene dihalides and gold (1) compexes, such as Auranofin,
are clinically well approved therapeutic drugs against arthritis [92, 93]. Koutsopoulos
et a. [94-97] have studied the inhibition of HA crystals by different therapeutic drugs,
namely, zirconocenes, hafnocene dichlorides, vanadocene dichlorides and ferricenium
salt, and reported that the vanadocene dichlorides inhibited maximum 54 to 94 %,
followed by hafnocene dichlorides (46 to 86 %), zirconocenes (42 to 95%) and
ferricenium salt (12 to 60%). This inhibitory effect may be explained by the
absorption and subsequent blocking of the active growth sites. Koutsopoulos et a
[18, 19, 98, 99] have aso studied the effect of various amino acids with hydrophobic
side groups (alanine, phenlyanine, proline and methionine), polar side groups (serine,
tyrosine and 4-hydroxyproline), and non-polar sides groups (glycine, cystine and
glutamine) on the growth of HA crystals. Recently, Pampena et al. [100] have
reported the inhibition of HA formation by osteopontin phosphopeptides (OPN). The
OPN is an acidic glycoprotein involved in a variety of pathological and physiological

processes; such as cell migration, adhesion and signaling [101].Normally, OPN is not
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expressed in blood vessels but found in atherosclerotic plaques [102, 103], which has

proposed that OPN is expressed by soft tissue to protect against dystrophic
calcification [104]. However, there is no major work reported on the inhibition study
of HA crystal through the herbal extracts.

In the present investigation, single diffusion gel growth technique was used to
study the growth and inhibition of HA crystal. The gel frame-work acts like a three
dimensional crucible in which the crystal nuclei are delicately held in the position of
their formation and nutrients are supplied for the growth. This technique can be
utilized as a simplified screening model to study the growth and inhibition of bio-
material crystals in vitro. The growth of HA crystals is mentioned in the section 5.3.
Hydroxyapatite crystals are obtained in the form of Liesegang rings, which are due to
the periodic precipitation and diffusion in gel. The inhibition study was carried out by
considering certain parameters, for instance, the diffusion length in gel, the numbers
of rings obtained, and the distance between the two rings. The following herbal
extracts were used in the present growth inhibition study of HA. The 1 % extract
solutions were prepared by adding 10 mg concentrated extracts into 10 ml of water.
The more details regarding the extract preparations are given in the Chapter-1V.

Q) Boswellia serrata gumresin
(2)  Tribulusterrestris fruit
3 Rotula aquatica root

4) Boerhaavia diffusa root

(5) Commiphora wightii

Figure (5.11) is the photograph showing the comparative growth of HA
crystals, in the form of Liesegang rings, for different herba extract solutions. From

the experiment it was observed that the pure CaCl, gave thick, sharp rings with deep
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diffusion in the gel in comparison to others.

! :
Pure CaCl, B.sareta T terrestris, R. aquatlca B diffusia C. wightti

Figure (5.11): Comparison of growth of HA crystalsin the form of Liesegang
ringsin different herbal extract solution.

In the case of B. serrata, thick, sharp rings, comparatively less in number and lessin
diffusion length in the gel were noticed. While, T. terrestris gave spiral rings, which
were interconnected with each other, and the diffusion length in the gel was the same
as those of pure CaCl,. For R. aquatica, the rings were sharp and very thin but the
number of rings was more and the diffusion length was comparatively less. However,
for B. diffusa, the number of rings was the same but the last few rings were not
completely formed and the diffusion length was aso the same. The same types of
results were observed in the case of C. wightti. The following Table (5.5) gives the
number of rings as well as the diffusion length in gel.

Table (5.5)

Compar ative growth inhibition study of HA in the presence of different herbal extracts

No. Herbal Extracts Number of Diffusion length
Liesegang Ring (in cm)

1 Pure CaCl, 16 3.8

2. T. terrestris Spiral ring 3.75

2 B. serrata 12 2.8

3 R. aquatica 10 2.75

4 B. diffusa 12*%* 2.75

5 C.wightti 12%* 2.75

** | ast few rings are not completely formed
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In the present study, the diffusion length is defined as the distance of last
Liesegang ring from the gel-liquid interface. When the diffusion length is small, it
indicates less diffusion of the supernatant solution in to the gel and insufficient
amount reactants to form crystals in the form of further ring. If the number of ringsis
less, it also indicates less periodic precipitation and the less amount of growth.

The average thickness of Liesegang rings was 0.09 to 0.1 cm in pure CaCl,
solution and extracts; except for R. aquatica, it was of the order of 0.079cm. It is
concluded that the precipitation of HA crystalsis less in the case of R. aquatica. The
diffusion length and the thickness of Liesegang rings were measured by using
traveling microscope of least count 0.001 cm.

Figures (5.12 a, & b) exhibit the histograms of the number of Liesegang rings
and the diffusion length, respectively, in the presences of various herbal extracts and

pure CaCl, solution.

Diffusion gel
(in cm)

Pure CaCl2-- B. Serreta T. TerrestrisR. Acquitica B. Diffusia C. weighhti . . e " "
q 9 Pure CaCl2-- B. Serreta T. TerrestrisR. Acquitica B. Diffusia C. weighhti

Extracts Extracts

Figure (5.12a) Figure (5.12b)

Figure (5.12 a and b): Histograms of numberof rings diffusin distance in gel for
different extracts
Figures (5.12 a &b ) clearly indicates the reduction in the number of

Liesegang rings in the present of different herbal extracts as well the reduction in the

diffusion length in the presence of herbal extracts. Figure (5.13) shows a set of plots
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drawn for the spacing between consecutive two rings versus the number of rings.

From these plots it can be clearly seen that R. aquatica gives maximum spacing

between the initial two rings and then it increases exponentialy, which indicates that

it delayed the periodic precipitations in the gel. On the other hand, all other extracts

do not exhibit significant change in the ring spacing which indicates that they do not

bring significant change in the rate of periodic precipitations. However, the extracts of

B. diffusa did not bring large change in the periodic precipitation but brought better

changes in the diffusion length. Similar results were observed for B. serrata. One can

easily notice this from the table (5.5)

0.70

0.65
0.60

0.55

Spacing between the rings
(Length in cm)

0.15 o

0.10 o

0.05 o

0.00

0.50 o

0.45

—m—Pure

—e—B. Serreta
T. Terrestris

—v—R. Acquitica

4 B. Diffiusa

0.40 o
0.35
0.30 o
0.25 o

0.20 o

No. of rings

Figure (5.13): The plots of spacing betweens two consecutive rings versus the

presence of different extracts

number of rings

Table (5.6)
Single factor ANOVA analysisresultsfor growth inhibition study of HA crystalsin the

ANOVA

Source of SS df MS F P-value F crit
Variation

Between 173.1330088 5| 34.626602 | 27.264159 | 5.86584E- | 2.4085125
Groups 13

Within 60.961972 48 | 1.2700411

Groups

Total 234.0949808 53
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Table (5.6) shows the results of ANOVA single factor statistical analysis, which
shows that the behaviors are highly significant (p< 0.0001). Aqueous extracts of R.
aquatica and B. diffusa are giving good results in terms of less periodic precipitation
rate and less diffusion length, respectively.

Also, the ethanolic as well as the hydroethanolic extracts of the same plants
were used, to study the inhibition effect on HA crystals. When ethanolic extracts were
used the number of rings was reduced. All extracts had the same number of five rings
and the first band thickness was 2.223 cm. Diffusion length in the gel was 4 cm for B.
serrata, R. aquatica and C. wightt;, whereas, in the case of B. diffusa and T. terrestris
it was 3.5 cm. For hydroethanolic extracts, the thick bands were obtained for all
extracts and it was not possible to measure the spacing and other parameters. The
width of band was in average 4.3 cm for al extracts.

Particle size measurement study has also been carried out for all the three
types of extracts, i.e., agueous, ethanolic and hydroethanolic extracts. It was observed
that the minimum particle size was found in the case of aqueous extracts, which was
followed by ethanolic and hydroethanolic extracts. The following table (5.7) gives
results of the particle size measurements.

Table(5.7)

Particle size measurement of HA crystalsin the presences of aqueous, ethanolic
and hydroethanolic extracts

Sample code d (0.1) micron d (0.5) micron D (0.9) micron
BCP (Aqueous) 47.25 82.68 107.54
BCP (ethanolic) 43.64 77.01 132.08
BCP (Hydroethanolic) 46.18 79.47 135.46
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From the above results one can find that the agueous extracts gave good
inhibition in comparison to ethanolic and hydroethanolic extracts. Figure (5.14) shows

the comparative inhibition study in the case of already grown crystals.

—

PureCaCl, B.sareta T.terestris R.aguatica B.diffusa C. wightii
Figure (5.14): Comparative inhibition study in the case of already grown crystals

From Figure (5.14) one can easily notice that the extracts did not show any
significant inhibition on the already grown HA crystals. Here, it isto be noted that the
extract solutions were poured after achieving the complete formation of Liesegang
rings i.e,, HA crystals, and the growth inhibition was studied in terms of changes
produced in Liesegang rings.

56  Calculation of Diffusion Coefficient for Calcium lons for HA Crystals

Growth:

The spontaneous equalization of concentration of molecules, ions or colloidal
particles in a system as results of their chaotic motion is called diffusion. Several
authors [105, 106] have reviewed the role of diffusion in crystal growth. Among the
diffusion controlled reaction systems, one of the most interesting cases occurs when
an electrolyte (outer electrolyte) diffuses and reacts with another electrolyte (inner
electrolyte) that contained in a gel. The chemical reactions between the two diffusing

electrolytes lead to an insoluble product that precipitates rhythmically in bands or
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rings perpendicular to the direction of diffusion, this mechanism is called Liesegang
phenomenon [107]. Liesegang phenomenon is widely studied because it offers a
model to explain agreat variety of formations in nature, ranging from agate rocks and
gold veins to the growth of bacterial ringsin agar and gallstones [108].

Using the theory of one dimensional Liesegang phenomenon, Shinohara [109]
has estimated the diffusion coefficient of the diffusing ions. Dharmaprakash and
Mohan Rao [110] reported the diffusion coefficient of barium ions from Liesegang
ring formation of barium oxalate.

Liesegang pattern on macroscopic scaleis visible to the naked eye. The role of
the gel matrix is to prevent sedimentation of the precipitate or convection of solutions.
In general, these Liesegang structures appear to follow three laws, (1) the time law,
(2) the space law and (3) the width law.

The position X, (measured from the gel surface) of the n™ band is related to

thetimet, of itsformation [111] by,

in -~ t """""" (522)

Thisrelation is often called the time law.
The second law governs the Liesegang phenomenon is the spacing law given
by Jablczynski [112] as,
X /X =@+p e (5.23)
The quantity (1 + p) isreferred to as the spacing coefficient.
The third law is the *width law’; generally, it is observed that the width W, of
the band increases with their position according to the relation [113, 114],

W ~xX. e (5.24)

where, the width exponent 0 depends on Cao and Cgo, the initial concentrations of

the outer and inner electrolyte A and B, respectively.
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Recently, George and Varghese [108, 113 and 114] have proposed the new
scenario; they treated the formation of the periodic ring system as a moving boundary
problem. They assumed that the boundary, which separates A and B ions was the gel
solution interfaces. When the first precipitation zone (ring) is formed; A-type ions
occupy up to this region and its concentration reaches the reservoir concentration Cao.
This implies that the boundary of A-type ions has been shifted to the region of the
precipitation front. This assumption holds good as the reservoir concentration Cag Of
the A-type ions is sufficiently large compared with the initial concentration Cgo Of the
B-type ions. This will repeat in time and the boundary region moves from one ring to
the other. For a one dimensional system the concentration levels of A species at the
boundary are:

Ca(x,t) = Cao; att<tiandXp<X,< X, -------- (5.25)
Where, n denotes the number of the ring. The initial value X corresponds to the
position of the gel solution interface and x;, Xp, €tc, are the positions of the first,
second, etc., rings, respectively.

When a new ring is established at x,(t), the concentration profile of A-type

ions in the gel medium is assumed to be,

CA(xt) =expi - b L(t)g X EXEX ., e (5.26)

| n+l
Where & is regarded as a constant for a system, called the concentration profile index,

which can easily be calculated and x_,, is the separation between the n™ and (n+1)™"

el
rings.

For an infinitesimal boundary layer advancing into the positive x-direction, the
equilibrium condition for the amount of diffusants exchanged per unit area per unit

timeis;
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l

x

l

CA(X*,t):DAﬁ

VC, (x",1) +D Cleft(x ,t) e (5.27)
A

Where, D is the diffusion coefficient of the diffusant A.
From the above equations (5.25) and (5.26), George and Varghese [108, 113
and 114] have derived the simple equation for the diffusion coefficient, which is

shown as follows,

2
X

D, = Z” --------- (5.28)

In the present investigation, sodium meta-silicate gel of 1.06 specific gravity
and 1 M concentration of outer electrolyte, i.e., calcium chloride, were selected. The
formation time of different Liesegang rings and their positions were precisely noted
down for pure CaCl, and CaCl; plus herbal extract solutions. Traveling microscope of
0.01 cm least count was used. The diffusion coefficient was calculated by using
relation (5.28) and the values are summarized in Table (5.8)

Table (5.8)

Values of diffusion coefficient in the presence of various extracts

Extracts Diffusion coefficient (m?s™)
Pure CaCl, 1.61X 10™
B. serrata 291X 10™
R. aquatica 4,66 X 107
B. diffusa 472X 10™

From the table one can conclude that in the case of pure CaCl, the value of diffusion
coefficient is maximum and it decreases for different herbal extracts in decreasing

order from B. serrata, B. diffusato R. aquatica. It is easy to conclude that the herbal
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extracts reduced the vaue of diffusion coefficient and hence show inhibition of

formation of crystalline product of HA.

5.7

D)

(2)

3

Conclusion:

The growth of Hydroxyapatite (HA) crystals was carried out by using the
single diffusion gel growth technique in normal test tubes. HA crystals were
grown in the form of Liesegang rings. The crystals were very small and the
Size of the crystals was in micron level. 90% of the crystals were less than
107.54 microns.

The FT-IR spectrum confirms the presence of the O-P-O bending, P-O
symmetric and asymmetric stretching, O-H bending and stretching and
oxygen-calcium bonds. It aso confirms that the HA crystalswere completely
free from C=0 inclusion.

The powder XRD analysis results suggested that the values of cell parameters
were matching closely with the values reported by Elliot et a [50]. The cell
parameters of HA crystals were estimated as follows.

a=94320 b=18.843010 C=6.9230

4= a=90.010, a = 119.050

Hexagonal crystal structure is widely reported but, in the present study, the
monoclinic crystal structure of the gel grown HA was found. Perhaps it is
because of the HA crystal growth was carried out at comparatively low
temperatures. The monoclinic unit cell of HA crystals is achieved from the
hexagonal one by doubling the b lattice parameter with an alternating
arrangement of the anion chain. It is also reported in the literature that the
phase transition occurs in the monoclinic system around 370 °C and it converts

in to the hexagonal system.
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(4)

()

(6)

For the HA crystals, the values of dielectric constant decrease with frequency.
Initially, the dielectric constant decreases rapidly with increasing frequency
and then decreases very slowly. In genera, the variation of dielectric
constant with frequency suggests the presence of higher space charge
polarizability of the material in the low frequency region. This nature may be
explained on the basis of the mechanism of polarization similar to that of
conduction process. The electronic exchange of the number of ions in the
crystal gives local displacement of electrons in the direction of applied field,
which gives the polarization. As the frequency increases, a point is reached
where the space charge cannot sustain and comply with the external field.
Therefore, the polarization decreases and exhibits the reduction in the
values of dielectric constant as the frequency increases.

The effect of five different herbal extracts on the growth of HA crystals were
studied. The HA crystals were formed in the form of Liesegang rings,
therefore, the inhibition study was carried out by measuring the diffusion
length in gel, the number of rings and the spacing between the rings. Aqueous
extracts of R. aquatica and B. diffusa were giving good results in terms of less
periodic precipitation and less diffusion length, respectively. But B. serrata
and C.wightti did not show significant inhibition. While, in the case of T.
terrestris the diffusion length was maximum among all extracts and it gave the
interconnected spiral rings.

Ethanolic and hydroethanolic extracts did not give good inhibition in
comparison to the aqueous extracts. The particle size was found to be the
maximum in the case of hydroethanolic extracts followed by ethanolic and

aqueous ones. The herbal extracts did not show any significant inhibition or
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(7)

the dissolution of the already grown HA crystals.

The value of diffusion coefficient was maximum for pure CaCl, solution and
for herbal extract solutions it was found to be comparatively less. It was also
found to be the minimum for R. aquatica extracts, which is in accordance with
the conclusion (5). The lower values of diffusion coefficient for herbal extracts
suggest lower diffusion of ionic species for the formation of crystalline
products of HA. This suggests inhibition in terms of lower diffusion constant

values for herba extracts.
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Chapter VI

Growth and Characterization of

Monosodium Urate Monohydrate Crystals

6.1  Introduction:

Gout is the term given to a group of metabolic conditions, in which the signs
and symptoms results from the deposition of crystals of monosodium urate
monohydrate (MSUM) in various connective tissues and joints [1, 2]. The deposition
of these crystals, result from the raised levels of uric acid in blood (hyperuricemia)
and various body fluids. Hyperuricemia is not essential requirement of diagnosis of
gout, but the risk of gout and its presence increases with the degree and duration of
hyperuricemia. The risk factor of gout is also associated with the uric acid and urate
compound nephropathy [3]. Nephropathy of uric acid and urate substances is
associated with the formation of monosodium urate (M SU), ammonium urate and uric
acid in urinary tract system. The MSU is rarely observed in rena calculi in spite of
human urine often being supersaturated with monosodium urate [4-7]. Only
exceptionally pure monosodium urate calculi have been described and these were of
vesica origin [8]. Monosodium urate could also act as an effective promoter of
calcium oxalate crystallization through heterogeneous nucleation processes, according
to in vitro experiments [9-12].

A very few attempts have been made to grow the uric acid or urate crystals.
Irusan et al. [13] have reported the growth of ammonium urate crystals using the gel

growth technique, whereas Kalkura et a. [14] have reported the growth of uric acid
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crystals in the tetramethoxy silane and silica gel media. Ramachandran and Natargjan

[15] have grown pure uric acid crystals using the silica hydro-gel. Some researchers
have aso studied the effect of uric acid and urate substances on the growth of urinary
type calcium phosphate and calcium oxalate crystal formations [16, 17]. Grases et al.
[18] have studied the structure of urate renal calculi after precipitation of ammonium
and sodium urate from the synthetic urine; on the other hand, Grover et a. [19] have
studied the in vitro growth of calcium oxaate crystals in the presence of pre-
incubated seed crystals of uric acid and MSU with undiluted human urine.

From this description of accumulated knowledge about the role of
monosodium urate monohydrate (MSUM) crystals in gout or gouty arthritis as well as
urolithiasis, it is evident that till today there is no sufficient information available to
clarify all aspects related to crystallization behavior under physiological conditions
and its different characteristics. It is, therefore, important to grow and characterize
MSUM crystals and study the inhibitive effect of various herbal extracts on its
growth. The growth and inhibition study provides very useful information regarding
the potent herbal extracts or herbal formulations, which can inhibit the growth of
crystals in vitro and may be useful in prevention or cure of this crystal induce
ailments.

6.2  Physical and Chemical Properties of MSUM:

Monosodium urate (MSU, NaHCsH2N4Os) is a white powder and soluble in
water to the extent up to 120 mg per dl [20]; for the sake of comparison a much more
limited solubility of uric acid in water is reported [21], which is only 6.5 mg per dl.
The solubility product of MSU is 4.9 X 10°. Based on this value, agueous solutions
having the sodium content of 0.13M, nearly equivalent to that in serum, were

saturated with urate at 6.4 mg per dl at 37 °C by Peters and Van Siyke [21]. Allen et
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al. [22] and Loeb [23] have found that urate solubility in solutions of 140 mEq per

liter sodium content is temperature dependent, with a two fold drop in solubility
between 37 and 25 °C. Moreover, Wilcox et a. [7] have carefully reinvestigated the
solubility of uric acid and monosodium urate and have found that both are dependent
on pH. Uric acid is more soluble with increasing pH, whereas the MSU is less soluble.
The solubility of MSU is dependent on sodium concentration and ionic strength as
well. No stoichio-metric relationship between urate and sodium (or potassium) exists.
Binding of mono-velant cations is a complex function of crystal shape, ion
concentration, time, pH, and ion competition [24]. The solubility of urate in plasmais
somewhat greater than the saturation value in aqueous solutions of 0.13 M sodium.
Actual determination of solubility of monosodium urate in human plasma (or serum)
indicates that the saturation occurs at concentrations about 7 mg per dl. [25-26].
Monosodium urate mainly forms due to the reaction between the Na* ion and
the urate ion of uric acid. The MSU crystals are highly negative birefringent, if those
are observed through a polarized light microscope under a red filter they appear

yellow in the plane of their long axis[27]. Thisis displayed in figure (6.1).

T

Figure (6.1): View of MSUM crystal in red filter using polarized light
In the present chapter, the growth of MSUM crystals is described by both the
gel growth and the wet chemica precipitation techniques. The crystals have been
characterized by different techniques and the growth inhibition study has been

conducted by using different herbal extracts to identify the potent inhibitors.
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6.3  Growth of MSUM Crystals:

The MSUM crystals were grown by employing two different techniques,
which are as follows:

Q) Single diffusion gel growth technique.
2 Wet chemical process

Single Diffusion Gel Growth Technique:
€)] Gel preparation:

As aready mentioned in the section 5.3 of Chapter-V, the stock solution of
sodium meta-silicate was prepared. By adding double distilled water of appropriate
volume into the stock solution, the solution of the desired specific gravity was
prepared. In the present study, the specific gravity of sodium meta-silicate solution
was selected as 1.05 and equal volume of 0.2 M, NaOH solution was added to prepare
a mixture. This mixture was acidified by 2 N, acetic acid in such a manner that the
appropriate pH was obtained. This mixture was used to set the gel. In the present
study, the pH values were selected within 4.5 to 5.0.

(b) MSUM crystal growth:

Glass test-tubes of 25mm diameter and 150mm length were used as crystal
growth apparatus. The above mentioned mixture was poured in equal volumes in
different test tubes and allowed to set into the gel form. Within 48 hours, good quality
gelswere set. After setting the gel, the 0.07 M uric acid solution was poured gently on
that. Good quality needle shaped crystals were grown, which are shown in figure
(6.2). However, the growth of MSUM crystals is not widely reported. Calvert et al.
[28] have attempted to grow MSUM crystals. They measured the growth rates of

MSUM crystals grown from the agueous solution at 37 °C using microscopic method.
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Figure (6.2): Crystal growth of MSUM crystal
Wet Chemical Process:

The MSUM crystals were also grown by the wet chemical precipitation
technique. In this process, an agueous solution 0.2 M, NaOH was stirred well and
heated up to 70 °C. After achieving the required temperature, uric acid was added and
made suspension of uric acid into the NaOH solution. Initialy, the uric acid would
dissolve into the solution because uric acid is a weak acid and NaOH solution is
highly basic, but after adding sufficient quantity the solution would become
suspended uric acid solution. The solution was stirred at constant temperature for four
hours. Fine particles of MSUM crystals were found at the bottom. The coagulated
form of particles looked like amorphous porous material, but from the powder XRD
the well crystalline nature was confirmed. The probable reaction for the formation of
MSUM isasfollows.

NaOH + CsH4N4O3 [INaHC sH,N4O3- H2O

From the thermo-gravimetric anaysis (TGA), it was confirmed that the
crystals were monohydrate. The particle size determination was also carried out, using
Master Sizer 2000, at CSMCRI, Bhavnagar, for the precipitants of MSUM crystals
obtained through the wet chemical method. The following table (6.1) gives the

particle size measurements.
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Table (6.1)

Particle size measurement data of M SUM crystals

Sample code d (0.1) micron | d (0.5) micron | D (0.9) micron
MSUM 0.81 5.17 41.01

With ultra sonication
MSUM | Sample dissolves in water

From the Table (6.1), it can be interpreted that 10% of the particles were less than
0.81 micron, 50% of the particles were less than 5.17 micron and 90% particles were
less than 41.01 micron.

6.4  Characterization of MSUM:

6.4.1 Thermo-gravimetry:

Thermo-gravimetric analysis (TGA) is a very useful technique to assess the
thermal stability of various substances, many workers have demonstrated its
usefulness [29-32].

In TGA, the weight of a sample in a controlled atmosphere is recorded
continuously as a function of temperature or time, as the temperature of the sampleis
increased (usually linearly with time). A plot of mass or mass percent as a function of
temperature is called a thermogram, or a therma decomposition curve, or a pyrolysis
curve. Often a pyrolysis occurs through many-stepped mechanisms, where the
temperature ranges for each step overlap, resulting in irregular weight-temperature
curve that may be difficult to analyze. Also, in many cases the trace follows a
characteristics path common to a wide range of decomposition processes, which
includes many polymer pyrolysis. The sample weight drops slowly as pyrolysis
begins, then drops precipitously over a narrow range of temperature and finally turn
back to zero slope as the reactants are used up.

Most of the uric acid and urate substances are decomposed without melting

above 250 °C with the evolution of hydrogen cyanide. Only a few references are
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available on the thermal study of urate substances. Recently, the Schnitzler et a. [33]

have reported the thermo-analytical study of purine derivatives such as
aminophylline, theophylline, caffeine and uric acid. Several investigators have used
TGA and DTA for the study of drug substances, excipients and drug substances in the
dosage forms. Wendlandt and Collins [34] used TGA and DTA as aids in the

characterization and identification of commercial non-prescription analgesics.

Sophisticated Instrumentation Centre For Applied Research and Testing (SICART)
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Figure (6.3): Thermogram of the MSUM crystals

Figure (6.3) shows the thermogram of MSUM, which indicates that the
compound is stable up to 170 °C and then starts losing crystalline water and becomes
anhydrous at 240 °C. Above this temperature up to 480 °C, the mass loss occurs
through a rapid decomposition process and followed by a slow process between 480
°C to 750 °C with the loss of nearly 75 to 85 % of its original mass. The results are
compiled in table (6.2). One water molecule was found to be associated with the
crystals.
6.4.2 Kinetic Study of Dehydration: -

The use of thermo-gravimetric data to evaluate the kinetic parameters of solid-

state reactions involving weight loss has been investigated by many workers [35-38].
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If the pyrolysis occurs through a many-stepped mechanism, usually, the shape of the

curve can be determined by the kinetic parameters of pyrolysis, such as order of
reaction, frequency factor and energy of activation. Kotru et al. [39] reported the
kinetics of solid-state decomposition of neodymium tartrate. They also calculated
various kinetic parameters and suggested that the decomposition process took place
according to cylindrical kinetic model. Recently, the kinetics of dehydration of
gypsum [40], lithium sulphate monohydrate single crystals [41] as well as the kinetic
and thermodynamic parameters of decomposition of chromate in different gas
atmosphere [42] has been evaluated.

Usually, the kinetic parameters can be evaluated from the TG curves by
applying several equations [35-38], which are proposed by different authors on the
basis of different assumptions to the kinetics of the reaction and the Arrhenius law.
These equations are as follows:

(1) The Coats and Redfern Relation
(2) The Horowitz and Metzger Relation
(3) The Freeman and Carroll Relation

However, in the present investigation, the Coats and Redfern relation is
discussed in detail because it facilitates not only to evaluate the activation energy and
order of reaction but also the frequency factor. Thus, it helps evaluate the
thermodynamic parameters further.
6.4.2.1 Coatsand Redfern (C-R) Relation: -

Coats and Redfern [35] derived the following equation to determine the values

of activation energy and order of reaction.

&-(1-a)"0

lo t={100,,C—+ V- [—y = - 6.1
D€ Tz = L OEE S E 1 23RTY, (6.)
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Where,
a = Fraction of the original substance decomposed at timet
a = (Wo-W)/ (Wo-VMF)
Wo = Initial weight
W= Weight at timet
W = Fina weight
n = Order of reaction
A = Frequency factor
E = Activation energy of the reaction
R = Gas constant
a = Heating rate in deg. min™*
Table (6.2)

The decomposition process of MSUM crystalsand TG results.

Temperature Substance Theor etical weight Practical weight
(°c) (%) (Calculated) | (%) (from graph)
Room
Temperature | NaHCsH2N4O3- 0.98 H,O 100 100
240°C NaHCsH2N4O3 91.5 91.49
750 °C NaO 14.916 15.1

To determine the value of activation energy and order of reaction, a plot of
-logio [{1-(1-8) *™ {T?(1-n)}] versus 1/T is drawn for different values of n and the
best linear plot gives the correct value of n. The activation energy can be calculated
from the slope of the plot. The frequency factor can be calculated for a particular
temperature using relation (6.1).

The equation (6.1) is not valid for value n = 1, therefore, it is modified as

follows
é log(l-a)*"u ] ARG - 2RTdl | E 0
- log,, & 1= 11000C——= VI Sapry T 6.2
glog T2 H % glogaEg E % %2.3RT¥ 62

The Coats-Redfern relation was solved for various values of n. The statistical

Growth and Characterization of Monosodium Urate Monohydrate Crystals




Chapter-V1....222

regression analysis was applied to different values of n and the highest values of co-

relation co-efficient indicated the best linear fit curve. This was found for n=1/4.

Figure (6.4) isaplot of Coats-Redfern equation for MSUM crystals for n=1/4,

which isabest linear fit straight line.

5.50 m A
Linear fit

T T T T T T
0.00143 0.00144 0.00145 0.00146 0.00147 0.00148 0.00149 0.00150
T

1

Figure (6.4): Plot of Coats and Redfern relation for MSUM crystals

Where, X = (UT) and Y= -logo [{ 1-(1-8) "} { T2 (1-n)}]

The values of activation energy, frequency factor and the order of reaction are

found to be 120.324 kaMol™®, 1.0065 X 10%° and 1/4, respectively. Table (6.3) gives

the values of different kinetic parameters obtained from the Coats and Redfern

relation.

Table (6.3)

The values of different kinetic parameters obtained from the Coats and Redfern

relation.

Samples

Kinetic Parameters

Monosodium urate
monohydrate

Order of reaction (n) = %

Activation energy (E) = 120.324 kMol ™

Frequency factor (A) = 1.0065 X 10
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6.4. 3 Thermodynamic Parameters:

The thermodynamic parameters have been evaluated from the dehydration
stage of thermogram of MSUM crystals. The standard relations for estimation of these
parameters are as follows [43].

The standard enthalpy of activation A"H° was calculated by using the following
relation,
A'H°=E-2RT (6.3)

The standard entropy of activation A*S* could be caculated by using the
following formula,

A’ =2303" R log[AWKT,] e (6.4)

Where,
k= Boltzmann constant
h = Plank’s constant
Tm = Temperature
R = Gas constant
A = Frequency factor
Here, the frequency factor is obtained from equation (6.1). Also, the standard

Gibbs energy of activation A”G® is possible to estimate from the following equation
A'Ge =A"He-TAS (6.5)
The standard change in the internal energy in passing from the initial to the
activated state can be represented as
E=RT+A"0c (6.6)
Enthalpy is a state function whose absol ute val ue cannot be known. AH can be
ascertained, either by direct method or indirectly. An increase in the enthalpy of a

system, for which AH is positive, is referred to as an endothermic process.
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Conversely, loss of heat from a system, for which AH has a negative value, is referred

to as an exothermic process.

Entropy is a thermodynamic property of a system. It is a state function and it is
defined in terms of entropy change rather than its absolute value. A spontaneous
process has a natural tendency to occur, without the need for input work into the
system. In contrast to this, the non-spontaneous process does not have a natural
tendency to occur.

However, AG is negative for a spontaneous process. An exothermic reaction
(AH > 0) with positive (AS > 0) is always spontaneous. A reaction for which AH < 0
and AS < 0 is spontaneous only at low temperatures, whilst a reaction for which AH >
0 and AS > 0 is spontaneous only at high temperatures. The temperature at which the
reaction becomes spontaneous in each caseis given by T = AH/ AS.

The standard reaction free energy, AG?, is the change in the Gibbs free energy,
which accompanies the conversion of reactants in their standard states into productsin
their standard states. It can be calculated from the enthalpy and entropy changes for
a reaction using AG® = AH® — TAS’ or from tabulated value for the standard free
energy of formation AG".

Substances with negative values of AG% (standard free energy of formation)
are termed thermodynamically stable. Substances which have positive values of AG%
are termed thermodynamically unstable.

For spontaneous process, AS is positive and AG is negative. The relationship
AG = AH — TAS allows predictions of the conditions under which a reaction is
spontaneous. Temperature has a major effect on spontaneity of reactions. For the
reactions where AH <0 and AS <0, [T AS| will be less than | AH| provided that T is

small, and such a reaction will be spontaneous at lower temperatures. Conversely,
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when AH >0 and AS>0, [T AS| will be greater than | AH| provided that T is large, and

such a reaction will become spontaneous at higher temperatures. In both cases, the
temperature at which the reaction becomes spontaneous (when AG = 0) is simply

given by T = AH/ AS[44]. The prediction for the processes is given in table (6.4).

Table (6.4)
The conditions for the prediction of processes
AH AS Spontaneous or not Spontaneity favored by
-ive +ive Under al conditions All conditions
-ive -ive If | TAS| < | AH| Low temperature
+ive +ive If | TAS|> | AH| High temperature
+ive -ive Never No condition

The thermodynamic parameters for dehydration of gel grown iron (1) tartrate
have been estimated by Joseph et a [45]. Altogether, the thermodynamic parameters
have been estimated for the reactivity at dislocation etch-pits on anthracene single
crystal cleavages by Vaishnav et al. [46]. Recently, Dabhi and Joshi [47, 48] have
reported the thermodynamic parameters for dehydration of various gel grown metal-
tartrate crystals. Apart from this, thermodynamic properties and kinetics of the
physica aging of amorphous bio-materials like, glucose and fructose and their
mixtures [49] and kinetic and thermodynamic parameters of decomposition of
chromates [42] have recently been reported.

Table (6.5)
The values of different thermodynamic parameters of MSUM crystals

Monosodium  urate | Standard Entropy A*S° = 131.182 kMol™

monohydrate Standard Enthalpy A” H° = 113.956 kJ Mol ™

crystallinesample  ["grandard Gibbs free energy A” G°=24.94 kJ Mol

Standard change in internal energy A*U° = 117.140 kJMol ™
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Table (6.5) summarizes the values of different thermodynamic parameters, i.e.,

standard entropy, standard enthalpy, standard Gibbs free energy and standard change
in internal energy, obtained for dehydration of MSUM crystalline sample. This
suggests that the process is spontaneous at high temperatures.

6.4.4 FT-IR Spectroscopic Studies: -

Infrared (IR) spectroscopy is an excellent tool for both qualitative and
guantitative analysis [50-52]. FT-IR spectroscopy is the further advancement of IR
spectroscopy by using the mathematical concept of Fourier Transform through proper
electronic circuit and computer interfacing.

Monosodium urate is a sodium salt of uric acid, which is a minor end product
of nitrogen metabolism in human body and it is very stable. Uric acid is an organic
compound of carbon, nitrogen, oxygen and hydrogen, with the chemical formula
CsHsN4Os, and its sodium salt is having chemical formula NaCsH3N4Os. The

molecular structure of MSUM is as follows.

OH OH

]
H N "
NH " N7 \: N
‘ > 5 - )\ ‘ OH e )\ ‘ \>—o— MNa
N HO \N N - S M
0 N N H H HO N N

uric acd
unc acd

(keto form) (enol form) Monosodium urate

Figure (6.5) Chemical structure of MSU
Many researchers have paid their attention to the IR spectroscopic study of
uric acid and urate compounds. Ramachandran and Natrgjan [15] reported the gel
growth of uric acid and its FT-IR study. Schnitzler et al. [33] have reported the FT-IR
studies of various bio-materials like aminophylline, theophylline, caffeine and uric

acid. Moreover, Joshi and Joshi [53] as well as Joshi [54] have reported the FT-IR
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spectroscopic studies of the calcium hydrogen phosphate dihydrate (CHPD) and

calcium oxalate type urinary crystals.

The characteristic FT-IR spectrum of MSUM is shown in figure (6.6), which

was recorded on a Shimadzu 8400 instrument in KBr disc, in the range from 400 cm™

to 4000 cm'™.
100.0
oer
800 —
I
1119.6
600 —
| |
g3H
200 —] 26934 15005 | 8861
3598.0 | 1259.4 | 1923
28014 1351.0 1003.9 | 7416
200 — 14801 766.7
15314 800.4
2924.8 Ry |1384.8
173¢.7 1612.4
0.0 T T T l T T I I I
3250.0 2000.0 1750.0 1500.0 1250.0 1000.0 750.0 500.0
msum 1/cm
Figure (6.6): FT-IR spectrum of the M SUM crystals
Table (6.6)
Assignments of observed absorptionsin FT-IR spectrum

Monosodium Urate Monohydrate NaHCsH2N4O3

Observed Vibrational

Assignments frequencies (Cm™)

©) 1737.7
C 1531.4
1500.5

-N 1259.4
1351.0
1384.8

N —H Stretching 2924.8

N-H Rocking 722.3
741.6
766.7
800.4
886.0
842.0

O-H Stretching 3598.0

Oxygen —Metallic bond 400-600
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From this spectrum one can notice that the absorptions between 400 cm™ to 600 cm™

show the presences of oxygen-metal bond. A broad dip of absorption at 1737.7 cm™
indicates the presence of more than one C=0 bond, while the absorptions at 1531.4
cm™ and 1500 cm™ are due to C = C in enol or keto forms, and the absorptions at
1259 cm*, 1351 cm™and 1385 cm™” are due to the C-N bond. The absorption at
2924.8 cm* is related to N-H stretching, while the absorptions between 722.3 cm™ to
850 cm™ are related to N-H rocking. The presence of water of hydration is primarily
confirmed with the presence of a sharp dip at 3598 cm™, which is regarded due to O-
H stretching. Table (6.6) represents the assignments of different absorption bands
observed in FT-IR spectrum.

From the FT-IR spectrum one can confirm the presence of keton group (C=0),
carbon-nitrogen bond (C-N), N-H stretching and rocking as well as the presence of
water of hydration in the sample.

6.4.5 Powder X-ray Diffraction:

In gout the tissue deposits are composed of MSUM, where as the urinary
stones largely gets uric acid [55, 56]. The MSUM crystals are needle or bar-shaped in
a monoclinic or triclinic system, while the uric acid crystallizes in an orthorhombic
system by forming rhombic plates. When MSUM is rapidly crystallized from pure
solutions, the crystals are very fine and appear amorphous. Howell et al. [55] have
reported the powder X-ray diffraction (XRD) patterns and d values for uric acid,
MSUM and disodium urate dihydrate (DSUD), but unit cell parameters were not
estimated. Powder XRD study of the tophaceous deposits in gout, identified that
MSUM was the prime accuse of gouty tophi. By using similar method the author also
concluded that the urinary stone from gouty person was having uric acid. Crystals

formed in urine incorporate pigments and exist in avariety of crystalline forms.
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Figure (6.7): Powder X-ray diffractogram of the MSUM crystals
Table (6.7)
Powder XRD data of MSUM crystals.
2¢& d (Y Height FWHM
9.370 9.43082 73.4 0.5034
11.600 7.62221 86.0 0.4947
17.913 494785 93.5 0.5017
18.889 4.69429 185.2 0.5381
25.466 3.49486 95.9 1.2240
26.121 3.40877 78.8 1.3220
28.246 3.15688 476.9 0.5930
29.316 3.04410 67.7 0.4938
30.789 2.90170 75.7 0.8045
33.632 2.66260 193.3 0.5999
35.404 2.53332 69.4 1.6593
36.390 2.46695 94.9 0.7224
39.933 2.25581 57.8 0.6052
40.948 2.20223 70.8 0.8910
44.334 2.04158 86.2 0.6576
53.773 1.70337 63.2 1.6051
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Identification and significance of these urate crystals in synovia fluids has been

studied by various researchers [57, 58]. Crystallographic data of uric acid, uric acid
dihydrate is available [59], but to the best of the present author’s knowledge, no
crystallographic data is available for MSUM crystals. From the earlier reported work
it is mentioned that MSUM crystals occur, in form of tophi in gout, having
monaclinic or triclinic system but no unit cell parameter values are available. It is
very difficult to get single crystal XRD data of MSUM crystals because the crystals
get degraded upon removal from the test tube on exposure of the atmosphere. The
figure (6.7) gives the powder X-ray diffractogram of MSUM crystals and Table (6.7)
givesthe 2é and d values.

6.4.6 Dielectric Studiesof MSUM crystals:

Materials, which are electrical insulators or in which an electric field can be
sustained with minimum dissipation of power, are known as dielectric materials. In
the general sense, dielectric includes all materials except the condensed state of
metals.

The value of dielectric constant was calculated by using the following
formula,

C=38Alt= & éAlt, é=Ct/ &HA,

Where, C = Capacitance, & = Relative permittivity, A = Area of sample, and & =
Permittivity of free space and é = Dielectric constant.

There is no major work reported on the dielectric study of the uric acid and its
salts. Cyril et a. [60] have studied the dipole moment of various purine compounds
like, 6-chloropurine, purine-6-thiol, hypoxanthine, theobromine, theophylline,

caffeine, and uric acid, and discussed their dipole moment behaviors. In the present
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investigation, the variation of capacitance with frequency, ranging between 500 Hz to

1 MHz, was studied at room temperature.

The following figure (6.8) shows the variation in dielectric constant with
frequencies. It is observed from the figure that the dielectric constant continuously
decreases with increasing frequency and reaches a constant value nearly at 10° Hz. A

rapid decrease in dielectric constant is observed in the in the low frequency region of

100 Hz-1000 Hz.

6000

5000

4000

|
h
3000 \.\.
2000 .-.
i

Dielectric constant (K)

1000 - \
-

log f

Figure (6.8): A plot of dielectric constant ver sus frequency
This may be attributed to the tendency of induced dipoles in molecules to
orient themselves in the direction of the applied field in the low frequency rage.
Nevertheless, in the high frequency range the induced dipoles are hardly able to orient
themselves in the direction of the applied field and as a result the value of dielectric
constant decreases [61]. It shows a relaxation type nature. This type of behavior was
reported for PV A-H3PO, electrolyte complexes by Gupta and Singh [62]. Dabhi et a.
[63] have also reported similar behavior for zinc tartrate crystal. The figure (6.9)
shows a plot of tan & versus log f for MSUM crystals at room temperature. The

frequency region 500 Hz to 1IMHz is used in this study. The value of tan & increases
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initially and gets a maximum value at 824.696 Hz frequency and then starts slowly

decreasing.

74
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] . ———
04
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1 2 3 4 5 6
log f

Figure (6.9): A plot of tan & versuslog f for MSUM
The variation in the a.c. resistivity (fiyc) and a.c. conductivity (6.c) with the
frequency is shown by the following two curves of figures (6.10, a & b). One can
notice from the plot that the resistivity increases with the increase in frequency and

the conductivity decreases with the increase in frequency.
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Figure (6.10): Plots of a.c. resistivity and a.c. conductivity versus

frequency for MSUM.
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6.5 InvitroInhibition Study of the M SUM crystalsfor Different Herbal
Extracts:

Many workers [54, 64, and 65] have reported the growth and inhibition study
of various bio-material crystals, particularly, responsible for ailments related to
urinary stones. Natargjan et al [66] have studied various inhibitors and promoters,
based on hosts of fruit juices, extracts from vegetables and cereals and natural
substances such as mint, lemon, tomato, grape, pineapple, reddish, barely, horse-
gram, etc. Recently, Joseph et al. [67] have carried out the growth and inhibition study
on CHPD crystals by using tartaric acid and tamarind. Altogether, Joshi et al. [68, 69]
reported the effect of herbal extracts of Bergenia ligulata and Tribulus terrestris on
the growth of calcium oxalate as well as CHPD type urinary crystals. However, no
work is reported on thein vitro growth and inhibition study of MSUM crystals, except
for one reference on the growth of MSUM crystals by Calvert et al. [28] as per the
knowledge of the present author.

In this study, the single diffusion gel growth technique was used. As
mentioned earlier, the gel growth technique serves as a very good model to verify the
growth and inhibition of various bio-material crystalsin vitro, the details are given in
the Chapter-111. The growth of MSUM crystals has been discussed in the previous
section 6.3.

After pouring the supernatant solution of uric acid, the MSUM crystals were
grown within 7 days. Once the complete growth of MSUM crystals was achieved, 10
ml solutions of the following herbal extracts were poured into the supernatant solution
and the effect on the crystals was observed. The solutions of herbal extracts were
prepared by mixing 10 mg concentrated extracts into 10 ml water. The details of the

herbal extracts are given in Chapter-1V.
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1. Boswellia Serrata gum resin

2. Aerva Lanata

3. Rotula aquatica root

4. Boerhaavia diffusa root

The following figure (6.11) shows the test tubes having the mixture of uric

acid and solution of herbal extracts, which were used for inhibition study.

In the case of pure uric acid the average length of grown crystals was 0.675

cm. But for the B. serrata, containing supernatant solution, no considerable change

was observed. The same effect was observed in the case of B. diffusa.

s

Pure Uric acid

B. Sarrata

A. Lanata

B. diffusa R. aquatica

Figure (6.11): Compar ative study of growth inhibiton study of MSUM crystals

Table (6.8)

Result of inhibition study of M SUM crystalsin terms of observed crystal length

after seven days of pouring the herbal extract solutions.

Initial :
No. Solutions Length of Fcl)?ijr Iestngtsh Remarks
Crystals y
1 Pure Uric acid 0.675 0.675 No change
2 B. serrata + uric acid 0.664 0.653 Minute change
3 | R aguatica+ uric acid 0.880 0.812 After 15 days crystals
completely dissolved
4 B. diffusa + uric acid 0.600 0.586 Minute Change
5 A. lanata + uric acid 0.865 0.768 Remarkable change
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However, the encouraging results were obtained when R. aquatica and A. lanata were

used; some remarkable changes were observed in the crystal length. The observed
results are summarized in Table (6.8). From the Table, one can easily conclude that
R. aquatica and A. lanata give comparatively good inhibition than the others.
Ethanolic herbal extract solutions almost gave the same results. As uric acid is
completely insoluble in ethanal, it was observed that by adding ethanolic extract the
re-precipitation occurred in the supernatant solution. In another study the R. aquatica
agueous extract (80mg/ml) were found to be effective in dissolving MSUM crystals
within 24 hours [70]. But agueous extract of B. diffusa (80mg/ml) was found mildly
active. These results were found to be encouraging for the in vivo studies and the
formulation of the drug. This study may be helpful to design the therapies for the
prevention and cure of gouit.

6.6  Conclusion:

Q) The growth of MSUM crystals was carried out by using single diffusion gel
growth technique in normal test tubes. Very thin, transparent, needle type
crystals were observed near the gel-liquid interface. A few needle type crystals
were grown due to very less solubility of uric acid. When crystals were
observed under polarized light microscope through a red filter they appeared
yellow. That indicates that the crystals were negatively birefringent.

2 The MSUM crystals were thermally unstable and TGA suggested that the
dehydration started with the liberation of water molecule at 170 °C. At 240 °C
the water molecules were completely removed. Subsequently, when the
temperature was further increased the mass loss occurred very sharply
between 370 °C to 480 °C with the release of gases like hydrogen cynide,

carbon dioxide and carbon monoxide. This was followed by a slow
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3

(4)

()

(6)

(7)

process between 480 °C to 750 °C temperature with loss of nearly 75 to 80 %
of original mass. Finally, it was converted into Na,O, which remained stable
up to the end of the analysis. One water molecule was associated with the
compound.

The kinetic parameters of dehydration process were obtained by applying the
Coats and Redfern relation, to the dehydration stage in the thermogram. The
order of reaction and the activation energy was found to be ¥ and 120.324
kJmol ™ respectively.

The thermodynamic parameters were evaluated for the dehydration process.
The values of standard Gibbs free energy, standard enthalpy and standard
entropy were found to be 24.94 kJ Mol *, 13.956 kJ Mol ™ and 131.182
JMol™, respectively. The reaction was found to be spontaneous in the nature.
The FT-IR spectrum of MSUM crystals confirmed the presence of a water
molecule and metal-oxygen bond, O-H stretching, N-H rocking and stretching,
C = C bond, C= O carbonyl group (keton group), and C — N bond.

The MSUM crystal belongs to monoclinic or triclinic system but unit cell
parameters are not reported yet. It is very difficult to grow MSUM single
crystals due to very less solubility of uric acid in any solvent. The crystals
prepared by wet chemical method were very tiny micro meter level; therefore,
it was difficult to take single crystal XRD. The powder XRD data were
obtained in terms of 2e and d values.

The variation of dielectric constant with frequency (logf) indicated that as
the frequency increased, initialy, the dielectric constant decreased rapidly and
became amost constant, suggesting a tendency of induced dipoles in

molecules to orient along the applied field in the low frequency region and
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(8)

diminishing this tendency at high frequency region. The plot of tan & versus
log f suggested that the maximum loss was observed at 824.6 Hz frequency
and then it decreased. This might be due to water of hydration or dual loss
mechanism, it requires further study. Due to the combine effect of frequency
(), capacitance (c) and dissipation factor (D), as the frequency increased the
a.c. resistivity increased and, naturally, the a.c. conductivity decreased for
MSUM crystals.

The effects of four herbal medicinal plant extracts on the growth of MSUM
crystals were reported. When pure uric acid was used as supernatant solution,
the crystal length was found to be the maximum. In the case of 1% aqueous
extract solutions of B. serrata, and B.diffusa the inhibition was not significant,
but in the case of 1% agueous extract solutions of R. aquatica and A.
lanata, good amount of inhibition was shown. Till today there is no major
remedy is available to dissolvethe MSUM crystal in synovia fluid, which

isresponsible for gout. This study may help the prevention or cure of gout.
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Chapter VII

Growth and Characterization of

Calcium Pyrophosphate Tetrahydrate Crystals

7.1  Introduction:

Formation of calcium pyrophosphate dihydrate (CPPD) crystals in soft tissues
such as cartilage, meniscus and synovial tissue leads to CPPD deposition diseases.
The appearance of these crystalsin the synovial fluid can give rise to an acute arthritic
attack with pain and inflammation of the joints, a condition called pseudo-gout [1-6].
The CPPD crystals are appeared to be formed extra-cellularly in the cartilage matrix.
Also, CPPD crystals are found close to hypertrophied chondrocytes, which indicates
abnormal metabolism. The main driving factor for the formation of CPPD crystalsis
believed to be an excess production of pyrophosphates, due to some disorder in the
pyrophosphate metabolism of the aged chondrocytes, like hyperparathyroidism,
hemochromatosis, hypothyroidism, hypomagnesemia, and hypophosphatsia [7-9].
During an acute attack of pseudo-gout, CPPD crystals are released (shedded) from
cartilage in the diseased joints and enter the synovial fluid and cause severe pain and
inflammation [10-11]. In vivo study has suggested that the most commonly found
crystals in the synovid fluid are either triclinic CPPD (t-CPPD) or monoclinic CPPD
(m-CPPD) [12-15].

Brown et a. [16] have reported, altogether, the preparation of twenty five
different types of calcium pyrophosphate compounds, among them eight containing

calcium ammonium pyrophosphates, ten containing calcium potassium
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pyrophosphates and two pairs of dimorphic hydrated calcium pyrophosphates. The
formation of crystals was confirmed by X-ray diffraction and polarized light
microscopy. Many of these compounds are used in fertilizers prepared from
condensed phosphates or their hydrolyzed products. Mirtchi et al. [17] have tested
various additives, namely, calcium pyrophosphate (CPP), calcium sulphate dihydrate
(CSD) and calcium sulphate hemihydrate (CSH), for setting as retarders of the beta-
tricalcium phosphate-monocalcium phosphate  monohydrate (betaaTCP-MCPM)
cements. From this study they reported that the best result was obtained when CSD
and CPP were added together with the cement. Also, CPP finds uses as a polishing
agent in dentifrices [18].

Many researchers have carried out the growth and dissolution study of calcium
pyrophosphate (CPP) crystals. Christoffersen et al. [19] have reported the growth of
monoclinic calcium pyrophosphate tetrahydrate (m-CPPT) crystals by precipitation
method, using 0.9 M CaCl, and 0.45 M Na,P.O;. They have also reported that the
auto-inhibition of m-CPPT isfound at pH 7. Christoffersen et a. [20] have previously
reported the dissolution kinetics of t-CPPD crystals. Also, Lin et a. [21] have studied
the bio-degradation behavior of CPPD with addition of NaP,O; 10H,O and
characterized it with SEM, atomic absorption anaysis and ion coupled plasma
analysis. Recently, Srinivasan et a. [22] have reported the role of CPPD in the
cervical myelopathy (disease of spinal cord of neck).

The growth of CPP crystals has been carried out, in the present study, using
the single diffusion gel growth technique and the crystals were characterized by
different techniques. As the CPP crystals are associated with pseudo-gout, the growth
inhibition study of CPP crystals is carried out in the presence of various herbal

extracts.
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7.2  Physical and Chemical Properties of CPP:
Table (7.1)

Physical and chemical properties of CPP [23]

General Information of CPP
Chemica Formula: | CaP,0O7
Composition: Molecular Weight = 254.12gm
Cdcium 31.54% Ca
Phosphorus 24.08% P
Oxygen 44.08% O

100.00 %

Empirical Formula: | CaP,Oy

Synonym: Calcium diphosphate

CPP Crystallography

Crystal System: Moaclinc or Triclinic

Cell Dimensions: Monoclinic; a=12.287 A, b=7.511 A, c=10.775 A

4=90, 8= 11254 =90 [24]

Triclinic: a=7.335 A, b=8.269 A, c=6.667 A

a=102.88, 6= 72.74 8= 94.92 [20]

Physical Properties of CPP

Cleavage: I ndlistinct

Color: White

Density: 3.09

Melting Point: 1353°C

Solubility: Practically insoluble in water and soluble in dilute HCI
or HNOs

Generaly, CPP crystals are weak positive birefringent [25]. If those crystals

are observed through a high-power compensated polarized microscope,

Figure(7.1a) Figure (7.1b)

Figure (7.1 a & b): Photographs of CPP crystals under high-power compensated

polarized microscope
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the crystals appear blue when placed parallel to the compensator; on the other hand,
the crystals placed perpendicular to the compensator appear yellow, which is
displayed in figure (7.1a). If crystals are rotated by 90°, this brings into a color change
in both crystals, figure (7.1b). The black arrow indicates the direction of the
compensator.
7.3  Growth of CPP Crystals:

The CPP crystals exhibits three polymorphic modifications, each one is meta-
stable at room temperature; they are formed progressively upon heating calcium

hydrogen phosphate dihydrate (CHPD) as shown hereby, [26].

135 "¢ 260450 "C 530"C
CaHPO, 2H,0 —— CallPO, ———  » amorphous Ca,P,0;
L J
n
1352"C 1171-1191 "¢

melt «—132'C_ o C3.p,0, <N C p CqP)0; «—— ¥ CaP;0;

The growth of CPPT crystals is reported by many researchers [16, 27]. Christoffersen
et d. [20] have reported the growth of CPPD crystals using precipitation method;
Whereas, O’Brien et a [28] reported the formation of spherical granule type calcium
pyrophosphate crystals. However, the gel growth of CPP crystalsis yet not reported to
the best of the present author’ s knowledge.

Two different techniques were employed to grow CPPT crystals:
Q) Single diffusion gel growth technique.
2 Wet chemical process
7.3.1 Single Diffusion Gel Growth Technique:
€)] Gel preparation:

As mentioned earlier in the section 5.3 of chapter-V, the stock solution of
sodium meta-slicate was prepared and by adding double distilled water of appropriate

volume it was possible to make a solution of desired specific gravity. In present gel
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growth study, the specific gravity was selected as 1.05. Equal volumes of sodium
meta-silicate and 0.25 M, Na,P,O; - 10 H,O solutions were added to prepare a
mixture. This mixture was acidified by 2 N, Acetic acid in such a manner that
appropriate pH was obtained. In the present study, the pH values between 4.5 to 5.0
were used. This mixture was poured in different test tubes to set in to the gel.

(b)  CPPT crystal growth:

Glass test-tubes of 25mm diameter and 150mm length were used as crystal
growth apparatus. The above mentioned mixture was poured in equal volumes in
different test tubes and allowed to set into the gel form. Within 48 hours, good quality
gel was set and 0.25 M calcium nitrate tetrahydrate solution was poured gently on to

the set gel.

Figure(7.2): CPPT crystal growth

Good quality, transparent, spherical granules type crystals were grown, which are
shown in figure (7.2).
7.3.2 Wet Chemical Process:

The CPPT crystals were also grown through the wet chemical precipitation
technique. For this process, aqueous solution of 0.25 M, Na,P,O; was stirred well and
heated up to 50 °C. After achieving the required temperature, calcium nitrate solution

was added slowly in the drop-wise manner. This solution was stirred at constant
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temperature for four hours. Fine crystalline particles of CPPT were found at the
bottom of beaker. The coagulated form of particles looked like amorphous porous
material, but from the powder XRD the crystaline nature was confirmed. The
probable reaction for the formation of CPP is as follows:

Na;P>0; + 2 Ca(NOs), [ CapP,0;+ 4 Na(NOs)

From the thermogravimetric analysis (TGA), it was confirmed that the crystals
were in tetrahydrate form. The particle size determination was also carried out for the
CPPT crystals obtained through the wet chemical method. The following table (7.1)
gives the particle size measurements. The particle size was determined by using
Master Sizer 2000, at CSMCRI, Bhavnagar.

Table(7.2)

Particle size measurement data of CPPT crystals

Sample code d (0.1) micron | d (0.5) micron D (0.9) micron

CPPT 4.15 22.52 90.80

From the table (7.1), it can be interpreted that 10% of the particles were less than 4.15
micron, 50% of particles were less than 22.52 micron and 90% particles were less
than 90.80 micron.

7.4  Characterization of CPPT:

7.4.1 Thermogravimetry:

Thermogravimetric analysis (TGA) of various phosphate and pyrophosphate
compounds was reported by various researchers [29-31]. Ashok et al. [32] have
reported the growth of BCP (hydroxyapatite) crystals at physiological temperature
and characterized the crystals using the TGA. From the study, they reported that the
hydroxyapatite crystals were stable up to 1200 °C. Generally, inorganic phosphates

and pyrophosphate compounds have high thermal stability. Losilla et al. [33] have
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reported the synthesis procedure, structurad and the therma behaviors of the
germanium pyrophosphates. Weil [34] studied the thermal behavior of mercury
pyrophosphate dihydrate crystals. Mercury pyrophosphate crystals become
anhydrous, upon heating above 160°C, with the liberation of both water molecules
simultaneously. Thus formed anhydrous Hg,P,O; remains stable up to 660°C and
beyond this temperature it decomposes completely. Recently, Jackson and Wright
[35] have developed the new synthesis route of calcium pyrophosphate and also
studied the thermal behavior.

Figure (7.3) shows the thermogram of CPPT crystals. From the thermogram it
can be observed that the sample losses all four water molecules slowly around 110 °C
and becomes anhydrous. A small change at 280 °C indicates some phase transitions.
Anhydrous sample remains stable up to 900 °C, which is regarded as the high thermal
stability of CPP. The observed weight loss earlier than 100 °C, suggests that one of
the water molecules may be attached by the hydrogen bond. Table (7.3) indicates the
dehydration process of CPPT crystals along with the theoretically calculated and

experimentally obtained percentage weight.

Sophisticated Instrumentation Centre For Applied Research and Testing (SICART)
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Figure (7.3): Thermogram of CPPT crystals
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It can be seen from table (7.3) that both the results were matching well. However, in
the present case, four water molecules are found to be present in the crystals.
Table (7.3)

The dehydration process of CPPT crystalsand TG results

Substance Theoretical weight (%) | Practical weight
Temperature (°C) (Calculated) (%) (from graph)
Room Temperature | CaP,O;- 4H,0 100 100
110°C CaP,0; 75.86 % 76.2 %

7.4.2 Kinetic Study of Dehydration:

The Coats and Redfern relation [36] is used for the calculation of various
kinetic parameters of the dehydration process for the CPPT crystals. The Coats and
Redfern relation is elaborately discussed in the section 6.4.2 of Chapter-VI. Figure
(7.4) represents the best linear fitted plot of the Coats and Redfern relation for n=5/2,

where n represents the order of reaction.
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Figure (7.4): Plot of Coats and Redfern relation for CPPT crystals
The values of frequency factor and activation energy are estimated from
equation (6.1) of section (6.4.2) of Chapter-V1, which are found to be 2.729 X 10"

and 71.214 kMol ™ respectively, for CPPT crystals.
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Table (7.4)

The values of different kinetic parameters obtained from the Coats and Redfern
relation for CPPT crystals

Samples Kinetic Parameters

Calcium Order of reaction (n) = 5/2
pyrophosphate Activation energy (E) = 71.214 kMol ™
tetrahydrate Frequency factor (A) = 2.729 X 107

7.4.3 Thermodynamic Parameters: -

Various thermodynamic parameters have been evaluated from the dehydration
stage of thermogram of CPPT crystals by using formulae given in the section 6.4.3 of
Chapter -VI. The value of standard entropy (A*S°) was calculated using the value of
frequency factor obtained from the Coats and Redfern relation. The value of standard
enthalpy of activation (A"H°), standard change in internal energy (A*U° ) and standard
change in Gibbs free energy (A*G°) were estimated for CPPT crystals, which are
listed in Table (7.5)

Table (7.5)

The values of different thermodynamic parametersfor dehydration of CPPT crystals

Calcium Entropy A*S° = 125.32 Jmol ™

pyrophosphate Enthalpy A” H° = - 65.013 kJ Mol *

tetrahydrate crystals | Gipps free energy A" G°= -111.619 kI Mol *

Standard change in internal energy A*U° = 68.113 kMol *

The value of A” G® is negative for spontaneous process. The negative value of A*H °

and the positive value of A*S° suggest spontaneous type nature under all conditions.

Growth and Characterization of Calcium Pyrophosphate Teirahydraie Crystals




Chapter-VII...252

744 FT-IR Spectroscopic Studies: -

Various researchers have reported the infrared spectroscopic studies of
different bio-materials including different phosphates and pyrophosphate compounds
[29, 32, 37-39]. Victoria and Gnanam [40] have reported the synthesis and
characterization of biphasic calcium phosphate; consisting of hydroxyapatite (HA)
and tricalcium phosphate. From the FT-IR study, they reported that above 800 °C the
OH™ bond deficient HA was reduced drastically. Derfus et al. [41] have studied the in
vitro generation of both CPPD and HA crystals by human osteoarthritic cartilage
matrix vesicles (OCMV) and confirmed the results using FT-IR spectroscopy.
Several studies have been reported on different pyrophosphate compounds; which
includes the study of the FT-IR spectrum of the cadmium calcium pyrophosphate
[39]; the synthesis and structure determination of germanium pyrophosphate [33]; and
recently, the hydrothermal growth of potassium iron (111) pyrophosphate crystals and
its FT-IR spectrd study [42].

Figure (7.5) describes the chemical structure of CPP molecule. It can be
observed that the P-O bonds and Ca-O bonds are present in the molecule.

O O
O —ﬁ- — 0 — %’—{I}
{.‘|a—{|:} 0— *3|-'“
Figure (7.5): Chemical structure of CPP molecule
Figure (7.6) shows the FT-IR spectrum of the CPPT crystals, which was recorded,
using KBr medium, on Shimadzu 8400 instrument in the range of 400 cm'™ to 4000
cm™.

Figure (7.6) indicates that the absorptions at 3558.4 cm™ and 3153.4 cm™ are

due to the O-H stretching vibrations.
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Figure (7.6): FTIR spectrum of CPPT crystals
The O-H plane-bending vibration is indicated by absorption at 1651.0 cm™. The O-P-
O bending is recorded at 550.6 cm™and 505.3 cm™. The P-O symmetric stretching
vibrations correspond the absorptions occurring at 909.4 cm™ and 990.4 cm™, whereas
the asymmetric stretching vibrations give rise to absorptions at 1027.0 cm™ and
1088.7 cm™ The absorptions between 400 cm™ to 520 cm™ are due to the presences
of oxygen-calcium bonds. Table (7.6) represents the assignments of different
absorption bands in FT-IR spectrum of CPPT crystals.
Table (7.6)

Assignments of different absor ption bandsin
the FT-IR spectrum of CPPT crystals

Calcium Pyrophosphate Tetrahydrate (CapP,O;- 4H,0)
Assignments Observed frequencies (cm™)
O—-P-0 bending 550.6
505.3
P-O Symmetric stretching 909.4
bonds 990.4
P-O Asymmetric stretching 1027.0
bonds 1088.7
O-H in plane bending 1651.0
O-H Stretching 3558.4
3153.4
Metal -Oxygen bonds 400 to 520
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The presence of O—P-O bending, P-O symmetric and asymmetric stretching,
O-H bonds and metal-oxygen bonds are confirmed from the FT-IR spectrum of CPPT
crystals.

7.4.5 Powder X-ray Diffraction:

Many researchers have paid their attention to the X-ray diffraction study of the
various pyrophosphates for structural evaluations. Weil [34] reported crystal growth
of mercury (l1) pyrophosphate dihydrate crystals. Using four-circle diffractometer
they determined the crystal structure of mercury (I1) pyrophosphate dihydrate and
confirmed that it is isotypic with that of CaoP.O; (H20),. Moreover, Losillaet a. [33]
have reported crystal growth and structure determination of germanium
pyrophosphate.

The CPPD crystals exist in at least two polymorphs, one istriclinic (denoted t-
CPPD) [27] and the other is monaoclinic (denoted m-CPPD), [16, 43]. Both forms
have been observed in vivo by Pritzker et a [44]. The existence of a third hexagonal
polymorph prepared in vitro was also suggested by Mandel et al [43]. Besides t-CPPD
and m-CPPD, a tetrahydrate CaP,O;- 4H,0 (denoted as CPPT) is also common in
precipitates formed in vitro around neutral and acidic pH. The tetrahydrate is aso
polymorphic; with one monoclinic form of a known structure [45], and another
orthorhombic form. The microscopic investigations of crystal morphology [16] and
the indexing of powder patterns have been reported for the orthorhombic form [43].
BaliseZunize et a. [24] have determined the structure of CPPT and reported that the
CPPT crystal is having monoclinic system with P2; / C space group. The unit cell
parameters are as follows.

a=12.287A, b=7511A, c=10677Aand &= 11257 (1)°
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Figure (7.7): Powder X-ray diffractogram of CPPT crystals

The grown crystals were crushed into a fine powder form in a conventional manner
for the powder XRD study. The powder XRD data were analyzed using Powder-X
[46] computer software. The h, k, and | parameters as well as d and 2é values are
generated by the software in such a way that these values match with the X-ray
powder diffraction pattern. Figure (7.7) shows the Powder X-ray diffractogram of the
CPPT crystals and Table (7.7) gives Powder XRD results. The estimated values of
cell parameters of CPPT are as follows.
a=12.287A, b=7511A c=10675Aand &= 11357°

The present investigation suggests that the cell parameters are very closely
matching with the values reported by BaliseZunize et a. [24], within the limits of

estimated standard deviation.
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Table(7.7)
X-ray diffraction resultsfor CPPT crystals
2e Degree Relative Intensity (%) d () (hkl)
19.768 30.88 4.49093 (210
26.721 148.29 3.33611 (310)
29.212 425.66 3.05707 (-401)
30.632 332.85 2.91849 (-313)
33.372 55.36 2.68481 (-322)
40.666 75.54 2.21855 (-232)
41.861 53.98 2.15794 (-510)
43.359 42.41 2.08680 (303
50.465 51.69 1.80837 (-134)
52.851 30.63 1.73220 (025)

Makovicky and Balic-Zunic [24] have carried out the detailed crystal structure
study of the &form of the CPPT crystal; their important results are complied in Table
(7.8).

Generaly, the pyrophosphate anion has characteristics similar to the other two

known calcium pyrophosphate hydrate structures [27, 45]. The P-Og (B denotes
bridging) distances are significantly longer than the P-Oy (T denotes terminal) and the
P—Og—P angle of 134° is relatively small. O atoms are situated at the vertices of the
almost ideal tetrahedra surrounding the P atoms. The polyhedral volume distortions
are under 1% when compared to an ideal tetrahedron [47]. Compared with the other
two structures the main distinction is a smaller volume of the one tetrahedron (P1),
most probably caused by a relatively short P1-O7 bond. O7, which is a terminal
atom, is not bound to any Ca; while in the other two structures only the bridging O
atoms do not bind to any Ca. The Ca atoms are seven-coordinated, as in the other two
known calcium pyrophosphate hydrate structures. The two coordination modes in t-
CPPD were already described as these two distinct types [27]. The following figure

(7.8) gives the details of atomic coordination with the appropriate |abeling.
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Table (7.8)

Experimental details[24]

Crystal data

Chemical formula

CaP,0O;- 4H,0

Chemical formula weight 326.16

Cell setting Monoclinic
Space group P21/c

a(h) 12.287 (6)
b(A) 7.511 (3)
c(A) 10.775 (5)
a(9) 112.542 (14)
V (A3 918.4 (7)

Z 4

Dx (Mg m?) 2.359
Radiation type Mo K&
Wavelength (A) 0.71073
No. of reflections for cell parameters | 173

i (mm™?) 1.639
Temperature (K) 298 (2)
Crystal form {100} {001} {011}

Crystal size (mm)

0.243 X 0.055 X 0.009

Crystal colour

Colourless

Data collection

Absorption correction

Gaussian face-indexed

Tmin 0.89064
Tmax 0.98700
No. of measured reflections 2928
No. of independent reflections 959

No. of observed reflections 432
Criterion for observed reflections | > 26(1)
e max(°) 20.80
Refinement

Refinement on F

Source of atomic scattering factors

International Tables for Crystallography,
(1992, Val. C, Tables4.2.6.8 and 6.1.1.4)

Computer programs

Structure solution

| SHELXS97 (Sheldrick, 1990)
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Figure (7.8): Details of atomic coordination

Table (7.9)
Atomic coor dination of the CPPT crystals

lons X y z
Cal 0.4691 0.0022 0.7271
Ca2 0.2613 0.1473 0.3157
Pl 0.7424 0.0268 0.9849
P2 0.5607 0.2385 0.5199
Ol 0.5129 0.2410 0.1263
02 0.4707 0.2434 0.8748
03 0.6795 0.0141 0.8352
04 0.2187 0.1544 0.9504
05 0.6512 0.0938 0.0491
06 0.6311 0.0693 0.5232
o7 0.8390 0.1595 0.0257
ow1 0.2649 0.0895 0.6711
ow2 0.8827 0.0078 0.6201
ow3 0.0776 0.1621 0.1167
ow4 0.8928 0.1621 0.3290
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Four of the O atoms in the asymmetric unit are not bound to P and are
supposed to be O atoms of water. The hydrogen bonds are supposed to be oriented
towards the closely situated other O atoms of water or “under-bonded' O atoms from
the pyrophosphate groups. Table (7.9) gives the final atomic coordination of the
CPPT crystals. The OW1 atoms are shared by both Cal and Ca2 polyhydra and reside
relatively deep inside the layers. Remaining O atoms of water are situated on the
surface of layers. OW2 and OW3 are bound to Ca2, while the OW4 atoms do not
come close to any Ca atom. The O7 terminal atoms from the pyrophosphate group,
which aso do not bind to any Ca, reside on the surfaces of layers. The OW3 atoms,
which protrude farthest from the surface of one layer face of O7 atoms (distance 2.71
0, sit deepest on the surface of the neighboring layer. OW2 and OW4, which have
equal medium heights on the surface and face each other on neighboring layers
(distance 2.90 Dl The other potential hydrogen bonds can be connected to the
contacts of water O atoms inside a layer, mutual or with atoms O4, O6 and O7.
Brown and Altermat [48] as well as Brese and O’ Keeffe [49] have calculated the
bond-valance calculations without the consideration of hydrogen bond contributions.
OW4 atoms do not coordinate any Ca atom and are thus held in the structure solely by
hydrogen bonding to other O atoms. This specific nature of a quarter of the water
molecules in the structure is also confirmed by thermal analysis which has shown the
loss of one H,O molecule occurring at 353 K [19].

Figure (7.9) shows the projection of the crystal structure parallel to (001)
plane. The main characteristic of the structure is the layers formed by the chains of Ca
coordination polyhydra interconnected by pyrophosphate groups. Whereas, figure

(7.10) shows the structural layer projected on the (100) plane.
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Figure (7.9): Theprojection of the crystal structure parallel to (001) plane.
Atoms in ascending size are P, Ca, and O, and darker coloring of
O isfor water.

Figure (7.10): The structural layer projected on the (100) plane. Pyrophosphate
groups represented as opaque polyhydra. Cal as well as water O
atoms are colored darker
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From the above study, it is confirmed that CPPT crystals are monoclinic
having space group P2; / ¢ and five of the terminal O atoms from a pyrophosphate
group bind to Ca atoms, together with O atoms from three of the water molecules.
The fourth water molecule forms only hydrogen bonds.

7.4.6 Didectric Studies of CPPT Crystals:

The dielectric study of pyrophosphate compounds, to the best of the present
author’s knowledge, is not widely reported. Hitmi et al. [50] have reported the
dielectric study of various phosphate compounds, i.e. various apataites, and reported
that at high temperatures the dielectric loss occurs due to the dipolar reorientation of
ions inside apatite channels. Bian et a. [51] have reported the microwave dielectric
properties of the CPP.

In the present study, the values of capacitance were measured using the
precession LCR meter, model Agilent 4284A, at room temperature. The following

figure (7.11) shows the variation of dielectric constant with frequency.
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Figure (7.11): Plot of dielectric constant versuslog f
It can be noticed from the above plot that the dielectric constant decreases as the
frequency increase. Initialy, the dielectric constant decreases rapidly with increasing

frequency and then slowly decreases at higher frequency. This type of behavior
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indicates higher space charge polarizability of the material in the low frequency

region. As the frequency increases, the dipoles do not comply with the varying

external field. Therefore, the polarization decreases and hence the values of dielectric

constant decrease as the frequency increases [52]. This behavior is similar to the

nature reported by Lopez et a. [53] and Dabhi et a. [54] for zinc tartrate crystals and

Aroraet a. [55] for strontium tartrate crystals, at room temperature.

Figure (7.12) represents the plot of tan & versus log f at room temperature.

From this figure it can be noticed that as the frequency increases the loss tangent
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Figure (7.13a & b): Theplot of a.c. resistivity (fs) and a.c. conductivity (6ac)

versuslog f, respectively
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Figure (7.13 a & b) shows the plots of a. c. resistivity and conductivity versus
frequency. The a.c. resistivity (fiac) and a.c. conductivity (6.;) were calculated using
the formulae (5.21 a & b) given in the section 5.4.3 of Chapter-V. From the plots it
can be noticed that as the frequency increases, the a.c. resistivity increases and hence
the a.c. conductivity decreases.

7.5 InvitroInhibition Study of the CPPT crystalsfor Different Extracts:

Various calcium phosphates and pyrophosphates are associated with different
ailments, such as urinary stones and arthropathies. Deposition of CPPD, in articular
cartilage in aged humans, can lead to acute arthritic attack with severe pain and
inflammation of the affected joints, called pseudo-gout [1-6]. Therefore, many
researchers have focused their attention on the growth kinetics, growth mechanism,
growth-inhibition and dissolution of CPPD crystals [19, 20]. The inhibitive effect of
various metallic ions, for example, ferrous and ferric [56], magnesium and calcium
[57] and carboxylate [58], have been studied on CPPD crystals; while, Cheung et al.
[59] have reported CPPD inhibition through phosphocitrate. Also, Hunter et a. [60]
have reported the effect of glycosaminoglycans on CPPD formation in collagen gels.
More recently, Christoffersen et al. [19, 61] have studied the kinetics and mechanisms
of growth and dissolution of t-CPPD and m-CPPT crystals. From the study, they
concluded that the auto inhibition of crystal growth was found at pH-7.0 for m-CPPT
crystals.

In the present study, the single diffusion gel growth technique was used to
study the growth and inhibition behaviour of CPPT crystals in the presence of
different herbal extracts. Single diffusion gel growth technique provides the
simplified model for in vitro growth inhibition study of bio-material crystals. The

following extracts were used in the present study.
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Q) Rotula aquatica root
2 Boerhaavia diffusa root
3 Commiphora wightii

The growth of CPPT crystals is already discussed earlier in the section 7.3. In
order to study the growth inhibition behaviour of the CPPT crystals, 10 ml of 2%
(20mg/ml) concentrated solutions of different extracts were used. A 10 ml of selected
extract solution was mixed with calcium nitrate tetrahydrate solution in equal volume.
The mixture of selected extract and calcium nitrate tetrahydrate solutions was gently
poured on the set gel in respective test tubes. Inhibition study was carried out by
considering two parameters, viz. the number of the crystals grown and the total

diffusion length in the gel. Figure (7.14) exhibits the growth of CPPT crystals in the

presence of different herbal extracts.

Pure Ca(NO3), B. diffusa R. aquatica C. wightii

Figure (7.14): Compar ative growth-inhibition study of CPPT crystals

When pure calcium nitrate tetrahydrate solution was used, a thick, white
particles band of CPPT crystals was observed below the gel liquid interface. Below
this a band of tiny, transparent, spherical granules type crystals was observed. The

diameter of crystals was of the order of 0.4 mm. The number of grown crystals was
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very large. Below this, once again athin white band of CPPT was observed and, there
after, again numbers of tiny crystals were observed. From the gel-liquid interface the
total diffusion length in to the gel was 2.8 cm.

In case of aqueous extract of R. aquatica, a thick band of CPPT particles was
observed within 48 hours of pouring solutions and, thereafter, the band remained the
same in thickness. The thickness of the band was 1.2 cm. Interestingly, below this
band no crystals of CPPT were grown within 96 hours of pouring solutions. After 120
hours of pouring the solution, three small crystals were grown and six crystals were
observed after 168 hours. The diameters of the crystals were of the order of 0.5 mm.
From the gel-liquid interface the total diffusion into the gel was 2. 0 cm.

When the solution of aqueous extract of B. diffusa was used, a thick band of
CPPT particles of 0.8 cm width was observed within 48 hours of pouring solutions.
Below this band, only two small crystals were grown after 120 hours and four crystals
were observed after 168 hours. It was found that the total diffusion into the gel was
1.6 cm from the gel-liquid interface.

Very encouraging results were obtained in the case of C. wightii. No band of
CPPT particles was observed, only two tiny crystals were observed after 48 hours of
pouring the solutions and four tiny crystals were observed after 168 hours. The
diameter of the crystals was of the order of 0.5 mm. The total diffusion length into
gel, from the gel-liquid interface, was estimated to be 0.8 cm. Table (7.10) represents
the number of crystals grown and the total diffusion length in the presence of different
herbal extracts. It is to be noted that calcium nitrate tetrahydrate solution served as a
control solution. Whereas, the table (7.11) gives the growth behaviour data of CPPT

crystals.
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Table (7.10)
Comparative growth inhibition study of CPPT crystals in the presence of different

herbal extracts

No Super natant Total number of crystals | Total diffusion
. solution grown length
1 | Cacium nitrate Innumerable 28cm
2 | Cacium nitrate + Rotula aquatica 6 20cm
3 C_aC| um nitrate + Boerhaavia 4 16cm
diffusa
4 C§C| um nitrate + Commiphora 4 No band
wightii
Table (7.11)
Growth behaviour of CPPT crystals
No Supernatant Number of crystals grown (in hours after
solution pouring the supernatant solutions)
96 hr 120 hrs 168 hrs
48 hr (Below Thick (Below Thick (Below Thick
band) band) band)
1 | Cacium nitrate Innumerable
: . . 1.2cm Nil 3
Cacium nitrate + Rotula aquatica (Trick bend) 6
3 Cacium nitrate + Boerhaavia 0.8cm Nil 2 4
diffusa (Thick band)
Cacium nitrate + Commiphora 2 3 3
4 o 4
wightii crystals

Total number of crystals grown
w
1

6
5]
44
2
14
0-

Rotula aquatica

In case of pure calcium nitrate solution,
innumerable crystals were observed

|

Boerhaavia diffusa Commiphora wightii

Herbal Extracts

Figure(7.15 a)

3.0

2.5

Total diffusion length (in cm)

I3

U.U-

Pure Cacium nitrate soluti®otula aquatica Boerhaavia diffusa Commiphora wightii

Herbal Extracts

Figure(7.15b)

Figure (7.15 a & b): Histograms, exhibit the comparison of the number of the

crystals and total diffusion length, respectively, in the

presence of different herbal extracts.
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—m— Rotula aquatica
—®— Boerhaavia diffusa
Commiphora wightii

Number of crystals grown
w

0- [

T T T T T T T
40 60 80 100 120 140 160 180
Time (in Hours)

Figure (7.16): Plots of number of crystalsversustime (in hours) for different
herbal extracts.

Figure (7.15 a & b) shows the histograms, giving the comparison of the number of the
crystals grown and the total diffusion length, respectively, in the presence of different
herbal extracts, Moreover, figure (7.16) presents the plots of number of crystals
versus time (in hours) for different herbal extracts containing supernatant solutions.
Figure (7.16) indicates that the maximum number of crystals was found in the case of
R. aquatica, while B. diffusa and C. wightii gave equal number of crystals.

From the above study one can notice that all the three extracts show good
inhibition with comparison to the pure calcium nitrate solution. The number of
crystalsis very large in the pure calcium nitrate solution, but due to competition in the
growth between different crystals the average diameter of crystals is comparatively
less. However, the best inhibition was observed in the case of C. wightii followed by
B. diffusa and R. aquatica.

7.6  Conclusion:

(1) CPPT crystal growth was carried out by using single diffusion gel growth
technique in normal test tubes. Good quality, transparent, spherical granules
type crystals were grown. The crystals were very small and the diameter of the

crystals was of the order of 0.5 mm. CPPT crystals have also been grown
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(2)

3

(4)

(5)

(6)

using the wet chemical process and the size of grown crystals were less than
90.80 micron.

CPPT crystals showed very high thermal stability. From the calculation, it was
noticed that four water molecules were associated with the crystals. Nearly at
110 °C, CPPT crystal gave up all four water molecules and gradually became
anhydrous. Anhydrous sample remained stable up to 900 °C. Dehydration
process started from 80 °C, because one of the water molecules was attached
with the hydrogen bond. Small hump in the thermogram was observed at 280
°C , which might be due to phase transitions.

Applying the Coats and Redfern relation to the dehydration stage of the
thermogram, the kinetic parameters, such as, order of reaction and activation
energy, were evaluated. The values of order of reaction and activation energy
were found to be 5/2 and 72.214 kJ Mol ™, respectively.

The thermodynamic parameters were also evaluated for the dehydration
process from the thermogram. The values of the standard change in entropy,
enthalpy and Gibbs free energy were found to be 125.32 Jmol ™, - 65.013 kJ
mol " and -111.619 kJ mol ** respectively. This suggested the spontaneous
type process.

The FT-IR spectrum confirmed the presence of the O-P-O bending, P-O
symmetric and asymmetric stretching, O-H bending and stretching and
oxygen-calcium bonds.

The results of powder X-ray diffraction (XRD) analysis s suggested that CPPT
crystal was having monoclinic system with P2,/ C space group. The unit cell
parameters of CPPT crystals were obtained as follows

a=122870 b=75110 ¢=10.6750and A= 113579
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(7)

(8)

The estimated values of cell parameters were appreciably matching with the
values reported by Balic-Zunic et al [24]. In the CPPT crystal structure, five of
the terminal O atoms from a pyrophosphate group bind to Ca atoms together
with O atoms from three of the water molecules. The fourth water molecule is
attached with hydrogen bond.

For CPPT crystals the values of dielectric constant decreased as frequency
increased. Initially, the dielectric constant decreased rapidly with increasing
frequency and then decreased very slowly. This type of behaviour suggested
the presence of higher space charge polarizability of the material in the low
frequency region, and as the frequency increased a point was reached where
the space charge could not sustain and comply with the varying external field.
Therefore, the polarization decreased and hence exhibited reduction in the
values of dielectric constant. The variation of tan & versus log f suggested that
as the frequency increased the loss decreased. The variation of a.c. resistivity
with log f indicated that as the frequency increased the value of a.c. resistivity
increased and hence the value of a.c. conductivity decreased.

Three different medicinal herbal extracts were used to study the growth
inhibition of CPPT crystals. The growth-inhibition study of CPPT crystals was
carried out by measuring the number of crystals grown and the total diffusion
length in the gel column. All the three agueous extracts studied, namely, R.
aquatica, B. diffusa and C.wightti, were giving good results in terms of less
number of crystals grown and less diffusion length in the gel the column, with
comparison to pure calcium nitrate solution. The test tubes having pure
calcium nitrate were used as a control. However, C. wightti showed the best

inhibition results for CPPT crystals.
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Chapter V111

Growth Inhibition Study of Calcium Hydrogen

Phosphate Dihydrate (brushite) Crystals

8.1 Introduction:

Urinary calculi are hard the masses developed from crystals that separate from
the urine and build up on the inner surfaces of the kidney or urinary tract [1]. Many
factors affect the wurinary calculi formation; particularly, different mineral
metabolisms are the most important factors in the formation of urinary calculi [2].
Urinary calculi are mainly composed of crystalline components. Multiple steps are
involved in the formation of calculi, which are nucleation, growth and aggregation
[3]. There are severa theories for the formation of the urinary calculi [3-6]. Briefly,
the cause of formation of urinary calculi can be due to the one of the following
reasons [7].

Q) By an augmentation of concentration of salts beyond the supersaturation
capacity of urine.

(2 By a decreased supersaturation capacity of urine.

3 By the presence of promoter, this promotes the crystallization of  substances
responsible for urinary calculi.

More details about the mechanisms and pathophysiology of urinary calculi formation

are given in Chapter-11.

Among all the varieties of urinary calculi, 75 % of them are containing
cacium salts. Calcium is present in urinary calculi as calcium oxalate (either

monohydrate or dihydrate, or a combination of both) and much less commonly
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available as calcium phosphate, but mixed calcium calculi (containing both calcium
phosphate and calcium oxalate) are more common than calcium phosphate calculi.
Calcium phosphate is present in urinary calculi as either calcium apatite
(Cao(PO4)s(OH)2) or calcium hydrogen phosphate dihydrate (CHPD, CaHPO, -
2H,0). The CHPD is also known as brushite [3].

Urinary calculi are one of the most painful urological disorders; hence many
researchers have reported the growth inhibition study of CHPD as well as calcium
oxaate monohydrate (COM) or calcium oxalate dihydrated (COD) type urinary
crystals [8-11]. Many compounds have been identified as inhibitors of calcium
oxalate as well as CHPD crystal growth, for example, tartrates in natural and artificial
urine media[8], some amino acids [9], citrate [10], polyhydroxycarboxylic acids [11].

In the present study, macro size and micro size CHPD crystals were grown by
using single diffusion gel growth technique and modified gel growth technique,
respectively. The modified gel growth techniques was developed by the present
author for achieving rapid crystallization of some bio-materials and study the
inhibition effect of different solutions on them. This technique provides results of
inhibition study of CHPD crystals very rapidly and in situ observations are possible.

Different concentrations of citric acid and tartaric acid were used to study the
inhibition or the dissolution of aready grown CHPD crystals. It is important to note
that tartaric acid and citric acid are available in plenty in certain fruits, such as
tamarind, grapes, lemon, etc. Therefore, it has been chosen to study the growth
inhibition or dissolution of CHPD crystals using these acids.

8.2  Physical and Chemical Properties of CHPD (Brushite):
Brushite or CHPD, is naturally occurring mineral and it is formed at low pH

by reaction of phosphate-rich solutions with calcite and clay [12, 13]. Pettit and
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Lemaitre [14] studied the working characteristics of radio-opacified brushite cements.
Also, Brendlen et al. [15] have studied the feasibility of dual-paste presentation of

injectable brushite cements. Table (8.1) lists the physical and chemical properties of

brushite.

Table (8.1)

Physical and chemical properties of CHPD [12, 13]

General Brushite Information

Chemica Formula:

CaHPO, 2(H,0)

Composition:

Molecular Weight = 172.09 gm

Calcium 23.29% Ca 32.59 % CaO

Phosphorus 18.00% P 41.24 % P,Os

Hydrogen 293% H 26.17 % H,O
Oxygen 55.78% O
100.00%  100.00 % =TOTAL

Empirical Formula:

Ca(HPO,) 2(H,0)

IMA Status: Valid Species (Pre-IMA) 1865

Locality: Found on Aves Island, Venezuela, west of Dominica, in the
Caribbean Sea.

Name Origin: To honor Professor George Jarvis Brush (1831-1912),
American mineralogist, Yale University, New Haven,
Connecticut, USA.

Synonym: ICSD 16132
PDF 11-293

Brushite Crystallography

Cdll Dimensions:

a=5.88[1b=15.15[lc = 6.37 [] beta= 117.467°

Crystal System:

Monoclinic - Prismatic H-M Symbol (2/m) Space Group:
12/a

Physical Properties

of Brushite

Cleavage: [010] Perfect, [001] Perfect

Color: Colorless, Yédlow, Yellowish white, White.
Density: 2.328

Diaphaniety: Transparent to Translucent

Hardness: 2.5 - Finger Nail

Optical Properties of Brushite

Optical Data:

Biaxia (+), a=1.539, b=1.546, g=1.551, bire=0.0120,
2V (Cac)=80, 2V (Meas)=86.

Calculated Properti

es of Brushite

Electron Density:

relectron:2.38 gm/CC
NOte: I'gryshite =2.33 gM/CC.

Photoel ectric: PEgusnite = 3.72 barns/electron
U:PEBrushiteX relectron: 885 barnS/CC
Radioactivity: GRapi = 0 (Gamma Ray American Petroleum Institute Units)

Brushite is Not Radioactive
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Characterization of CHPD crystals by TGA, FT-IR and SEM was reported by
Joshi and Joshi [16]. They calculated kinetic and thermodynamic parameters of
dehydration from thermogram.

Generadly, Phosphates of calcium are present in urinary calculi as either
apatite [Cayo(PO4)s(OH)2] or brushite (CaHPO4- 2H,0) [3]. Brushite was earlier
thought as isomorphous with gypsum. However, it was found [17] that it has structure
on the lower symmetry space group Cs".

The phosphate tetrahydra are not exactly regular but the P-O separating is
lying between 1.34 0J and 1.69 [J Each calcium atom has around it six phosphate
oxygen and together with the PO, groups they form corrugated sheets between which
water molecules are lying. Nevertheless, the positions of hydrogen atoms were not
established by X-Ray diffraction data. The lower symmetry of brushite indicates
piezoelectricity, which is not there in gypsum crystals. The lattice parameters of
brushite are a = 9.973 [, b= 7.288 [J, c= 6.293 0 and &= 106.871 [J indicating

monoclinic type crystal structure, the projection along b, axis is shown in the figure

(8.1) [17].

Figure (8.1): The crystal structure of CHPD
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As per one assumption, in agueous solutions the bi-layers of water molecules
are for most of the real time exposed at surface of the (010) face, on the other hand,
the latera faces have a mixed ionic character with intercalated water molecules [18].
Because of this kind of ionic structure, CHPD posses a good model crystal for
studying several aspects of interaction between additives and crystals. Skiric et d.
[19] have summarized the important points as follows for CHPD inhibition:

@ The importance of molecular size and structure of the additive, i.e., small or
macromolecules, number of functional groups in the molecule and overall
charge in the growth of CHPD and other related crystals. This may be useful
in the selection of inhibiting molecule.

(b) The importance of a structural fit between the organic molecule and the ionic
structure of a particular crystal face of CHPD. This decides the order of
inhibition or reaction at a particular face.

(© The influence of the hydration layer exposed on the surface of the crystals.

83  Growth of CHPD Crystals:

The growth of crystalsin static solution is generally explained with the help of
standard laws of physical chemistry. However, normal urine in the human body is not
a static solution, but new solutes are added and subtracted from the solution.
Moreover, it is difficult to mimic the urinary tract in vitro; however, the growth of
crystalsin a gel medium under static environment helps explain the growth of urinary
caculi in a body to a certain extent. Hence the growth of urinary calculi can be
simulated in a laboratory by growing crystals in a silica hydro gel medium. The gel
framework, though chemically inert, provides a three dimensional matrix in which the
crystal nuclel are delicately held and provides a substratum for a gradua supply of

nutrients for growth. The growth of urinary crystals in silica hydro gel can be
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considered as a smplified in vitro model of the highly complex growth of urinary
calculi in vivo.

The growth of crystals from the gel is the simplest technique under ambient
conditions, which is also suitable for the growth of bio-materials crystals, urinary type
crystals and certain other compound crystals, which are sparingly soluble and
decomposes at low temperatures. The gel density, pH and concentration of the
reactants are important factors influencing the growth of good quality single crystals
at room temperatures. This technique has been elaborately explained in Chapter-I11.
This technique has also been employed as a simple technique to grow various urinary
type crystals [16, 20-22] and study the role of various inhibitorsin vitro [23-24].

The macro-size and micro size CHPD crystals have been harvested, in the
present study, by using the normal gel growth technique and the modified gel growth
technique, respectively.

(@ G Preparation:

The stock solution of sodium meta-slicate was prepared as mentioned in the
section 5.3 of Chapter V. By adding double distilled water of appropriate volumein to
the stock solution, one can prepare solution of the desired specific gravity. The
specific gravity was selected as 1.05.

(b) Macro Size CHPD Crystal Growth:

Glass test tubes of 2.5 cm diameter and 15 cm length were used for growing
the crystals. As mentioned earlier, sodium meta-silicate solution of specific gravity
1.05 was acidified by adding appropriate amount of orthophospheric acid so that 4.0
and 5.0 pH could be obtained for the mixture, which was subsequently transferred
into different test tubes. After gelation took place, 20 ml, 1M, aqueous solution of

calcium chloride was carefully poured on the set gels. Crystals were found to be
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growing very rapidly within two days from pouring the supernatant solutions.

Elongated, platelet type and star shaped crystals were grown in the gel.

Figure (8.2): Growth of CHPD crystals
The apparent length of growing crystals was measured by traveling microscope of
0.001cm least count, at different time intervals. The figure (8.2) shows the growth of
CHPD crystalsin atest tube.
(© Micro Size CHPD Crystal Growth:

Glass dides with cover dips and Petri dishes were used as micro-crystal
growth apparatus. The glass slides were arranged in the Petri dish in the form of a
plus sign, where the lower dlide was just used for the support and the upper slide was
used for micro-crystal growth. To grow the micro-crystals in a silica gel medium, a
sodium meta-silicate solution of specific gravity 1.06 was mixed with 1M
orthophospheric acid so that pH 5.0 could be set for the mixture. Thereafter, with help
of suitable glass dropper a small drop of this mixture was put at the middle of glass
dlide. A cover dlip was then placed on this drop in such a manner that it floated on the

mixture and covered amost the area of a cover dlip size, without any spillage beyond
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the cover dlip. To assure that the gelling process occurred properly without drying the
solution, the slides were placed in a Petri dish in such a way that water poured in the
Petri dish did not touch the cover dlip, but remained slightly below the upper surface
of the dide. The details of experiments are already discussed Chapter-111. After setting
the gel, water was sucked from the Petri dish with the help of suitable dropper.
Thereafter, 1M, CaCl, solution was poured with care using appropriate glass dropper
so that it should cover the dlide up to the level of cover dlip. The poured solution
diffused through the gel and reacted with the impregnated orthophospheric acid in the
gel medium which resulted into the growth of micro-crystals within 24 hours. The
cover slip was having diameter of 18 mm and the total area of 254.34 mm?. The drop
put on the dlide to form the gel was of the order of 10 micro-liters, therefore, the
thickness of the gel could be estimated to be of the order of 0.039 mm. Figure (8.3 a
and b) shows the photographs of the CHPD micro crystals.

The dides were observed regularly by using dissecting microscope and
photographs were taken using attached digital CCD color camera (water WAT 2020,
Japan) with digital Zipshot twin-driver (Across Inc. Fermount, CA 94538). The
lengths of crystals were measured by using software Image tool.

The growth of micro-crystals can be seen in the photographs of Figure (8.3- &
f). Figures (8.3-a and b) show rhombic type platelet crystals without having any
leaflet on its surface, but at some places the leaflets are seem to be under devel opment
or beginning as it is marked in figure (8.3-a and c). Due to multiple branching the
micro-crystal developsin to star shape morphology, which is exhibited in Fig. (8.3-d).
The star shape morphology indicates that all leaflets are spreading out from the basic
micro-crystal; the dimension of the observed micro-crystalsis 60 im X 60 im. Figure

(8.3- ¢) shows aplatelet of 40im X 70 im is having a leaflet type of structure and like
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a mica sheet the new leaflets are getting developed, which is confirming the earlier

SEM observations of Joshi and Joshi [16] on CHPD macro crystals.

Figure (8.3-a)

Figure (8.3-c) Figure (8.3-d)
Figure (8.3¢) Figure (8.3-f)

Figure (8.3): Micro CHPD crystals with the measurements
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However, Figures (8.3-e and f) show a possible formation of another needle, by
protruding parts from the needle on different sides and, ultimately, turnsin to a star
shape morphology with sharp needles coming out from the common center. This type
of star shape morphology is different from the star shape morphology obtained from
the platelet type crystals. In the case of stars originated from platelets the common
center is not observed, whereas in the case of the star originated from the needles the
common center is observed.
84  Growth-Inhibition Study of CHPD Crystals:

Under steady state conditions the normal urine contains minimal quantities of
crystals, which represents a delicate balance of a number of parameters working in
opposing direction. Urinary Stone [3] formation should be viewed as an imbalance in

these parameters, which is represented in figure (8.4).
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Figure (8.4): Factor affecting the formation of urinary stones

In urine, when the concentration of a substance reaches a point at which the
saturation would take place in water, crystallization does not occur as expected.
However, the urine has the ability to hold more solute in the solution, than does pure
water. Many organic molecules such as urea, uric acid, citrate and complex muco-
proteins of urine, naturally, affect the solubility of other substances, which has been
discussed by Menon et a. [3]. Hence the saturation and solubility product in water are
simple to define, but urine is amore complex solution and it is difficult to define. The

point a which saturation is reached and crystallization begins is referred to as the
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thermodynamic solubility product Ks. If the concentration of solute increases and a
point is reached where it cannot be hold in solution, this concentration is known as
Kep, Which is the formation of product of urine. Criticality to the formation of a
crystal is the saturation state of that solution. This depends on solute concentration,

pH, ionic strength and existence of soluble complexes.

Ion Product

Spontaneous
Nucleation Unstable
Energy Kyp
g Potential F
e ential For
crystallization Hetroganeous Metastable
l Nucleation and
Crystal growth
Ksp
Energy Under
; Far Dissolution Of Saturation
Dissolution Crystal

Figure (8.5): Chart of reaction kineticsfor precipitation
The simple overview of the problem of crystallization and dissolution is described in
the chart of Figure (8.5). Once the concentration of solute exceeds Kgp, the solution
becomes unstable and spontaneous nucleation occurs (homogeneous and
heterogeneous nucleation) and the crystal growth proceeds.

Moreover, an estimation of the state of saturation of urine with the stone-
forming salts is of prime importance in clinica practice. Usually, the state-of-
saturation indicates the free energy of a given solution, which by entropy tends to
decrease, resulting into the precipitation of the super-saturated solid phase [25]. In
general, the saturation increases with the concentrations of ionic components and,
especialy, it depends on the activities of the constituent (non-complexed) free ions.
To calculate the state of saturation (8), the free ion concentration must be established
from the difference between the measured total concentration and the sum of

concentrations of al the relevant complexes [25]
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The amount of soluble complexes depends on their stability constants. The
free ions in solution interact in such a way that their electrochemical activity
decreases by a coefficient that is inversely related to the ionic strength. In other
words, in concentrated urine, the activity coefficient tends to decrease and for a given
ion concentration the activities are lower at higher ionic strength. The state of
saturation ultimately results from the activity product of constituent ions and can be
expressed as relative super-saturation, by calculating the ratio between the activity
product and the solubility product of a given sat. This has been discussed by
Marangella et al. [25] in detail by exemplifying for calcium oxalate. A CD-ROM has
been made on O’ Turin and Messina model, which offers a computer programme
named URSUS, requiring input variables of some cations (Na, K, Ca) and anions
(oxalate, phosphate, citrate, etc.). The results obtained include, concentrations of main
soluble complexes, state-of-saturation with calcium oxaate monohydrate (COM),
brushite, etc., in terms of indications of saturation or super-saturation.

Many chemicals found to be having inhibitive actions on the growth of urinary
stones and crystals; for example, tartrates have been found as a good inhibitor in
natural and artificial urine media [8]; some amino acids, which show the influence on
the spontaneous precipitation of calcium oxalate and depend on the type and the
concentration of amino acids used [9]; the citrate compounds, which show the
inhibition of nucleation and growth steps of COM crystallization [10]; nephrocalcin
and Tamm-Horsfall, glycoprotein are potent inhibitors of COM crystal aggregation
[26] and some phosphate derivatives, such as, D fructose-1.6-diphosphate,
pyrophosphate methylene diphosphonate and phytate are found to be strongly
inhibiting the growth of COM seed crystallization [27]. Magnesium, citrate,

pyrophosphate and nephrocalcin make up the most of the inhibitors for the calcium
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phosphate crystal system [28]. Natargjan et a. [29] have studied various inhibitors
and promoters based on hosts of fruit juices, extracts from vegetables and cereals and
natural substances. On the other hand, Joshi [30] as well as Joseph [31] have tested
various inhibitors such as certain fruit juices, homogenate solutions of Ayurvedic
medicinal plants and different pulses. Recently, Joshi et al. [32, 33] have reported the
inhibition of growth of the CHPD and COM crystals by agueous extracts of
Ayurvedic medicinal plants Tribulus terrestris and Bergenia ligulata.

In the present investigations, different concentrations of citric acid and tartaric
acid for growth inhibition or dissolution of macro size CHPD crystals and only citric
acid for the same purpose for micro size CHPD crystals have been studied in detail.
8.4.1 Inhibition and Dissolution Study of the Macro size CHPD Crystals:

@ Inhibition and Dissolution Study of The Macro CHPD Crystals Using

Citric Acid:

Citrate is the important complexer of calcium in urine and reduces ionic
calcium concentration [34, 35]. It also inhibits spontaneous and heterogeneous
nucleation [33, 36, 37]. The unique citrate complexes formed by iron (I11), auminum,
chromium and beryllium have aso shown important inhibitive action of
mineralization and growth of hydroxyapatite crystals, which are associated with the
arthropathy. [38, 39]. Moreover, citrus juices, for instance, orange and lemon, are
expected to prevent the stone formation due to their high citrate content [40]. The
effect of orange juice consumption on urinary stone risk factor is also studied by
Wabner and Pak [41]. Ettinger et al. [42] have reported that potassium magnesium
citrate is effective prophylactic against recurrent of calcium associated nephrolithiasis.
Joshi et al. [43] have reported the inhibition of the growth of CHPD crystals by lemon

juice and citric acid in the presence of human urine and artificial reference urine. A
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critical review has recently been written by Mattle and Hess [44] on preventive
treatment of nephrolithiasis with alkali citrate. Also, the role of dietary citrate on bio-
chemical risk factors of urolithiasis has been studied Marickar [45]. Apart from this,
prophylactic and therapeutic properties of a sodium citrate preparation in the
management of calcium oxalate urolithiasis have been reported by Allie-Hamdulay
and Rodgers [46].

In the present investigation, CHPD crystals were grown by the single diffusion
gel growth method. When crystals achieved maximum growth, the inhibitive effects
of citric acid solutions having different concentrations were studied by adding them
into the supernatant solution. Unlike, in the earlier studies [30, 31, 43] different
inhibitive solutions were added in the supernatant solutions right from the beginning
of the growth of crystals and compared with the growth of crystals without inhibitor
solutions.

In case of pure calcium chloride containing supernatant solution, the nature of
growth is exhibited by a plot of figure (8.6-a), which is a plot of apparent length of
growing crystals versus time for pH value 4.0. From this plot, it can be seen that after
five days of pouring the supernatant solution, the crystals aimost acquire the
maximum values of length. For the pH value of 4.0, citric acid solutions of different
concentrations were added in equal amount to the calcium chloride containing
solutions in the respective test tubes. Figure (8.6 b) is a plot of apparent length of
growing crystal versus time for 10 ml, 0.2 M citric acid solution; it indicates a dight
decrease in length of crystal after pouring citric acid. By adding 10 ml of 0.4 M citric
acid solution into CaCl; solution, it was found that the growth rate decreased rapidly.
The crystals dissolved faster than the previous case. This can be seen from figure (8.6

c). Whereas, Figure (8.6 d) is a plot of apparent length of growing crystal versus
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time, for adding 10 ml, 0.6 M citric acid solution into the supernatant solution of
CaCl,. shows that the growth decreases very rapidly. In case of adding 10 ml of 0.8 M
and 1.0 M citric acid solutions into CaCl, solution, interestingly, crystals dissolved
within two days and one day, respectively. This can be verified from the figures (8.6 e

and f)
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Figure (8.6): Plots of growth observation of CHPD crystalsin the presences of
different concentration of citric acid
Same types of results were available for 5.0 pH. It also indicates that as the

molar concentration of citric acid increases, the crystals dissolve rapidly. For 5.0 pH
the length of crystals is less than that of for 4.0 pH, this is because of harder gel and

smaller pore size so that the diffusion process becomes slow.
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Hypocitraturia, a low amount of citrate in urine, is considered to be an
important risk factor for urinary stone formation. Urinary citrate is considered as
important inhibitor of the crystallization of stone forming calcium salts. The mean
normal urinary citrate excretion is 640 mg/24 hr. However, the hypocitraturia is,
generally, considered when the citrate excretion is less than 320mg/24hr. But the
severe hypocitraturia is when the citrate excretion is of less than 100 mg/24 hr. The
normal urine citric acid level iswithin 320 to 1240 mg/24 hr. There are many reasons
for increase or decrease of urinary citric acid levels. The urine citric acid level may
decrease with acidosis, severe muscular activity, hypoparathyroidism, diabetes and
chronic renal failure. On the other hand, urine citric acid levels may increase with a
high carbohydrate diet, astrogen therapy and vitamin D [47]. In the pathophysiology,
the excretion of citrate in urine is a function of filtration re-absorption, peritubular
transport and synthesis by renal tubular cell. The proximal tubule reabsorbs most 70-
90% of filtered citrate and as a result the citrate secretion is negligible. Altogether, the
acid-base status plays the most significant role in the citrate excretion. Alkalosis
enhances citrate excretion, where as acidosis decreases it. In acidos's, increased citrate
utilization by the mitochondria in the tricarboxylic acid cycle occurs. This results in
lower intracellular levels of citrate facilitating citrate re-absorption and hence
reducing citrate excretion. Citrate excretion is impaired by acidosis, hypokaemia,
high animal protein diet and urinary tract infection [47]. Hence citrate plays
predominant roles in the mechanisms of urinary calculi formation. First of all citrate
binds with calcium ions in the urine and reduces calcium ion activity, consequently,
the lowering of the urinary supersaturation of calcium phosphate and calcium oxal ate.
Second, citrate has a direct inhibitory effect on the crystallization and precipitation of

salts.
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Citrate inhibits nucleation and growth steps of calcium oxaate monohydrate
(COM) [10] aswell as CHPD [43] crystallization. The citrate inhibition suggests that,
sodium citrate, citric acid and other citrate compounds are acting as alkalization
agents indicated for systemic metabolic acidosis (rena tubular acidosis), while
urinary alkalization or hypocitraturia contains di-sodium citrate. Pak et a. [48]
reported successful management of uric acid nephrolithiasis with potassium citrate.
Potassium citrate reduces urinary saturation of calcium salts by complexing calcium
and reducing ionic calcium concentration. Pak [49] preferred potassium citrate
because it appears to decrease urinary calcium excretion at least transiently. On the
other hand, sodium citrate does not lower urinary calcium excretion; perhaps as the
result of the increased sodium load associated with therapy [50] .Sodium-potassium
citrate was used by Hofbauer [51], this study did not give any conclusive results on
patients. No prospective randomize study has confirmed the superiority of potassium
citrate over sodium citrate in prevention of stone recurrence as Menon et al. [3] have
noted down. This suggests that as sodium citrate and potassium citrate due to their
alkalizing effect have inhibition effect, it is worth to study the effect of citric acid on
the growth inhibition of CHPD crystals. This has leaded the present author to verify
the growth inhibition of CHPD crystal in-vitro condition.

It has been observed by Joshi and Joshi [43] that the supernatant solutions, for
the growth of CHPD crystals, containing citric acid, lemon juice, lemon juice and
artificial reference urine (ARU) and lemon juice and natural urine in addition to
calcium chloride solutions exhibited various degrees of inhibitions. In their study they
poured supernatant solutions containing different inhibitors in various test tubes and
compared the results with the pure calcium chloride containing supernatant solution.

They proved citrate inhibition [35] for CHPD crystals as well as they also proved that
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the highest inhibition was in the case of lemon juice, which contains citric acid, plus
natural urine, as natural urine also contains some natural inhibitors. The present
investigation provides further proof of citrate inhibition of calcium containing urinary
crystals, such as CHPD crystals, in-vitro condition. The higher concentrations of citric
acid in the supernatant solutions dissolved the grown crystal very rapidly by forming
soluble salt calcium citrate, whereas in the case of lower concentrations of citric acid,
that is, less than 0.2 M concentrations, the inhibition to the growth of CHPD crystals
was observed. These results may be useful to investigate the effect of citric acid on
the dissolution and inhibition of urinary calculi. Though the level of mean citric acid
excretion is very low in human body, this in-vitro study may help to understand the
inhibition of growth by raising citrate concentration in urine in patients who are prone
to stone formations. One has to be aware of side effects and toxicity limit of citrate
concentrations in urine.

In conclusion, citric acid is found to be inhibiting the growth of CHPD crystals
in the lower concentrations of less than 0.2 M and dissolving CHPD crystals for the
higher concentrations of citric acid. As the concentration of citric acid is increased,
the dissolution of CHPD crystals becomes more rapid.

(b) Inhibition and Dissolution Study of the Macro CHPD Crystals Using

Tartaric Acid:

As tartrate forms metal ion complexes with calcium [52], the presence of
tartrate in urine may decrease the amount of ionized calcium available for calcium
containing urinary calculi. The effect of tamarind and tartaric acid as inhibitors of
calcium oxaate crystalization in urine has been discussed by Croft et a. [8].
Recently, Joseph et al. [53] have reported the effect of tartaric acid and tamarind

solutions on the growth of CHPD crystals.
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Figure (8.7): Plots of the growth observation of CHPD crystalsin the

presences of different concentrations of tartaric acid

In order to investigate the effect of tartaric acid on the already grown crystals,

first crystals were alowed to grow up to the maximum size and then tartaric acid
solutions of different molar concentrations were added to calcium chloride
supernatant solution, in the respective test-tubes. From the measurements of apparent
length of growing crystals with time it was observed that the average crystal length
reached its saturation level on the fifth day from pouring the supernatant solution. In
other words, the crystals achieved maximum average length on the fifth day and then
the growth was very slow. The molar concentrations of tartaric acid such as 0.2 M,

0.4M, 0.6M, 0.8 M and 1.0M were selected. Same behavior was observed for 5.0 pH,

Growth Inhibition Study of Calcium Hydrogen Phosphate...



Chapter VI11...294

but the lengths of the crystals were less, this may be due to the harder gel and smaller
pore size of the gel.

The nature of crystal growth patterns is exhibited in fig. (8.6 af). Figure (8.6
a) depicts the growth of CHPD crystals without tartaric acid. In case of adding 0.2 M
tartaric acid, the inhibition of growth and slow dissolution of crystals is observed,
which is shown in figure (8.6 b). It can be observed very clearly from the figures (8.6
c, d, e, and f) that as the concentration of tartaric acid increases the dissolution of
crystals become more rapid and for 1M concentration it is the highest one. For the
higher concentration of tartaric acid, notwithstanding, the growth of calcium tartrate
was initiated at the same time the dissolution of CHPD crystals occurred. Therefore, it
is important to arrive at the proper molar concentration of tartaric acid, which
dissolves CHPD crystals but does not initiate the growth of calcium tartrate crystals.
This had tempted the authors to verify the solubility of CHPD crystalsin tartaric acid.
A small CHPD crystal was selected and was put in a1 M tartaric acid solution and it
was observed under the traveling microscope. Initially, the surface of selected crystal
was heavily etched then eroded due to tartaric acid. It was observed that appreciable
amount of dissolution of the crystal took place within a few hours and within a day
the crystal was completely dissolved.

Tartrates are expected to form metal ion complexes with calcium [52], which
decreased the amount of ionized calcium available for calcium salt precipitation.
Tartrates bind with the cations needed for crystal formation and subsequent growth
and aso function as a crystal growth inhibitor of calcium oxalate by chemical
adsorption on the crystallization sites at a growing interface [54]. An evauation of
tamarind and tartaric acid as inhibitors of calcium oxalate crystallization in urine is

reported by Croft et al. [8].

Growth Inhibition Study of Calcium Hydrogen Phosphate...



Chapter VIII1...295

Also, Singh et d. [55] have earlier reported the inhibitory effect of tamarind
on urolith in urine. Thomas et al. [56] attempted to explore the possibility of using
tamarind and tomatoes in controlling crystaluria. Moreover, Anasuya and Sasikala
[57] have studied lithogenic properties of urine before and after ingestion of 10g
Tamarind daily. They found complete disappearance of calcium oxalate crystal
aggregates, fall in density in crystalluria, reduction in crystal size, decrease excretion
of oxalic acid, increased excretion of phosphorous and increased inhibitory activity of
urine towards crystal growth.

The Food and Agriculture Organization of the United Nation and World
Health Organization (WHO) have evaluated tartaric acid and its potassium-sodium
and sodium salts for daily intake [58]. When taken by mouth, only about 20% of
ingested tartaric acid is eliminated in the urine, inasmuch as it is destroyed in the
intestinal tract by bacteria action the remaining one is not absorbed. Finkle [59]
suggested that L(+) tartaric acid isinert in the human body. A study was published in
which the percentages of both L (+) and D(-) tartaric acid eliminated in urine after
intramuscular injection to a man were found only slightly greater than those after oral
administration[60].

Tartrate forms metal ion complexes, which are water soluble and help to
inhibit or dissolve already grown CHPD crystals. The dissolution time of grown
CHPD crystals depends upon the concentration of tartaric acid added in the
supernatant solution. As the concentration of tartaric acid increases the dissolution
occurs faster.

8.4.2 Inhibition or Dissolution Study of the Micro Size CHPD Crystals:
In the previous sections the author has reported the growth and inhibition of the

macro size CHPD crystals. A novel modified gel growth technique for micro crystals
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was developed by the present author and its advantages are already mentioned earlier.
In the present section, on the basis of micro crystal growth, the inhibition study is
reported for different concentrations of citric acid and in situ observations with the
help of photomicrographs are covered.

The growth of micro-size CHPD crystals is already reported in section 8.3 of
the present chapter. The growth inhibition of micro-size CHPD crystals is studied by
first conducting the growth experiment of CHPD crystals in several slides and then
adding solutions of citric acid in molar concentrations of 0.2, 0.4, 0.6, 0.8 and 1.0 in
equal amounts that of CaCl, solution in the respective Petri-dishes. The growth of
micr-crystals was monitored before and after adding the citric acid solutions under
optical microscope. For comparison purpose, in each set three Petri-dishes were kept
without adding any citric acid solutions, in other words, these served as controls. The
observations were made by using Carl-Zeiss (Axioskop 2 plus) microscope in the

transmitted light mode with the help of different filters and photographs were taken

using CCD camera attached to the microscope with maximum magnification 40X.

Figure (8.8-a) Figure (8.8-b) Figure (8.8-¢)
Figure (8.8): varioustypes of CHPD micro crystals
For the control solution, that is, without adding any citric acid solutions, mainly two
types of growth morphologies were observed, viz., needle type and star type. The star

type morphology can again be considered as of two types, one with broad platelet
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type branches and the other with fine needle type branches. The needle type and both

star type crystals are shown in Figures 8.8 (a-c), respectively.

Figure (8.9-a) Figure (8.9-b)
Figure (8.9): Inhibition of CHPD crystal using 0.2 M citric acid

Figure (8.10-a) Figure (8.10-b)
Figure (8.10): Inhibition of CHPD crystal using 0.4 M citric acid

Figure (8.11-a) Figure (8.11-b)
Figure (8.11): Inhibition of CHPD crystal using 0.6 M citric acid
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Figure (8.12-a) Figure (8.12-b)

Figure (8.12): Inhibition of CHPD crystal using 0.8 M citric acid

Figure (8.13-a) Figure (8.13-b)
Figure (8.13): Inhibition of CHPD crystal using 1.0 M citric acid

The crystal observed after 2 hours from pouring 0.2M citric acid solution is
shown in figure (8.9-a), which is further dissolved in to a small fragment after 12
hours from pouring the citric acid solution as shown in Figure (8.9-b). Figure (8.10-a)
shows the dissolution onset on a needle type crystal after 2 hours of pouring 0.4M
citric acid solution. Figure (8.10-b) indicates a needle is fragmented after heavy
dissolution and a small left over part is visible after 12 hours of pouring 0.4 M citric
acid solution. In case of pouring 0.6M citric acid solution, the dissolution of crystals
becomes faster. Figure (8.11-a) shows the crystals start dissolving, 2 hours after
pouring 0.6M citric acid solution. Figure (8.11-b) shows that the crystals become

fragmented into small parts but still its original morphology is vaguely visible. For 0.8
Growth Inhibition Study of Calcium Hydrogen Phosphate...
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M and 1.0M citric acid solutions, the dissolution of CHPD micro-crystals becomes

much more rapid. This is in accordance with the earlier study on inhibition and

dissolution of macro size CHPD crystals, which is already reported in section 8.4.1. In

case of 0.8 M citric acid solution, just two hours after pouring the citric acid solution

the crystals start fragmenting and 12 hours after pouring the solution the crystals are

dissolved in majority. The similar results were obtained for 1 M citric acid solution.

These results correspond to the earlier results on the macro size CHPD crystals and,

further, support the citrate inhibition theory.

8.5

(1)

(2)

(3)

Conclusion:

The CHPD crystals were grown by the normal gel growth technique and the
modified gel growth technique. The normal gel growth technique used
conventional glass test tubes and yielded macro size CHPD crystals. In
contrast to that the modified gel growth technique used Petri dishes and glass
dides and micro size CHPD were harvested. The micro size CHPD crystals
were observable under optical microscope.

The modified gel growth technique provided a tool to observe the
development of the crystalsin situ. This requires comparatively less amount of
chemicals and yields comparatively rapid growth of crystals. In the case of
normal gel growth, nearly the period of ten days is required for the complete
growth- inhibition study, whereas in the modified gel growth technique it is
hardly 3 to 4 days. Modified gel growth technique is advantageous for growth
inhibition studies.

For the macro crystals of CHPD, the growth inhibition in the presence of
different concentrations of citric acid and tartaric acid was studied. It was

found that as the concentration of acid increased the dissolution of crystals
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(4)

became rapid. For low concentrations of acids the inhibition of crystals was
observed, but for higher concentrations the dissolution was observed.

For the modified gel growth technique, after achievening growth of crystals,
different concentrations of citric acid were used to study the growth-inhibition
of CHPD micro-crystals. The micro size crystals were observed under optical
microscope. It was also found that as the concentration of citric acid increased

the dissolution of crystals became faster.
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Chapter IX

Growth and Characterization of

Some Special Interest Crystals

The present chapter deals with the spin off studies, which includes three
diverse materials, namely, (1) sodium oxalate, (2) sodium pyrophosphate and (3) 4-(2-
hydroxy-phenylamino)-pent-3-one. These crystals have been studied with special
interest. The water soluble salts of sodium are found in our body which provides the
basis of bio-crystallization when their anions combine with calcium and form calcium
oxalate or calcium pyrophosphate crystals, responsible to ailments like urinary stones
and arthritis, respectively. The third one is the organic crystal with special interest
because of its novel photoconducting behavior and some NLO (non-linear optical)
property.

9.1 Growth and Characterization of Sodium Oxalate crystals:

The presence of oxalates is widespread in nature. Many times these minerals
are formed as a result of expulsion of heavy metals from fungi, lichens and plants [ 1-
3]. The production of simple organic acids, for example, oxalic and citric acids, have
profound implications for metal speciation in biogeochemica cycles [4]. The metal
complexing properties of the acids are essentia to the nutrition of fungi and lichens
and affect the metal stability and mobility in the environment [4]. Lichens and fungi
produce oxalates of heavy metals as a mechanism for the removal of heavy metals

from the plant [5]. Recently, Macnish et al. [6] have identified intracellular calcium
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oxalate crystals in Geraldton wax flowers (Chamelaucium uncinatum), which can be
viewed as the complexation of oxalic acid with calcium controlling the concentration
of heavy metals in the plant. Moreover, minerals like calcium oxalate are also
important from the aspect of human physiology because they are found in urinary
tracts [7, 8]. Many other divalent oxalates exist in nature. The magnesium based
oxalate is known as glushinskite <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>