CHAPTER 11

SUMMARY OF THE PRESENT WORK AND THE
FUTURE SCOPE

11.1 SUMMARY

Modern technology needs perfect single crystals for various applications
Progress in solid-state sciences depends upon the availability of perfect crystalline
materials The gel method holds substantial promise in obtaining single crystals
suitable for scientific investigations This method is found to be the most
appropriate one to grow single crystals of tartrate compounds and so has been
employed to grow rare earth( R= Ho, Gd, Yb) tartrate crystals

The growth of well defined single crystals of holmium tartrate trinydrate,
gadolinium tartrate trinydrate and ytterbium tartrate trihydrate single crystals was
achieved by controlled diffusion of the respective rare earth ions through organic
(agar-agar) as well as in inorganic (silica) gels impregnated with tartrate ions. The
effects of various growth parameters like gel concentration. gel pH, gel age and
concentration of reactants on the growth kinetics were studied. 1t is reported that
the pH of silica gel had a profound effect on the morphology of the grown crystals.
In case of holmium tartrate, silica gel pH < 3.75 leads to single crystal growth
whereas for gadolinium tartrate, single crystals are observed to grow at gel pH <
3.5. In both the cases crystals assumed spherulitic morphology for gel pH 2 4 In
case of ytterbium tartrate, single crystal growth occurs at silica gel pH < 3 whereas
for gel pH 2 3.5 crystals assume spherulitic morphology. Use of agar-agar gel at
pH = 2 yields single crystals in all the three types of rare earth tartrates. The
morphological form of single crystals is dipyramidal with the major habit faces as
{111} and {001} irrespective of the rare earth ( R = Ho, Gd, Yb) involved in the
growth of their corresponding tartrates. The experimental results obtained for the
crystal count on the variation of growth parameters (ge! pH, gel age, upper reactant
concentration and gel concentration) suggests that the crystals grown in silica gel
follow classical laws of three-dimensional nucleation Spherulitic growth of

holmium, ytterbium and gadolinium tartrates is also studied in the present work
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Scanning electron microscopic studies reveal that the spherultic formation of
holmium and ytterbium nitro-tartrates result due to crystal fibres diverging radially
from multiple nucler oniginating from the centrally located amorphous/non-

crystalline base

The grown crystals are characterized by various methods The crystallinity
of samples 1s confirmed by X-ray powder diffraction Single crystal X-ray diffraction
experiments carried out on single crystals of holmium and gadolnium tartrate
trihydrate show that both the crystals belong to tetragonal system bearing non-
centrosymmetric space group P4, The cell parameters for holmum and
gadohnium tartrate trihydrate crystals are respectively . a=59701 A , ¢ = 36 089
A and V= 128628 A’ and a=60201A .c=363719A and V= 131817 A®
In case of ytterbium tartrate trihydrate the cell parameters were worked out from
their X-ray powder diffraction results. The cell parameters of ytterbium tartrate
trinydrate are computedtobe; a=5885A c=3580A a=B=y=90°andV =
1239.86 A' Fourer transform infra red spectroscopic studies carried out on the
grown crystals of holmium, gadolimum and ytterbium tartrate tnhydrate show the
presence of tartrate ligands and it establishes that one of the tartrate i1ons 1s singly
ionized. Elemental and thermogravimetnc analysis supplemented by energy
dispersive analysis of X-rays suggests the stiochiometric composition of the grown
crystals to be R(C4H4O¢) (CsHs506) 3HO ( where R = Ho, Gd, Yb) The thermal
studies, using thermoanalytical techniques, support the proposed chemical formula
and it is concluded that the single crystals of holmium. gadolinium and ytterbium
tartrates contain three coordinated water molecules Scanning electron microscopic
studies reveal that the single crystals grown in the present work maintain their
growth by two dimensional 'layer by layer mechanisms

The thermal behaviour of single crystals of holmium, gadolinium and
ytterbium tartrate tnhydrates is studied using thermoanalytical techniques like TGA/
DTG and DTA. The experimental results show that single crystals of holmium.
gadolinium and ytterbium tartrate trinydrate are thermally stable up to a
temperature of about 220 °C, 205 °C and 200 °C respectively Non—isothermal
decomposition kinetics of holmium and ytterbium tartrate trihydrate has been used
to determine the values of kinetic parameters viz , activation energy and frequency
factor and the same is described and discussed in the thesis



Studies are extended to some physical propertes of the grown samples
The dielectric studies are carried out and 1t 1s found that the crystals of holmum
gadolinium and ytterbium tartrate tnhydrates show anomalous dielectric behaviour
The dielectric constant increases with the temperature and attains a peak value
near about 240 °C (for gadolimum tartrate trihydrate). 250 °C (for holmium tartrate
trihydrate) and 215 °C (for ytterbium tartrate tnhydrate) after which it decreases.
suggesting these crystals to be ferroelectric In nature A vibration sample
magnetometer 1s used to determine the magnetic susceptibility of all the three
variety of crystals by measunng the magnetic moments The effective magnetic
moment is calculated for each sample of the rare earth tartrate trihydrate crystals
and the values are observed to be in good agreement with the theoretical values of
the respective free rare earth 1ons It also establishes that the tartrate igands make
negligible contribution to the magnetic moment of the crystals

11.2 Scope for further research

The present work describes and discusses the growth, characterization and
some proprieties of rare earth tartrates of the type R (C4sH4Os) (CaHsOg) 3H20
(where R = Ho. Gd. Yb ) as has been summarized above The studies on single
crystals of rare earth tartrates reveal that they have a lot of potential in varnous
applications due to therr ferroelectric. magnetic and non-hnear optical properties
The anomalous behaviour of the dielectric constant of gadolinlum, holmium and
ytterbium tartrate trihydrate crystals near the transition temperature as described in
the concerned chapters of this thesis, indicate the possibility of these materials
being ferroelectric The results on the study of thermal behaviour of these crystals
also support this argument However, in order to further confirm the ferroelectric
property of these matenals, it is required that hysteresis curves (saturation
polarization versus electric field) of the samples are recorded and studied
Therefore, there is a further scope n investigating the ferroelectric behaviour of
these matenials Preliminary single crystal X-ray diffraction results have indicated
that the crystals of rare earth tartrate trihydrates grown In the present work belong
to tetragonal system bearing the non-centrosymmetnc space group P4, However,
detailed study of crystal structure leading to knowledge regarding position of
constituent atoms in the lattice 1s required to be worked out
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Recent advances in nonlinear optics (NLO) have created a new frontier for
applied optics This technology requires nonlinear optical materials, 1 & , materials
which alter the frequency of laser ight. maternials which have an index of refraction
that varies with light intensity or with applied electnical field, or (in the case of
photorefractive nonlinear optical matenals) matenals which have a local index of
refraction that is changed by the spatial vanation of light intensty Rare earth
tartrate trinydrate crystals grown In the present work (in which a rare earth 1on I1s
coordinated to asymmetnc conjugate organic molecules 1 e tartrate ions) bear the
non-centrosymmetric space P4, Therefore, there is a possibility of these types of
materials to show non-linear optical properties like second harmonic generation
Such materials have the potential for their use In the optical nonlinear devices The
non-linear optical properties of these matenals are required to be studied in detail
which has a scope for further research work on these materials Perfection of the
crystals grown during the present investigation 1s another area of study, wherein
surface (viz , etching) and bulk (X-ray topography) methods may be used for
detection and study of defects
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Abstract

The growth of gadolinium tartrate triby drate crystals is achieved in sthea and agar-agar gels. The crystals are grown by diffusion of gadolnium
1ons through silica and agas-agar gels impregnated with t-tartanc acid The 1y pe of medium influences the mosphology of grown crystals silica gel
welding single crystals and spherulites whereas agar-agar gel leads to growth of only single crystals. The grown crystals are characlenzed using
energy dispersive analysis of X-rays (EDAX). carbon and hydrogen analysis (CHN). X-ray powder diffracuon (XRD), Founer transform infrared
IFT-IR) spectroscopy, thermogravimetne (TG), dslferential thermogravimetne {DTG) and difterential thermal analysis. The chemical formula of
the grown crystals 1s suggested 1o be GdiCiH;OuHCH(Oy)-3H;0 The infrared spectrum indicates the presence ol tarirate hgands and suggests
that one of the tartrate 10ns is singly iomzed. The thermal analysis shows that the material 1s thermally stable up 10 about 205 C.
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Kawonds Gadolimum ranrate tnhydraie crystals, Gel method. Crystal morphology . Spheruliie growth, Thennal stabihty

L Introduction

Crystal growth from gels [1,2] is an inexpensive and sim-
Ple technique for growing single crystals of materials that show
poor solubility in water. The method involves diffusion of two
feagents in a gel at a reasonably slow and controlled rate to yield
asparingly soluble reaction product. By preventing convection
cuments or turbulences and remaining chemically inert, the gel
medium provides a three-dimensional structure in which the
trystal nuclei are delicately held in the position of their forma-
ton. Moreover, as the crystals grow at low temperature, there is
'eas0n to believe the presence of minimum equilibriutn defects.

M_osl lartrate compounds have shown 1o exhibit interesting
Phy_smal properties such as ferroelectricity, piezoelectricity and
%pucal second harmonic generation, etc. [3-8]. Consequently.
“ome of them are used in transducers and several linear and
ton-linear mechanical devices [3.4.6]. Many investigators have
Bown single crystals of tartrate compounds by gel method and
—
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studied their characteristics {9-11]. Rare carth tantrates bearing
the general formula Ra(CaHyO6)3-xH:0 (R =Nd, Dy, Gd. La.
Di, Pr. Smand Y}have been grown by gel diffusion method using
silica hydrogel as a medium of growth [12-18]). In the present
study, we report the growth and characterization of single as
wellas spherulitic cry stals of gadolinium tartrate tnhy darte bear-
ing the chemical formula Gd ™ (C4H40p) " (C3Hs0p)' ™ 3H,0,
which suggests that there are three water molecules bonded to
gadolinium and the 1antrate is disordered between a doubly and
singly ionized species. Therefore, the gadolinium tartrate tn-
hydrate crystals grown here are different from those reported
in the literature [19.13). Pastorek [19] reported the matenial o
have five waters of hydration whereas Kotruetal (13) reported
the growth of dihydrated gadolinium tartrate spherulites by gel
method bearing the formula Gdx(C3Hy003 2H20. The crystals
grown during the present study are isomorphous with erbium
ditartrate toihydrate, ytirium tartrate hydrate and samanuom tar-
trate trihydrate reported in the literatures {20-221. In this paper.
we also present the results obtained by powder X-ray dilfrac-
tion, EDAX, FT-IR spectroscopy, elemental analysis (CHN,
thermo-analytical techniques such as thenmogravimetry (TG,
ditferential thermogravimetry (DTG) and differential thermal
analysis (DTA) of gadolinium tartcate trihy darte cnystals
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2. Experimental procedure

21 Growdh

Rare carth tartrates show poor solubility in water, they decom-
pose betore melung. and do not vaporize or sublime. Conse-
quently. the only aliematve to grow single crystals of these
matenals s by chenneal reaction at a controlled rate using
gel diffusion method. Therefore. crystatlization of gadolinium
tartrate tnhy drate was accomplished using the gel diffusion tech-
que. The crystallizer consisted of a single glass tube of length
20cm and diameter 2.5cm. The crystals were grown in two
types of gels:an inorganie (silica) gel and an organic (agar-agar)
el The silica gel was prepared by adding a solution of sodium
metastheate (0.5-1M) to 1 -tantaric acid (0.25-1 M), drop by
drop with continuous stirring to avoid excessive local ion con-
centration. which may cause premature local gelling and make
the final solution inhomogencous. The pH of the gel was adjusied
between a value of 3-6 by mining the tanaric acid and sodium
metasihicale solutions in various proportions by volume The
solution with the desired value of pH was then transferred to
several glass tubes. The gel was found 10 setin 30 min to 20 days,
depending upon its pH and the environmental temperature, Once
gelled, an aqueous solution of gadotinium nitrate (0.5-2 M) was
carefully poured with the help of a pipette over the set gel in
order 10 avoid any gel breakage. The Gd* ions diffuse slowly
through the narrow pores of the gel to react with the tartrate ions,
givng mise (o the formation of spherulites and single crystals
of Gd(C3Hi06MC3Hs06) 3H>0. Experiments were also car-
ried out to grow single crystals of gadohmum tartrate trihydrate
from organic agar-agar gel. The agar-agar gel was prepared by
dissolving 0.8-1.6%c (w/v) of agar-agar in water. The agar-agar
solution was then mixed with i-tartaric acid (0.25-1 M) in van-
ous proportions by volume. The mixed solution, whose pH was
kept at a value of 2 by adding few drops of dilute nitric acid,
was then transferred to several glass tubes. After the setting of
zel. an aqueous solution of gadolimum nitrate (0.5-2M) was
carefully poured over it The tubes were allowed to stand for
a pentod of about 4 weeks. after which small single crystals of
Gd(CaHi06)(C3Hs06)-3H,0 grew in the whole gel column.
All the experiments were carried out in the temperature range
of 35-37"C.

2.2 Characterization

The single crystals of Gd(CiH106)(CaH50¢) 3H20 were
characierized by using X-ray powder diffraction, EDAX, car-
bon and hydrogen analysis (CHN), optical and scanming ¢lectron
microscopy (SEM), FT-IR spectroscopy. and thermo-analy ucal
techniques such as TG, DTG and DTA.

The powder XRD patterns of Gd(CsH306)(C3Hs04) 3H:0
were obtained using a Bruker D8 advance X-ray diftraciome-
ter with Cu Ka radiation (> = 1.5306 A), The C and H contents
in the obtained crystals were determined by using Vario-EL 111
CHNS-analyzer An energy dispersive spectrometer tOXFORD
1S1S-300 system} attached 1o a scanning electron microscope
JEOL JSM‘-SEO(] was used 10 identity the presence ol gadolin-
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wm. The FT-IR spectra of the material in
range of 4003000 cm™! were recorded on a Bruker Vector 22
spectrometer using KBr pellet technique. The thermal bchal\-/i:,
{TGA, DTG and DTA) of the crystals was recorded on a Sh'r
mazdu DTG 60 thermal analyzer in N, atmosphere at a he:uinI
rate of 10 C/min. The morphology of the grown crystals was
examined using an optical microscope (Epignost of Carl Zgis§
Germany). a large incident light microscope (Neophot-2 of Carl

Zerss, Germany) and a scanning electron microscope
Py pe (HITACHI

the wave number

3. Results and discussion

3.1 Growth

The type of medium influences the morphology of grown
crystals: silica gel yielding single and spherulitic crystals
whereas agar-agar gel leading 1o growth of only single crys-
tals. The results on growth and morphology of crystals grown in
silica and agar-agar gel are described as follows:

3.1.1. Growth in silica gel

Table 1 gives a detailed summary of the experiments and
results on morphology. size and nucleation density of spherulites
of Gd(C3HaO6 XCaH506)-3H20 grown in silica gel. The results
in Table 1 show that for silica gel, a gel pH of 3 and 3.5 yields
single crystals and for a pH > 4, the crystals attain spherulitic
morphology.

3.1.1.1. Spherulitic growth. Spherulites are spherical aggre-
gates of crysiallites. They consist of radially oriented micro
crystals arranged at non-crystallographic angles within a spheri-
cal envelope. A typical spherulite is described as needles, fibers,
or ribbons fanning out from the centre with extensive branching.
They are commonly observed in the freezing of viscous melts
at high undercoolings and in solution growth involving chem-
ical reactions (including gel growth) at high supersaturations.
They occur in a variety of materials, including polymers (23.24),
elemental selenium (25,26}, liquid crystals (27.28] and inor-
ganic materials [29,30]. However. there is no generally accepled
theory of spherulite crystallization, a number of phenomenolog-
ical models and necessary physical conditions for this process
have been suggested by many authors. The first conception
of spherulitic growth was given by Keith and Padden [3.1]
They proposed that spherulitic growth is connected to diffusion
fields that anse during segregation of impuritics into the nl1t?ll.
According to them high viscosity and presence of impunlles
are the basic requirement for spherulitic crystal growth in melts.
According to Bolotov and Maravev [32]. aspherulite gro\\'§ from
a single crystal nucleus, drawn out in a direction perpendicular
to¢-aus lying n the plane of the crystal, the circu!ar shape ans-
ing due 1o surface tension forces acting on u_1e_ diflerent faces.
Felton and Gnftiths [33] showed that spherulitic crystallization
results due o lamellas or crystalline hibers growing radialty from
a common centre or a nucleus. The occurrence of “secondan
nucleation at the growth front has also been emphasized au
casential leature of spheralite lormationan polymeric s -

s an
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Vanable parameters

Results

Evpeniment Comtant paraiichen
T varation ol g#l Gel conventration 051,
M UR" conuemration 181
LR concentration U SM

gebage® Sdays

Gel concenteation U 5M.
LR concentration U SM
gel pH 3. gel age Y days

2 Vanation of UR
concentration

Gel concentration U5 M.
UR concentrabon | M,
gelpH 4. gelage 3days

3 Vanauon of LR
comentraion

4 Vanation of gel
concentrabon

LR concentration: 0.5 M,
UR concentration 1M,
gel pH: 4: gel age 3days

$ Vanation of gel Gel concentraon O SN,

GabpH 1 1% 48

atl

Upper reactant
concentration 0 S,
V75 Land I8

Lower reactant
concentration (25,
V5 075and 1M

Morphelogy (10 sinele cnvstals wath
well deseloped (WO1) and {111
Laves at pH Vand 1510y nomual and
coalesced spherutites for gel pH - 3
Size (1) maumum size ol spherulites
at pH 3 (diatieter ~3Immi
Nuclcation density masimum at pH
3 and muimmum st gel pH 6

Morphology Gy normal and
coalesced spherulues Size
marnsmum size of nermal spherulites
at the UR concentration of | M
tdiameter - 4 mni Nucleation
demsity maumum at PR
concenization ol 2M Jad annimuam
At sM

Morphology normal and coalesced
spherulites Size manmum size vl
spherulites at LR concentration | M

tdiameter -~ 3mm) Nucleaion
denaty maumum st LR
conventration 1 M and munimom at
V25M

Gel concentranon:
05.075and IM

Morphulogy normal and coalesced
spherulites Size: maumum size of
spherulites at gel concentration of

0 5 M duameter ~3mm) Nucleation
density mauimum at gel
cuncentration of 0 5 M and mimmum
st M

Gelage. 1.2.3.5. and Morpholugy normal and voalesced

e UR concentration. 1 A{; 1 days spherulites Size mauimum size of
LR conventrstion 00 5M, spherulites st a geb age of 3 days
gelpH 4 (diamerer ~3mm) Nucleanon

density mavmum at pel age of | day
and mininwam a 10 days

" Allexp were perf d in the range of 35-37 C.

* UR = upper reactant (gadolmum nitrate),
f
; LR =tower reactant (L-tartanc acid).

The ume between the setting of gel and pouring of upper reactant.

Random lamellar branching with preferred crystallographic mis-
tnentation (“non-crystatlographic branching) is also observed
© be responsible for spherulitic growth (35]. In gel diffusion
MClhf)d‘ the growth of crystals takes place due 10 the chemical
feaction between the reagents at a controlled rate. However, if
lht value of supersaturation at any point in the gel becomes very
Yigh, it results in the formation of spherulites. Under isothermal
«onditions, the supersaturation in gels depends on many fac-
ors like concentration of reactants, gel pH and gel age. Among
these factors, the gel pH has a profound effect on the formation
of spherulites. Although, supersaturation could be contrulled

taking low concentration of reactants, but 1t was obsernved
aat Ih¢.: decrease in concentration of reactants, to control super-
Aluration, had an adverse effect on the growth. For instance,
Ulow concentration of reactants (0.1 and 0.2 M) the nucleation
“d consequent growth of crystals of reasonable size ook over 6

months. The formation of spherulites of gadolintum tartrate may
be discussed as follows. As soon as the upper reactant (gadolin-
ium mitrate) is poured over the set gel containing tartrate 100s,
there is an instantancous reaction between the gadolinium and
tartrate jons resubting in the spontancous formation of a precip-
itate. It was obsened that the strength of precipitation depends
on the ge! pH, higher the pH stronger is the precipitation {other
parameters of growth like upper and lower reactant concentra-
tions, gel age and gel concentration remaining the same). Under
the conditions of strong precipitation. the supenaturation awail-
able for three-dimensional nucleation and growth becomes ven
high which results in the tormation of spherulites 1 gels. The
most important contributing factor 1y the increased concentra-
tion ol precipatant ons (CaHO0" 5 C4HLO6 ') at high ph
values there for ptl > 3 {36] In addinon. as the pH increases
the gelstructure changes teonna box Bhe network e structuie
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(d)
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photograph showiog the spheruli

a single and & coalesced whrmlncu:‘l

galion of Liny wingle crysials onen

morphology

Fig. ). (a) Photograph showing gadolinium tartrate spheruhics growing oul of precipitate with the creation of a halo: (b)
gadolinium tanrate trhydarte grown in silica gel aftcr complete dissolution of the precipitate: (c) optical micrograph of
gadolinum 1arirate inhydrate, (d) SEM micrugraph of the normal spherulite of (¢) al a higher magnification, showing 3ggre|
themselves into a spherical envelope, {¢) a region of (d) at a much higher magmification suggestng each tiny crystal 10 have 3 pyramidal
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opssting o loosely bound platelets that Tacks cross inkage
{37]. Adter the formation of precipitate, 1t begims 10 advance
nto the gel with the result that the precipitate column is formed
«whose length depends on concentrations of the upper and lower
reactants and pH of the gel. The advancement of the precip-
{tate continues until a maximum size is obtained which takes
about 10-15 days. At this stage, further advancement of the pre-
cipitate column stops. Each nucleation site is associated with
ahalo (a spherical region) which is depleted of colloidal parti-
cles as shown in Fig. 1(a). The colloidal particles surmounding
the crystal nucleation site tend to migrate radially towards 1t
from all directions. In this way. a spherical region of greater
volume than that of growing spherulite is depleted of colloidal

Table 2

tener and Engimecrmg A 4100, 247 207 1

particles Due o this, the sumounding space s cleared trom
any precipitate wiih the result a halo s tormed The process ot
erystallizaton contmues uniil the colloidal parucles within the
precipitate are consumed m building the covstal After a penod
ol 20-30 davs. the whole gel column was impregnated with
the spherulties of padohtium tartrate. The halo fonmation s o
result of dittusion processes imvolved m the growth of more
stable phase there spherulite) by dissolution of a less stable or
metastable phase precipitated in the entire gel columin before
the nucleation and growth of 1he stable phase This observaton
follows from Oswald’s supersaturation theory [38] According
to this theory, the diffusion of electrolyte A into a gel impreg-
nated with electrolyte B lorms a laver of supersaturated solution

Detailed summary of expeniments” for the growth of single ersstals of GHCH O HVOn) 0 erystiis i sl pel

Expenment Constant parsmeiens

Vanable parameters Results

1 Vanation of gel Gel concentration. 0 S M,
pH UR concentration | M.,
LR concentrauon: 0 S M;
gel age. 3 days

2 Variauon of UR
concentration

Gel concentrauon: 0.5 M,
LR concentration” 0.5 M:
gel pH: 1.5: gel age: 3 duys

3 Variation of LR
concentration

Gel concentration: 0.5 M:
UR concentration: | M,
gel pH: 3.5, gel age: 3 days

$ Vanation of gel

LR concentration: 0.5 M,
concentration

UR concentration; 1 M:
gel pH: 3.5; gel age: 3 days

Gelconcentraton: O S M,
UR concentration. 1M,
LR concentration 0§ M,
gelpH 3s

! Variaon of gel
e

-

GelpH 3.35.4.5 Morpholagy single crystals with

and 6 well deseloped {00 1} and {111}
faces at pH Yand 3 52 i) normal and
codlesced spherubites for gel pH - 4
Size manmum size of single
cnystalv at gl pH 3 S
(~1mm x I mm x 2mm)
Nucleatwon density msxanum at gel
pH 3 and aununum 21 pH 6

Upper resctam Morphology single crystals wuh
concentration 05, 1-devel
075 1and 2M

ped faces at all condit

ol growih Size maxaimum size of
single erystals wt UR conventrauon

IM (-0 Sunn x ¢ Smm x | aum)
Nutleanon density maumum 3t UR
concentranon of 2 M and nummum
H0SM

Lawer reactant

concentraton 0 25,
05.075and 1M

Morphology single vrystals with
well develuped {001} and {111}
faces under all condinons of growth
Size maamumn size of angle
<rystaly at LR concentratun U S M

s Lonm o« b s 2o
Nuclestion density: mavnnum at LR
concentration | M and minmum s
028

Gel concentrauon
05075and I M

Maorphology single envatats with
well developed faces under all
conditions of growth except at gel
vonentration of 1 3M Size
mantnwi size of single erystals at
gel voncentration of 0 S M

- Tmm o Tmmox 2mnn
Nuclestion density: maxumum at gel
concentration 0 M and minimum at
1M

Gelage 1,215, und
10 days

Morpholugy single crystals with
well descloped Laces at il conditions
of growth Size mavimuin size of
single cnytals at g

Lage of Vdays

Nucleanon deanity: manittium ot gel
age ot 1day and nununum ot 10 days

'
Al
| expenments were perfonmed in the lemperature range of 18-37 ¢
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near the initial boundary between the two. Precipitation of the
reaction product is assumed 1o occur once a critical degree of
supersaturation is exceeded. By serving as active site for further
precipitation, the crystals in the initial precipitate (here crystals
at the centre of the halo) rob jons from the neighborhood by
diffusion. Consequently, no precipitation occurs in the depleted
zone surrounding the halo. This kind of feature is frequently
observed in the different polymorphs of calcium carbonate [39)
and in different phases of calcium oxalate [40). Fig. 1(b) illus-
trates a typical crystallizer with spherulites growing in the gel
medium and Fig. 1(c) is an optical micrograph showing a sin-
gle and a coalesced spherulite. Fig. 1(d) is a scanning electron
micrograph of the normal spherulite of Fig. 1(c) revealing it to
be just an aggregate of tiny crystallites of gadolinium tartrate tri-
hydarte, orienting themselves in a spherical envelop. Fig. 1(e),
which shows a region of Fig. 1(d) at a higher magnification
under SEM, suggests the spherulite 10 be just an aggregate of
tiny single crystallites, with each crystal exhibiting a pyramidal
morphology. It may be mentioned here that the morphology of
the tiny crystallites, which form a spherulite of gadolinium tar-
trate, has been reported as cuboids in the literature [13). This is
quite different from what has been observed in the present inves-
tigation. Eachtiny crystal has dipyramidal morphology with one
of the pyramids protruding out of the surface of the spherulite.
It is may also be noted that the single crystals grown from both
agar-agar and silica gel have the same morphology as that of the
tiny crystals forming the spherulite.

3.1.1.2. Single crysial growth. Table 2 gives a detailed
summary of the experiments and results on morphol-
ogy. nucleation density and size of single crystals of
Gd(C4H406)(C4Hs06)-3H20 grown in silica gel. Unlike in a
gel with pH > 4, atalower gel pH of 3 and 3.5, negligible precip-
itation occurs at the gel/solution interface upon pouring of upper
reactant. After a period of about 7 days, very small single crys-
tals of Gd(C4H406)(C4Hs50¢)-3H,0 stan appearing at different
sites near the gel/solution interface. The formation of single crys-
tals at pH < 3.5 may be explained as follows: Firstly, in alow pH
medium the solubility of salts of tartaric acid (here gadolinium
tartrate) gets raised with the result that the local concentration
product [Gd®*)[{C4H4 062~ ) does not exceed more than the solu-
bility product Kyp (41). Due to this, the value of supersaturation
developed at different sites inside the gel changes and becomes
as low as appropriate for growth of single crystals. Secondly,
at low gel pH, the gel structure and hence the average pore
size changes, making conditions favorable for the growth of
single crystals. However, the pore size may further change dur-
ing the crystal growth involving reaction between reactants in
the gel volume. It could be because of the fact as the reaction
proceeds for the formation of a stable product (gadolinium tar-
trate), there is release of HNOj as a by-product, which further
reduces the pH of the gel medium. This observation was con-
firmed by measuring the pH of the gel medium at the time of
gelling and at the time of taking out the crystals from the gel.
Further, it was observed that even few single crystals grew near
the bottom of some tubes, which were set initially at gel pH
5 and were kept for about | year. This is because after such a

i -3H;0 grown n silica gel
Fig. 2. (a) Single crystals of Gd(C4H4OsXCsHsOg) Jl:h "
at gel pH 3 and (b) a schematic diagram, showing the dipyramidal rmorphology
and habit faces of Gd(C4HyOsXCaHsOs)-3H20 crysials.

long period the pH of the medium is reduced to rr‘mch l.o;v:‘
values (in this case pH=2). Fig. 2(a) shows an optical r.;H ¥
graph of some single crystals of Gd(C4H4(_)¢)(.C4H50g1)I-u ; u-:l ¢
grown in silica gel. Fig. 2(b) is a schematic dmmc gl
ing the form and habit faces of the crysln_!s. The singl o)
of Gd(C4HsOg)X(CsHs0g)-3H20 grow with (00 1} an
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Table 3

Detatled summary of expenments tur the growth of GAICHL O aH O SOy sl agar-avar gel

E;mmml Lamestant patarmeters Vanable parameters Rewalt

1. Variation of gel LR concentration | AT, Gel concentraion | Morphology single crystal of

.mvnuon" UR concentranon 20, Wi OB L1214, dipyramidal class wuh {111} and
AATA=4 1 and 16 {00 1} dominant faces i all the

cases Size manimum e of single
wrystals at gel concentration of 12°
(w/vhisize ~ I mm x | mm x 2may

2 Vaniation of LR concentration. | N, AA TA o 11,21 Morphology 1) single crystsl of
AATA o UR concentration 2M, A1 40 and S dipyramidal class with
gel concentration 1.2% welt-developed faces 1 all cuses; 111
{wiv) twinned crystals Size mauimum
size of wingle crystals ut AA TA ratio
ol 4V isize
-0 7mm x 0 7mm x | mm}
3 Variation of LR UR concentration XM Lower reactant Morphology (1) single crvstal ot
concentration AATA =4 | pel concentration 0 25, dipyramidal ¢lass with
concentration 1.2% 05 1and 2M well-developed faces in all cases; (n}
{wiv) twinned crystals Size maximum

size of single crystals at a lower
reactant concentranon of 1 M {size
~Imm x I mm x ?mm)

4 Varianon of UR LR concentration: 1 M, Upper reactant Morphology: (1) single erystal of
concentration AATA =41 gel concentration: 0.5, 1. dipyramudal class with
concentration: 1. 2% 1.5and 2M well-developed faces mn all cases: (1)
(wiv) winned crystals Size: maximum

size of single crystals at an upper
reactant concentranon of X M (size
~immx Imm x 2mm}

* Inall these expenments the agar-agar gel pH was imtially adjusted to a value ot 2.
® Concentration of agar-agar gel (%, wiv).sp=0.25/>= agar-agar, TA = lantaric acid. rabio of agar-agar and tartanc acd solutions

as dominant faces, the morphology being that of a dipyramidal ~ shows some single crystals of Gd(CyHiOg)(C4H50s) 3H:20

class Fig. 3(c) is an optical micrograph showing a typical single crys-
1al of Gd(C3H306)(C3Hs506)-3H20 grown in agar-agar gel and
3.1.2. Growth in agar-agar gel Fig. 3(d) illustrates an SEM micrograph of atypical single ¢rys-

The growth of single crystals at pH value of 3and 3.5 in silica tal of Gd{C4H06)(CaH5 0, ) 3H 0.
gel led us to carry out further experiments at much lower values
of pH. However, experiments on gelation of silica gel showed 3.2. Characterization
thatatapH of 1.5 the gel did not set at all, whereas at a pH of 2 the
gel was so loosely set that it could not support the upper reactant. The percentage composition of carbon and hydrogen along
Therefore, to grow single crystals of gadolinium tartrate at low  with the normal gravimetric analysis suggests the empiri-
values of pH, agar-agar gel was used. Being a physical gel, it can cal formula of the compound to be GdCgH,sOys5. A liter-
be made to set at much lower values of pH. In the presentcase,the  ature survey of isomorphous compounds [20-22), suggests
pHofthe agar-agar gel was adjustedtoavalue of 2by adding few  the chenucal formula of gel grown gadolinum Tt w
dropls of dilute ni}r?c acid to the agar-agar:tartaric acid solution. be [Gd* (C4Ha06 ¥~ (C3sHsOg)' ™ 3H:0]. The coordination of
In this case, negllg@le precipitation occurred at the gel/solution  three water molecules with gadolinium is further supported by
interface upon pouring of upper reactant and after a peniod of  the TG analysis, which shows weight loss (in the fiest two sub-
about | mqruh. the whole gel column was impregnated with sin- stages of dehydration: 210-230 unJ 230-250 C)corresponding
g_le and wwinned crystals of gadolinium tartrate trihydarte. The  to three water molecules. The fact that one of the tartrate ions is
iingle crystals grown in agar-agar gel were observed to have singly tonized is supported by the presence of absorption peaks
he same m_orphology of a dipyramidal class with {001} and  at 1719.6cm™" in the FT-IR spectrum of gadohnium tartrate
lkl |_I} habit faces, as that u(;rown insilica gel. Table 3 givesa  wrihydrate. Table 4 shows the results of chemical analysis of
m:ja;:zd smrxr?m‘ar{‘o‘f the e).(pcr‘l.mf:ln'l's and I'C.\:ull.\ \.)n .morphu_logy gadolinium lan.m(c tribydrate single erystals grown in agar-agar
e of crystals grown inagar-agar gel. Fig. 3(a) showssingle  gel, the thearetical values in the table are calculated on the basts
*Tyls!nls uf‘ Gd(CfH..O(..)(C.;HsO,.,) IH0 grm_ving inagar-agar  of the suggested tormula GdiC 410 CHOp) 310 Chem-
#lin a crystallizer. Fig. 3(b) is a photomicrograph, which ical analysis sas also performed on the single crystals grown in
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Fig. 3. (a) Photograph showing single crystals of Gd(CaH40s HCaHs04) 3H)O growing mn agar-ogar gel; (b) photograph showing some single Ty:umky;
Gd(C4Ha06)(C4Hs506)3H,0 from agar-agar gel: (c) optical micrograph of a typical single crystal of Gd(C4H4Og)(C3HsOs) 3H;0 from agar-agar gel
nagmification. (d) SEM micrograph of a typical single crystal of Gd(C4H Qg XC4H504)-3H,0.

Table 4 Table 5 Is from
Chemical composition of Gd(C4Ha0)}CqHsO4) 3H;0 single crystals from  Chemical composition of G{C4HyOs)HCaH30s) 3H;0 single aysul
agar-agar gel silica gel =

; Theoreti
Element Experimental (%} Theoretical (%) Element Experimental (%)

18.86

C 1882 18.86 C 18.26 297
H 297 297 H 3.15 an
[ 46.7 47.13 ] 47.3 3109

Gd 302 no Gd 307
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Fig 4 Powder X-ray dilfractogram of GUC HsOwNC 1HsOp) THAO covstals

Table 6
Powder X-ray diffraction duta of GAUCHs0NCaHsOp) 3H:O crystals
d-Values (Ay 2% Relastive hid FWHM. Crystalbte size,
Intensity B2 LAy
896194 9862 458 004 0195 40912
590116 15001 526 oo 012 668 07
5.35069 16 554 422 10y 013 M9 21
460307 19.267 461 105 019 42431
412377 2532 H.7 [ (R 57790
231700 18836 56.1 THEY v 484 32
221799 40.644 100 1015 0193 43914
155213 59.551 nt 328 oIS 6l039

silica gel. The results are shown in Table 5. It is clear that the
chemical composition of the single crystals grown from both
agar-agar and silica gel is the same. The chemical compusition
of spherulites was also confirmed to be the same.

Through EDAX analysis. the presence of gadolinium in the
Gd(C4H306)(C3sH306)-3H20 crystals grown in the laboratory
using agar-agar as well as silica gel was confirned.

The powder XRD diffractogram of Gd(CyH,00)(Cy
Hs06) 3H20 crystals is shown in Fig. 4. Table 6 provides the
corresponding d-spacings of the observed lines together with
their relative intensities and also FWHNM data for each indexed
hne. The occurrence of highly resolved intense peaks at speciic
Bragg angles 24 indicates the crystallinity of the grown mate-

rial. The data on crystallite sizes has been calculated according

to Scherrer equation (42). L= Ki/fcos#, where K is the shape
factor and usually takes the value 0.9 {43). # i~ the full width
at half maxumum (FWHM). The data indicates the degree ot

crystallinty of the grown crystals. As given 1 Table 6. lor
instance, FWHM of 0.14 and 0.15 at 21.53 and 59.551 v

respectively, indicate the good degree of crysallinity. In arder to
identify the grown phase, the inorganic and organic database pro-
vided by International Centre for Diffraction Data(1ICDD) i the
electronic form (PDF-4) was searched. The search found three
references of powder dittraction studies on gadohmum tartrate
{13.19] as shown in Table 7. However. the powder X-ray data of
the presentinvestigation as given in Table 6 does not completely
match the searched references. Moreover, the searched X-ray
data is not indexed and bears a very low quality mark. Based on
these lindings the phase grown in the present investigabion does
not match completely with any one of the searched references.
The authors did not even lind any reference from the single
crystal literature (CSD, ISCD and LPF). Therefore. it may be
suggested that our matenal represents a new phase, the stoichio-
metric composition of which is GACiHOuNCyHO6) 3H O
The powder diffraction pattern of Gd(CyHsOp N CyH:Op) 3H 0
was indexed with the TREOR program [44], using the 15 most
ntense peaks. A tetragonal unit cell was found with cell param-
eters a=5.95 BSSA a=p=y=90 V=271 5A°

The observed d-values (based on Bragg s law) as provided by

L=

Table 7

Powder diffraction dats from ICDD searched references

S no d-Values of first three must D1 (A [ IR DAy PDE# Quality mark
intense lines )

1 Gadolinum lartrate pentahydrate 44400 $9100 31900 o023 0119 Q
Ci2H:Gd: 016 SH,0

2 Gadelinum hydrogen tartzate 4 2300 S$9100 [LUURN L] O
hydrate
GUHIICHOHCO; 1), AH,0

3 Gadolinum wrtrate hydrate 41907 11302 38286 WY 08Ty v
CuHjGeOya 2H;0

4 Present imvealigation 220719 20/ Soulle
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Table 8
Obscrved and calculated d-values of Gd(CaHaOs XCaH50g) IH,0

Science and Engi

ing A 431 (2006) 237-247

Table 9
Assignment of some selected FT-IR wave numbers (cm'

™)) of GdiCaH,
Observed d-values Calculated d-values Diflecoce ad 0¢XCeHs0813H,0 erysuals
8.962 8.962 0.000 IR bands (cm"") Assignments of peakebands
5.901 5955 0.054 3269.70 WOH) of water and acid
5.351 533 -0.021 1719.60 ©=0), unioni
4,603 4581 -0.022 1586.39 :(.’(CO)bu_n)mmmd =t
4124 4099 -0.025 1409.02 vy (COO™)
2317 2.307 -0.01 1138.98 vC(OH)
2218 2218 0.000 1066.05 HC-H)
1552 1.550 -0.002 839.50 H0-C=0)
g due to free carbonyl stretch wW(C=0), which shows that besides
2 ionized COO~ groups there is also presence of unionized car-
= boxyl groups (COOH) in the compound [45). A band centered
£8 at approximately 1586 cm™" is due 10 C=0 asymmelric streich
§ 8 of coordinated carbony! group. The absorption at 1409.4cm™!
g is auributed to C=O symmetric vibration. FT-IR spectra of
23 agar-agar gel grown Gd(C4HsOg)(C4HsOg)-3H20 crystals is
E 2 identical to that of silica gel grown crystals. The assignment
of some selected absorption band/peaks observed in the FT-IR
g spectrum of Gd(C4H406)(CsH;50)-3H20 is shown in Table 9.
o
4000 %00 3000 2%0 2000 150 100 0 33 Tpermal siability
Wavenumber cm-1

Fig. 5. FT-IR spectrum of Gd(C4HaOs XCyHsOg)-3H; O crystals grown in silica
gel.

the automated powder diffractometer (Bruker D8 advance) and
the calculated d-values are shown in Table 8.

FT-IR spectrum of Gd(CqHaOg)(CsH506)-3H20 crystals
grown in silica gel is shown in Fig. 5. The infrared spectrum
in the range 400-4000cm ™' shows a strong band centered at
about 3269.7cm~! due to OH stretching vibration of water
and OH of the acid group. The strong peak at 1719.6cm™! is

Fig. 6 shows a thermogram of Gd(C4H40s)}(C4Hs0s)-3H,0
crystals grown in silica gel, recorded in the temperature range
of 20-500 °C. From the TG curve, it is observed that the mate-
rial remains stable up to a temperature of about 205°C. It is
clear from the DTG curve that the first stage of dehydration
(210-280°C) actually consists of three sub-stages (210-230,
230-250 and 250-276 °C). The first sub-stage (210-230°C) is
due to loss of one HyO molecule (observed loss: 3.33%; cal-
culated: 3.52%). The second sub-stage (230-250°C) results
in the elimination of two water molecules from the mate-

6% DTA . pV
100 ———_—— et | s00.00
16 FET)
£932%\[1 200
2.00 00
71419\ po e £00.00
80
DTG
0.00
% 70} 200.00
60 DTA
0 S 0.00
3 T
wre?
-4.00 Asc 200.00
0.00 100.00 200.00 300.00 400.00 800.00
TC

Fig. 6. TG, DTG and DTA curves for allica gel grown gadolinium tarirate wribydrare crystuls.
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nal wbsened loss: 6.93%:; calculated 7<), In the third sub-
“gujio_ﬂo C), there 15 loss ot two (mtramolecular) water
molecules observed loss. 7 144 caleulated 77%) The total
measured weight [osy inthe stage (210-280 C)asabout 17 65
Lcaleulated loss: 17.7%). resultmg in the chimimation: of hve
water molecules (two from muramolecular and three from coor-
dnated water). Corresponding to these dehydration steps there
2 three endotherms 1n DTA. at 216, 244 and 253 €. respec-
mels. The thermal behavior of crystals grown n agar-agar gel
15 obsenved to be the same.

4. Conclusions

The use of gadolinum nitrate as upper reactant and L-
aaric acid as lower reactant results in the growth of
Gd(C3sHyOs N C3HsOp) 3H20 crystals in silica and agar-agar
gel. The pH of the gel medium has a profound effect on super-
sawration and hence on the growth and morphology of crys-
tals. Spherulites of Gd{CsH306)(C3H504) 3H>0 are formed in
the pH range of 4 < pH <6 whereas single crystals grow for
gel pH <3.5. Agar-agar gel leads 10 single crysial growth at
much lower value of pH = 2. The morphology of single crystals
n both media of growth is dipyramidal with the major habit
faces as {111} and {001}. CHN, gravimetric and thermo-
gravimetric analyses suggest that the grown crystals bear the
chemical formula Gd**(C4H306)" " (CsHsOp)'~ 3H20. X-ray
powder diffraction studies reveal the degree of crystallinity of
the grown material. FT-IR spectrum shows the presence of tar-
trate ligands and establishes that one of the tartrate wns is singly
ionized. Thermogravimetric analysis suggests that the material
is thermally stable up 10 205 C.
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Single crystals of ytterbium tartrate tnhydrate have been grown by gel method using sihca and agar-agar pels
as media of growth. The medium of growth mfluences the morpholoyy of grown crystals, sihca gel yielding
single and polycrysialline in the form of spherulites whereas agar-agar gel leading to growth of single and
twinned crystals. Matenals grown as single crystals have been characterized by using optical and scanning
electron microscopy (SEM), EDAX. XRD., FT-IR. CHN and thermogravimetric techmiques The
stoichtomerry of the grown single crystals 1s supgested 10 be Yb(CiH,Op) (C:H.0,) 3H;0. The FT-IR
spectrum shows the presence of singly as well as doubly 10mzed tantrate hgands Results of thermal analysis
indicate that the matenal is thermally stable up to a temperature of 200°C

£ 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Wemhein
1 Introduction

Most tartrate compounds have interesting physical properties such as ferroclectricity, piezoelectricity and
optical second harmonic generation [1-6). Consequently, they are used in transducers and several lincar and
nonlinear mechanical devices (1.2.4). Many investigators have grown and studicd characteristics of single
crystals of tartrate compounds by gel method using silica gel [7-9). Rare carth tartrates bearing the general
ft_)r_mula R:(C3sH.0,)3.xH:O (R = Nd, Dy, Gd, La, Di, Pr, Sm and Y) have also been grown by gel method using
silica gel as a medium of growth [10-16]. However, there is scanty information n the literature on the growth
and characteristics of single crystals of ytterbium tartrate. Also, to the best of author’s knowledge gels other
than lhal of sodium metasilicate have hardly been tried for the growth of rare carth tartrates in gencral and
ytterbium tartrate in particular. The authors used two different types of gels for the growth of yuerbium tartrate
_cryslals_ and the present paper reports on the growth of these crystals by gel method using both silica (
inorganic ) and agar-agar ( organic) gels as media of growth.

2 Experimental procedure

lllé::':l:mc‘l:\r;?lc shlows poor solubili(ylin water; it dlccomposcs before melting, and does not vaporize or
rcacuon- 5 quently, the oply alternative to grow single crystals of this kind of material is by chenucal

: at a controlled rallc using gel method. Theretore, crystallization of ytierbium tartrate was accomplished
using the single gel diffusion technique (17, 18). The crystals were grow
glass (ube of length 20 cm and diameter 2.5 cm. Silica
metasilicate (0.5 M-1.5 M) to L-tanaric acid (0.25 M-I

n in a crystallizer consisting of a single
gel was prepared by adding o solution of sodium
M), drop by drop with continuous stirring to avosd

* Corresponding author: c-mail: pn_kotru@yahoo com
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excessive local ion concentration, which may cause premature local gelling and make the final solution
mhomogeneous. The pH of the gel medium was adjusted between a value of 2.5 and 6 (i-e., 2.5 < pH < 6). The
solution with the desired value of pH was then transferred to several glass tubes. Once gelled, an aqueous
solution of ytterbium nitrate (0.5 M-2 M) was carefully poured with the help of a pipette over the set gel, in
order to avoid any gel breakage. The Yb** ions diffuse slowly through the narrow pores of the gel to react with
the w@artrate ions, giving rise to the formation of ytierbium tartrate crystals.

Agar-agar gel was prepared by dissolving (0.8 - 1.6% w/v) of agar-agar in water that was preheated to a
temperature of 60°C. The agar-agar solution was then mixed with L-lartaric acid (0.25-2 M) in various
proportions by volume. The pH of the agar-agar medium was adjusted to a value of 2. The mixed solution was
then transferred to several glass tubes. After the setting of gel, an aqueous solution of ytterbium nitrate (0.5 M-
2 M) was carefully poured over it. After a period of about four weeks, very small single crystals of yiterbium
tartrate start appearing below the gel/solution interface and afier about two months, the whole gel column gets
impregnated with well-shaped crystals. All the experiments were carried out at a temperature of 35°C.

The powder XRD pattern of grown crystals was obtained using a Bruker AXS D8 Advance X-ray
diffractometer with Cu Ka radiation, The C and H contents in the obtained crystals were determined by using
Vario-EL 11T CHNS-analyzer. An energy dispersive spectrometer (OXFORD ISIS-300 system) attached to a
scanning electron microscope JEOL JSM-5800 was used to identify the presence of ytterbium. The FT-IR
spectra of the material in the wave number range of 400-4000 cm™ were recorded on a Bruker Vector 22
spectrometer using KBr pellet technique. The thermal behavior (TGA, DTG and DTA) of the crystals was
recorded on a Perkin-Elmer thermal analyzer in N, atmosphere at a heating rate of 10K/min. The morphology
of grown crystals was examined using an optical microscope (Epignost of Carl Zeiss, Germany), a large
incident light microscope (Neophot-2 of Carl Zeiss, Germany) and a scanning electron microscope (HITACHI
S-3000H).

3 Results and discussion

Growth of crystals from silica gel Table 1 gives a detailed summary of the experiments and results on
morphology, nucleation density and size of ytterbium tartrate cryslals grown in silica gel. The results in table 1
show that single crystals of ytterbium tartrate grow at a gel pH of 2.5, 3 and 3.5; and for a gel pH > 3.5, the
crystals attain spherulitic morphology. Here we shall describe results on single crystals of ytterbium tartrate
which are found to have crystallized as trihydrates with the chemical formula (Yb (C4HiOs) (CaHsOs)-3
(H;0)]. The results on spherulites of ytterbium tartrate are in the process of investigation and would be
discussed clsewhere. . .

As soon as the upper reactant (ytterbium nitrate) is poured over the set gel containing tartrate |ons,.lher= is
an instantaneous reaction between the ytterbium and lartrate ions resulting in the spontaneous fo.rmnuon ofa
precipitate. It is observed that the strength of precipitation depends profoundly on the gel pH, hl.gher the pH
stronger is the precipitation (other parameters of growth like upper and lower reactant concentrations, gel age
and gel concentration remaining the same). For gel pH > 3.5, a strong prccipital_e is obscrved to fon‘{l at the
gel/solution interface. Due to this, the supersaturation available for threc-dimensional surface nucleation and
growth becomes very high which results in the formation of spherulites. However, al_lower values of gel pHé
2.5, 3 and 3.5), negligible precipitation occurs at the gel/solution interface upon pouring of upper rcactant ani
afler a period of about 10 days, very small single crystals of ym_'.rbium tartrate trihydrate (YbTT) S!;l‘;
appearing at diffcrent sites near the gel/solution interface. The forrnnl'wn o_f single crys:?ls nllpH valu&_s s ;)r
may be cxplained as follows. Firstly, the concentration of the precipitant ions _C_.H.Of, , which are mn%lsme
tartaric acid, depends on the H' ion concentration. The ation of precip ions decx:casesSWl i
decrease in pH [19). Therefore, the degree of precipitation depends sl_rongly on pH of the medium. ec;:ﬁo);;
in a low pH medium the solubility of ytterbium tartrate gets raised with the resuit that the loc:al cgncenlue )
product [Yb >*][C4H,O6"] becomes less than the solubility product K,, [20). Due to lhxs,b: e v:o e
supersaturation devcloped at different sites inside the gel changes and becomes as low as mt!yl app dznsily
for the growth of single crystals. However, it was also observed that at low pH values the nucleation
became very high which puts a limit to the size of crystals. .

It was Iglnhegr observcl:l that even few single crystals grew near the bottom of some tubes, \‘l’l}‘"‘:’;:z:
initially sct at gel pH = 5 and were kept for about six months. It could be b_ecause of the fact that as be- .
proceeds for the formation of a stable product (ytterbium tartrate); there is relcase of HNO; as a by-produc
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which further reduces the pH of the gel medium This obsenvation was contirmed by measuning the pH ot the
gel medium at the tme of gelhing and at the tme of taking out the crystals trom the gel It was observed that
after such a long penod, the pH of the medium was reduced to a much lower value of 2 Figure 1a shows some
single crystals of ytterbium tartrate tnhydarte (YbTT) growing in a crystalhzer containing gel of imtial pH
value 3.5. Optical micrograph ot some typical single crystals is shown in figure 1b Single crystals ot YbTT
have morphology ol a dipyramidal class and the crystals are bound by {111} and {001} habit faces. {001}
faces being more dominant than {111} .This shows that the taces {001} grow at a relansely slower rate as
compared to (111},

Table 1 Detailed summary of experiments * for the growth of ytierbium tartrate crystals m silica gel. " UR = upper
reactant (yterbium nitrate) LR = Lower reactant (L - tartaric acid). * The time interval between setting of gel and pounny
of upper reactant.

Expenment Constant parameters Variable parameters Results
l. Gel Conc 0.5M Gel pH Morphology (1) Simgle crystals with well developed faces at pH
Vanation of UR' Conc. 1 M. 253,354, 2.5, 3 and 3.5 (n} Normal and coalesced spherulites for gel pH
Gel pH LR"Conc.: 0.5M 5 and 6. >135.
Gelage*: 72hrs. Size:(1Maximum size of single crystals at gel pH 3.5 (~1 mm =

1 mm » 0.5 mm) (n) Maumum size of spherubites at pH 4 (~
6 mm diameter).
Nucleation densiny: Maximum at pH 2.5 and muinimum at pH 6.

2 Gel Conc.: 0.5M Upper reactant Morphology (1) Single crystals with well developed {001} and
Vanation of LR Conc. 0.5M concentraiion: {111} faces and (i1) twinned crystals.
UR Conc. GelpH: 3.5 0.5M. 075 M, Size. Maximum size of single crystals at UR Conc. of 1 M
Gel age: 72hrs. TM. 2M (~1mm = 1 mm x 0.5 mm).

Nucleation densiy Mimimum at the UR Conc. 0of 0.5 M and
maximum at 2M.

3 Gel Conc. 0.5M Lower reactans Morphology:(1) Single crystals with well developed {001} and
Variationof UR Conc.: 1 M concentration: {111} faces and (ii) twinned crystals
LR Conc. Gel pH: 3.5 0.25M. 0.5M, Size: Maximum size of crystals at LR Conc. of 0.5M (size
Gel age: 72hrs. 0.75Mand IM, ~Imm>x1mmx0.5mm)
Nucleation densiry: Minimum at 0.25 M and maximum at 1M.
4. LR Conc.: 0.5M Gel Morphology: (i) Single crystals with well developed {001} and
Variation of  UR Cone." IM concentration: {111} faces and (1) twinned crystals
Gel Conc. Gel pH: 3.5 0.5M,075M, Size: Maximum size of single crystals at gel concentration of
Gel age: 72hrs. 1M and 1.5M 0.5M (size ~ Imm x I mm x 0.5 mm ).

Nucleation densiy: Minimum at 1 M and maximum at 0.5 M.
Gel Conc. of 1.5 M not suitable for growth.

5. Gel Conc.: 0.5M Gel age: Morphology: (i) Single crystals with well developed {001) and
Variationof  UR Conc.: | M 48hrs, 72hrs, {11} faces (i) twinned crystals
Gel age LR Conc.: 0.5M 120 hrs, 144brs. Size: Maximum size of crystals at a gel age of 72 hrs (Imm = 1
GelpH 3.5 mm = 0.5 mm)

Nucleation densiy: Minimum at gel age of 144hrs and
maximum at 48 hrs.

Fig. 1 a) Photograph showing single
crystals of ytterbium tartrate nihydrate
growing in a crystallizer in silica gel. b)
Optical micrograph of some typical single
crystals of YbTT.
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Table 2 Detailed summary of expenments for the growth of yiterbium tartrate crystals in agar-agar gel. ¥

Agar-agar gel
concentration 0 % wiv, ' AA - TA - Ratio of agar-agar : tartanc acid solutions. G

Experiment  Constant parameters  Variable parameters Results
| LR Conc IM Agar-agar Morphology (i) Single crysta) of dipyramidal class with
Vanation of UR Conc 2M gel cancentration {111} and {001} as domant faces in all cases and (ii)
Gel Conc ¥ AA TAY=41 (Y% wiv) Twinned crystals.
0.8.1,1.2.14and  Size Maximum size of single crystals at gel concentration
1.6 or12%\~/v(sizc~l.5mmxI.Smm!me).

Nucleation densiy Mmimum at gel concentration 1.6 %
w/v and maximum at 0.8 % w/v.

2. LR Conc.: IM AA TA rano Morphology-(1) Single crystal of dipyramidal class with
Vanation of UR Conc. 2M 11,.2:1,3.1.41, well developed faces in all cases and (ii) Twinned crystals.
AA: TA matio. Gel Conc.: 1.2 %ow/v, and 5:1 Size: Maximum size of single crystals at AA: TA ratio of

4:] (size~1.5mmx |.Smm x 2 mm ).
Nucleation density Minimum at 5:1 and maximumat | 1.

3. UR Conc..2 M. Lower reactams Morphology. (i) Single crystal of dipyramidal class with
Variation ol AA TA=4] concentration well developed faces in all cases (ii) Twinned crystals and

LR Conc.  Gel Conc.: 1.2 %w/v 0.25M.035M, aggregation of single crystals.
1M 2M Size. Maximum size of single crystals at a fower reactant

concentration of 1M (size ~ | mm x ] mm x 2 mm )
Nucleation density. Minimum at 0.5 M and max. at 2M.

4, LR Conc.: IM. Upper reaciant Morphology: (i) Single crystal of dipyramidal class with

Variation of’ AATA=41. concentration well developed faces in all cases. (ii} twinned crystals.
UR Conc.  Gel Conc.: 1.2 %w/v 0.5 M, I M, Size: Maximum size of single crystals at an upper reactant
1.5M,2 M concentration of 1.5 M (size ~ 1.5 mm x 1.5 mm x 2 mm ).

Nucleation density Minimum at 0.5 M and max. at 2M

Fig. 2 a) Photograph showing single crystals of ytterbium tartrate growing in agar-agar gel. b) Oplicaliphmogmph o:
some typical single crystals of yiterbium tartrate from agar-agar gel. ¢) An optical micrograph of a typical single crystal of
YbTT. d) SEM micrograph of a typical single crystal of YbTT grown from agar-agar gel.

Growth of YbT crystals from agar-agar gel The growth of single crystals at pH values of 2.5, 3 and 3.5
in silica gel led us to carry out further experiments at much lower values of pH. However, cxpenn;enls 02
gelation of silica gel showed that at a pH of 1.5 the gel did not set at all, wl_1ercas at a pH of 2 lhc_ ge w‘:smsle
loosely set that it could not support the upper reactant. Therefore, to grow single crystals of ytterbium lla e
at low values of pH, agar-agar gel was used. Being a physical gel it can be made to set at much lower varu:imc
pH. In the present casc, the pH of the agar-agar gel was adjusted to a value of 2 by a}it:_lmg few dmps: o
acid to the agar-agar-tartaric acid solution. At this condition of gl.'OW!h, no precipitation oc&umholc o
gel/solution interface upon pouring of upper reactant and afler a Pcnod of a'bout two monlhsl.h c W il
column got full of single and twinned crystals of YbTT. Table 2 gives a dc!anled summary ofTh J cxﬁtl?ls S
and results on morphology, nucleation density and size of crystals grown in agar-agar gel.d' e l’ci{ e
that the usc of agar-agar gel leads to only single and twinned crystals o'f Yb‘l‘!‘ under al'l conhmlons ph_grwhich
Figure 2a shows single crystals growing in agar-agar gel in a crystallizer. Figure 2b is ﬂIP 0/ osgl: oF YHIT
shows some single crystals of YbTT. Figure 2c is an optical micrograph sho_wmg a single ct?l’ o susokion
grown in agar-agar gel and figure 2d illustrates an SEM micrograph of a typical single crys
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tartrate tnhydrate. [tas clear from figure 2d that the single ¢nvstals have a well-developed morphulugy ol
dipyrarmdal class with {001} and {111} as habu faces The morphology 15 same as that ot single crystals
grown n sihica gel, except that {111} faces arc more donunant than {001} .This could be aunbuted to
dilterences i the rate of growth of taces 10 two different gels Moreover, the agar-agar gel grown crystals are,
in general, found to be more perfect than those grown in sihea gel. The surface of the former are smoother and
crystals have less inclusions incorporated in them.

4 Characterization

Elemental analysis The percentage composition of carbon and hydrogen along with the normal
gravimetnc analysis suggests the empirical formula of the compound to be YbC\H <O A Iierature sunvey ot
isomorphous compounds [21-23), suggests the chemucal formula of gel grown ytterbium tartrate tnhydrate to
be [Yb (C.Hi04) (C:H50,). 3(H:0)] The coordination of three water molecules with ytterbium s turther
supported by the TG analysis, which shows weight loss i the first dehydration step corresponding to five
water molecules (three coordinated and two intramolecular water molecules) The fact that one ot the tartrate
ions is singly 1onized 1s supported by the presence of absorption peaks at 1718 ¢cm ' in the FT-IR spectrum ot
YbTT. Table 3 shows the results of chemical analysis of single crystals of YbTT grown in agar-agar gel.
Chemucal analysis was also performed on the single crystals grown in silica gel . The results are shown in table
4. It is clear that the chemical composition of the two crystals is same.

Table 3 Chemical composition of YbTT single crystals from agar-agar gel.

Element Expenimental (%) Theoretical (°4)
C 18.39 18.33
H 315 288
(o] 45.4 4578
Yb 30.2 33

Table 4 Chemical composition of YbTT single crystals from silica gel

Element Expenmental (°0) Theoreucal (%)
C 18.43 18.33
H 2.69 2.88
o] 453 45.78
Yb 3t.2 33

_;
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Fig. 3 EDAX_ spectrum of ytterbium tartrate Fig. 4 Powder X-ray diffractogram of YbTT.
tnhydrate showing ytterbium peaks.

b
l i
i

El_)AX_ results The !lEDAX spectrum of YBTT from agar-agar gel is shown in figure 3 The presence of
ytterbium is c!carly seen in the EDAX trace. The Au peaks shown in the spectrum are due to gold coating of
ll'::: s;:mplc. Itis confirmed that the EDAX analysis of crystals grown from silica gel also shows the presence of
ytterbium,
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Powder X-ray diffraction results The powder XRD diffractogram of YbTT crystals is shown in figure 4
Table 5 provides the corresponding d-spacings of the obscrved lines together with their relative intensities. The
occurrence of intense peaks at specific Bragg angles 20 indicates the crystallinity of the grown material. in
order to identify the grown phase, inorganic and organic database provided by International Centre for
Diffraction Data (ICDD) in the electronic form (PDF-4) was searched. The search did not find any references
from the powder diffraction data. Based on these findings it may be suggested that our material represents a
new phase, the stoichiometric composition of which is Yb (CsHaOs) (C4HsOg). 3(H,0).

Table § Powder X-ray diffraction data of YbTT crystals.

d-values (A) Relative 1 ity d-values(A) Relative Intensity

8.95398 86.2 2.73965 17.6
5.80781 295 2.59747 283
5.27585 100 2.43592 26.7
4.55366 432 2.28893 44
4.20172 283 2.23648 285
3.87973 47.8 2.20151 263
3.80559 19 1.95265 842
3.07776 228 1.81685 379
2.8723 20.2 1.74252 22.6
2.81986 18.7

FT-IR results Figure 5 shows FT-IR spectrum of YbTT crystals grown in agar-agar gel. The infrared
spectrum in the range 400-4000cm™ shows a strong band centered at about 3265 cm™ due to OH stretching
vibration of water and OH of the acid group. The strong peak at 1718 cm™ is due to free carbonyl stretch v
(C= 0), which shows that besides ionized COO" groups there is also presence of unionized carboxyl groups
(COOH) in the compound (24). A band centered at approximately 1587 cm™ is due to C==0O asymmetric
stretch of coordinated carbony! group. The absorption at 1410 cm™ is attributed to C==0 symmetric vibration.
FT-IR spectrum of silica gel grown ytterbium tartrate crystals is found to be identica! to that of agar-agar gel
grown crystals. The assignment of some sclected absorption band/peaks observed in the FT-IR spectrum of
YDBTT is shown in table 6.

Table 6 Assig of some selected IR wave numbers (cm ') of YBTT crystals.
IR bands /cm” Assignments of peaks/bands
3265.54 v (OH) of water and acid
1718.65 v (C=0),unionized COOH groups
1587.40 v uy (COO)
1410.86 vy (COO)
1140.84 vC(OH)
1067.21 8 (C-H)
840.45 5(0—C==0)
\
ol -
\ . -
\ —  -7A =
- S -
2 , o v
AR / = L
Cu- . -
5 \ | 2 S u!
* b v e T__—— :
i / , LY -
J "
\‘\f}n‘, ol poe
. ) -
“
T s Xy Lt ER
e - Waevenumber cm ' = g ] e s
m tastral
3 -ITR trum of YbTT grown in agar-gar gel. Fig. 6 TGA, DTG, DTA curves for ytterbiul
Fig.5 FT speclrum o [ gar-gar g wihydrate crystals grown in agar-agar gel.
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Thermal stability results Figure 6 shows a thermorranm ot YbTT grown in agar-agar gel. recorded i the
temperature ranging Irom 40 to 1100°C From the TG cunves its observed that the matenal remains stable up
10 a temperature of about 200 C 1tis ¢lear torm the DTG curve that the first stage of decomposition actually
consists of two sub stages (2002285 C and 285-354 ) The 1irst sub stage (200-285 () 1s due to dehydranon
resulung 1n the clinunation of water molecules from the matenial The measured weight loss in this stage s
about 17 4% (calculated loss, 17 15%), resulung in the chmmauon ot tive water molecules (two from
intramolecular and three trom coordinated watery  Corresponding to this dehydration step there s an
endothermy in DTA, at 283 € The tnhyvdraton of the viterbium tartrate 1 further supported by the tact that
after an obsenved mass loss of 62 26%, ytterbium onide 15 formed. which s clear trom the saturauon of 16
cunve from 700°C onwards The calculated mass loss tor the tormauon of yuerbium oxide from the starting
composition Yb (C.H,0,) (CiHO) 3(H:0) 15 62 29° This result clearly indicates that there are three water
molecules of hydration associated with the grown material The thermal behavisor of erystals grown in silica gel
is observed to be the same.

5 Conclusions

The use of ytterbium nstrate as upper reactant and L-tartane acid as lower reactant results in the grosmth of
ytterbium tartrate single crystals in sihea gel at gel pH = 2 5. 3, 3.5 and in agar-agar at gel pH = 2. Spheruhites
of ytterbsum tartrate are also toried v sibica gel for gel pH > 3.5, The single ey stals of ytterbium tartrate are
found to have crystallized as trihydrates both in silica and agar-agar gels. The morphological form of single
crystals 1s dipyramidal with the major habit faces as {t11} and {001} EDAX confims the presence of
ytterbium. FTIR spectrum shows the presence of tartrate ligands and establishes that one of the tartrate 10ns 1s
singly ionized. CHN analysis combined with thermogravimetne analysis suggests that the grown crystals of
ytterbium tartrate bear the formula Yb (C,H O )X CiH<O,) 3(H:0). Thermogravimetnic analysis reveals that the
matcrial 1s thermally stable up to 200°C
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agle crystals of gadolinium tartrate trhydrate have been grown by gef

| diffusion techmique Single crystal X ray dilfracnion analysis shows

\he crystals belong 0 the tetragonal system with non-centrosymnietne space group. The dielectric constant. dielectne loss and ac conduchivity
¢ been measured as a function of frequency in the range 1 kHz-5 MHz and temperature range 20-300 C The dielectnc constant increases s L]

rature, attains a peak around 240 € and then decreases as the temperature exceeds 240 C. The dielectnic anomaly at 240 C s suggested to
Iue to phase transition brought about in the matenal, which 1 further supported by the thermal studies. The vanation of ac conductivity with
perature has been measured and the matenal 1s suggested to show protomic conductivity.

006 Published by Elsevier BV

perds Gadohmum tanirate tnhydrate erystals, Phase iramsition, Ferroelectricity

. Protome conduction

Introduction

The salts of tantaric acid are found to exhibit a range of
resting physical properties such as ferroelectricity, piezo-
kincity and optical second harmonic generation (SHG) [1-7].
fisequently, they are used in transducers and several linear
non-linear mechanical devices [1.2,4]. The unusual dielec-
properties of Rochelle salt (NaKCyHyOg 4H30) hirst led 1o
notion of ferroelectricity in the double salt of tartaric acid
Subsequently, dielectric studies were carried out on iso-
fphous lithium tantalum tartrates (9] and lithium ammonium
rate [10] to search for ferroelectricity in these compounds.
ny investigators have examined the dielectric propertics of
rate salts with monovalent cations such as lithium thallium
rate (11}, rubidium hydrogen tartrate [12), ammonium tar-
e |13) and sodium tartrate (14}, The dielectric properties of
rate salts with divalent cations such as calcium [15]). cad-
im (1], manganese [16), zinc [17] and strontium tartrate 18]
¢ also been investigated. Some of them have been shown to
ibit ferroelectric property (1,8-11,15] while others are non-

Comesponding author. Tel - 491 191 2450939: fax: +91 191 2453079.
Ematt address: pn koru@yahoo com (PN, Kotru),

Presently working w1 Crystal Growth and Matenals Research Luboratary,
Eﬂmtnl of Physics and Electronics. University of Jamimu, Jammu 180006,

1309378 - sec from matter © 2006 Published by Elsevice B V.
10.1016/).mscu. 2006.09.017

ferroclectric (13,14]. Literature survey reveals that the dielectric
behaviour of trivalent metal tartrates (particularly rare earth tar-
trates) has hardly been investigated. In this paper, we describe
the investigations based on measurements of the dependence
of dielectric constant, dielectric loss as well as ac conducuv-
ity on applied Irequencies and temperature of gadolinium tar-
trate trihydrate Gd(CsH406)(CiHsO0¢)-3H20 crystals, which is
a trivalent tartrate salt. Single crystal X-ray difiraction analysts
(the details of which would be published elsewhere) has shown
that Gd(C4H306)(C4Hs06)-3IH20 belongs to tetragonal sys-
tem with cell parameters a = 6.021 A, c=36.37A V=1318 5 A’
and beanng the non-centrosymmetric space group. The powder
diffraction data of gadolinium tartrate tnhydrate has also yielded
almost the same cell parameters [19]. Therefore, we may expect
it 10 exhibit various polar effects such as piczoelectrieny, pyro-
electricity and ferroelectricity. In this paper, we report only the
dielectnc characteristics of the matertal. The results obtained
on dielectric studies have been correlated with thermal studies
viz., differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) of the crystals.

2. Experimental procedure

Single crystals of gadolinium tartrate tnhy drate were grona
by single gel diffusion method [ 20,21 using twotypesof gels an
norgantc (silica) gel and an organic (agar-agar) gel The detals
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of various experiments on the growth of these crystals have been
published elsewhere [19). The crystals obtained from all experi-
ments were of small size and thus it was not possible to carry out
direct measurement of dielectric properties on a single crystal.
Therefore, the dielectric measurements were carried out on pow-
dered samples in the form of pellets. To obtain the pellet I

diffractometer using Cu K radiation. Thermal behaviour (llml
mogravimetric analysis and differential thermal analysis)ofl.hi!

material was i d using a Shimazdu DTG 60 therm,
analyzer.
P 3. Results and di

the single crystals were finely ground and the resulting powder
was compressed into a die 13 mm in diameter and 0.8-1.2mm in
thickness under a pressure of 5 tonnes/cm? using a hand operated
hydraulic press. The samples were silver electroded by using a
fine paintbrush to coat both faces of the pellets with a thin layer
of silver paint. The samples were then placed in adry atmosphere
for about 24 h to ensure maximum conductivity and adhesion of
the silver paste. The dielectric measurements were carried out
in the frequency range | kHz-5 MHz and over the temperature
range 20-300°C using a Hewlett-Packard impedance analyzer
LF 4192A and further automated by using a computer for data
recording, storage and analysis. A microprocessor based furnace
titted with atemperature contsoller and a specially designed two-
terminal sample holder was used to heat the sample at a heating
rate of 2 °C/min. The impedance analyzer directly provides the
values of capacitance (C) and dielectric loss (tan §). Otherparam-
eters such as dielectric constant (¢') and conduclivity (o) were
computed using the relations;

£ = and oy = 2nfege tan§;

EQA
where C is the capacitance (F), ¢ the thickness (m), A the area
(m?), £9=8.854 x 10-'"2Fm~" and fis the frequency (Hz) of
the applied electric field.

Single crystal X-ray diffraction analysis of Gd(C4H4Os)
(C4Hs04)-3H,0 was carried out using Enraf-Nonius CAD4

The dependence of dielectric constant (€"), dielectric log,
(tan &) and ac conductivity (6.¢) on temperature and frequenc:
of the applied ac field is studied in the temperature range §
20-300°C and frequency range of | kHz-5 MHz. The resuly
are described as follows.

Fig. | shows the variation of real dielectric constant (63
with temperature at four frequencies (1, 10, 100 and 1000kHz
of applied ac field. The inset of Fig. | shows the variation ¢
inverse dielectric constant with temperature at | kHz. Itis cleg
from Fig. | that in the temperature range 20<T< I60°(;. thy
dielectric of gadolinium tartrate trihydrate is practical
temperature independent. Other tartrate salts [1,14,] 5_] alsosho
this type of behaviour. Beyond 160°C, the dielecmf conste!
i almost exp ially with temp attains a pe
around 240°C and then decreases as the temperature exceet
240°C. This peak may sugges! a phase transition in !he maly
rial. To account for this behaviour, we have two possibilities. T,
first possibility is that on heating the sample upto 25q°C. lhﬂf [}
aloss of three water molecules that are associated with gﬂd9ll'|
jum tartrate trihydrate and because of dehydration, 8 transitia
occurs at about 240 °C. This possibility is ruled out I?y the NS‘_-“)
of thermal behaviour. Fig. 2 shows thermogravimetric and ';':;“.
ential thermal analytic curves of gadolinium tartrate trihydsaty
The material loses one water molecule in the temperature 3!;5,
210-230°C (observed loss: 3.33%, calculated loss: 3
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tened loss: 6.93%. calculated loss: 7%%). Thus, dehydration

ater oceurs in two stages;, first from 210t 230 C and second

im 230to 250 C. Therefore. it may appear that there should

o transitions; first in the temperature range 210-230 C

second in the temperature range 230-250°C. Torres et al.

have observed two phase Lransitions in the cadmium tartrate

stals; one due to structural changes and the other due to loss

water. However, in the present case the only transition that
been observed is around 240 -C. Therefore, the possibility

he material showing the dielectric anomaly exclusively due
oss of water molecules may be ruled out in the present case.
second possibility is that the material 1s ferroefectric similar
alcium or cadmium tartrate (15,1]. A close look at the DTA
icof Fig. 2 shows an endothermic peak near about 241.15 °C,
khis very close to the transilion lemperature observed around
“C in the dielectric versus temperature curve (Fig. 1). Thus,
suggesled that a crystallographic change due to polymorphic
e transition may have occurred in the material (including
10 loss of coordinated water molecules) which led to the
kectric anomaly near 240 C. Keeping these results in view it
¥be suggested that the material under investigation shows a
beleclric behaviour in the temperature range 20< T< 240 °C.
Ih)hase transition in gadolinium lartrate trihydrate is observed
ke of diffused Lype and does not follow Curie-Weiss law, but
rbils the following type of temperature dependence:

i

o =AT =T

'.m.u

re rm_" 1s the peak value of the dielectric constant and Y
critical exponent which lies in the range 1<y <2. For
| represents an ideal Curie-Weiss behaviour while a value
veen | and 2 indicates a diffuse behaviour, Fig. 3 shows
variation of In((1/¢') — (1/€x)) With In{T — T) at 1 kHz.
graph shows almost linear behaviour as the temperature
Mees. The value of exponent y, was calculated from the
[ of the curve which comes out to be equal to 1.3 ata
dency of | kHz, which implies a diffused phase transition.
I suggests a microscopic inhomogeneity in the material
' study, with different local Curie points. Such a type

antd Engineermme \ 44120
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Fig. 3. In(c1/6) = (/a0 +s In(T = 7.) curve ut a frequency of | hHz of

applied ac.

of behaviour has also been found in many cerimic materials
122,23). The variation in the value of diffusivily parameter y
with frequency has not been studied in the present investigation.

Fig.4 shows the variation of dielectric loss versus temperature
at three frequencies (1. 10 and 100kHz). The dielectric loss
curves also show a peak around 240 C. It is clear from the
graph that dielectric loss peak 1s frequency independent. The
behaviour of dielectric loss with temperature shown in Fig. 4
is typical of polar dielectrics, where apart from dipole losses,
losses due Lo electrical conduction also occur [24].

The variation of ac conductivity with lemperature at four fre-
quencies (1. 10, 100 and 1000 kHz) is shown in Fig. 5. Itis clear
from the figure that in the lemperature range 20< T< 200 C, the
ac conductivity of gadolinium tartrate trihydrate is practically
almosl temperature independent. Above 200 C ac conductivity
approaches a maximum value at about 240 C and decreases
above this temperature. The large increase in conductivity in the
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15-
o
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00 uaaassazssaisesy ........'.'.--:;;x;.-
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Fig. 4. Vuriution of dielectric lass wilh temperature at frequencies 1, 10 and
100kHz.
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temperature range 200 < T <240 °C can be understood as due to
a large increase in the concentration of mobile charge carriers in
the material. The material under investigation contains tarirate
ligands (a dicarboxylic acid), besides three water molecules,
coordinated to gadolinium. Therefore, the large increase in the
conductivity may be due the dissociation of water molecules
into H* and OH™ ions [25]. The activation energy (E;) was
calculated before and after the transition temperature by using
the Arrhenius equation ¢ = 0 exp(E,/kT). Fig. 6 shows the plot
of Inoy, versus 1000/T at 1 kHz. In the inset of Fig. 6 is shown
the graphical plot of In o, versus 1000/T at 1 kHz just before the

n

uansition. The variation of In o with reciprocal of temperatur

shows the change in slope exactiy at the transition temperatun

of the material. Such type of anomaly has been observed i

fen_'oelecl.ric materials (26). This is due to the difference in acti

vation energy in the paraelectric and ferroelectric phases. Th

difference in the activation energy between the paraelectric an

ferroelectric phases may be due to the grain boundary effect. Ty

activation energy in ferroelectric (Ef) and paraelectric (E;) phas:

atafrequency of 1 kHzhasbeenestimatedtobe 1.71 and 1 74 ey

respectively. The activation energy of this order has also bees
reported in the imidazolium salts of dicarboxylic acids, when

electrical conductivity has been explained as due to proton trans

fer through hydrogen bonds [27). 1t is worth noting in the presen

case that E;, (=1.74 ¢V) is higher than E¢ (=1.71 eV). This coul:

be attributed to the ordered state in the ferroelectric phase and th
disordered state in the p ic region, where the charge car
rier needs more activation energy to jump between adjacentsites
The electrical conductivity in gadolinium tartrate trihydrate ma:
be explained as mainly due to proton transfer through hydroge:
bonds. Many hydrogen bonded solids show conductivity viapro
ton transfer through H-bonds [27-31). The characteristic featur
of rare earth tartrate salts is that in all these crystal structures
rare earth cations and hydrogen bonds of O-H---O type involv
ing water ligands, hydroxyl O and the carboxylate O atoms
link the tartrate anions into layers paralel to (00 1); these layer
are linked together by hydrogen bonding between adjacen
tartrate molecule [32-34]. In these hydrogen bonded systems
the positively charged rare earth cations and negatively charges
carboxylate anions may serve as channels for proton transport
This renders the gadolinium tartrate trihydarte as a protonil
conductor.
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energy.

perature 200 < T<240°C used for caloulating the activetioy
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The variation of dielectric constant and dielectric loss as a  normal dielectric behaviour and can be explained on the basis of
ction of frequency is shown in Figs. 7 and 8, respectively. polarization mechanism. There are four primary mechanisms of
 inset of Fig. 7 shows the variation of dielectric constant  polarization \n materials, i.e., electronic, ioni¢ or atomic, dipolar

frequency at 20 °C. It is clear from Figs. 7 and 8 that  or orientational and space charge or interfacial polarization. At
hdielectric constant and dielectric loss of gadolinium tartrate  low frequencies, all the mechanisms of polarization contribute
ydrate decreases gradually with increasing frequency. The 10 the dielectric constant and with the increase in frequency,
ase of dielectric constant with increase of frequency is a  the contributions from different polarizations start decreasing.
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exponent 5 in the equation o{w)=A x o,

For example, at very high frequencies (10'% Hz), only electronic
polarization contributes to the dielectric constant, while ionic
polarization takes place at IR frequencies (~10'? Hz). The high
rise of dielectric constant at lower frequencies may be attributed
to space charge polarization due to crystal lattice defects. The
gradual decrease in dielectric constant and dielectric loss with
frequency suggests that gadolinium tartrate trihydrate crystals
have domains of different sizes and hence varying relaxation
times.

The variation of ac conductivity with frequency at different
temperatures is shown in Fig. 9. It is clear from the figure that
conductivity increases with frequency and can be expressed as:
o(w)=A x o, where = 25f. The value of exponent ‘s’ is found
by calculating the slope of the plot of In oy versus In w. A repre-
sentative sample curve corresponding to temperature of 200°C
is shown in the inset of Fig. 9, where s=0.8. It is observed that
at a given temperature, the magnitude of eonductivity is high at
higher frequencies, thereby supporting the small polaron hop-
ping model {35). There occurs proton—phonon interaction such
that when a proton tries to move, it has a strain field (a cloud of
virtual thermal phonons) forming a quasi-particle like polaron.
At higher frequencies of applied ac field, this quasi-particle dis-
perses. When the cloud of phonons disperses, protons move and
contribute to conductivity.

4. Cenclusions

The study of the dielectric behaviour of gadolinium tartrate
trihydrate crystals shows the strong dependence of dielectric
constant un buth temperature and Irequency of the applied lield.
The dielectric constant (') varies with the temperature and
attains a peak value around 240°C after which il decreases,

thus, blishing this temp as the transition tempers
ture of the material. The decrease in dielectric constant an
dielectric loss with frequency at different temperatures ind
cates that gadolinium tartrate trihydrate crystals may be havin
domains of different sizes and of varying relaxation times, Th
anomalous behaviour of the dielectric constant near the trans
tion temperature suggests the possibility of this material as bein
ferroelectric. The conductivity of the material is suggested tob
due to protons transferring through hydrogen bonds, thus rer
dering the material as a protonic conductor.
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Abstract

Magneuc moment and susceplibility of single crystals of rare earth tartrates of the type RIC{HiO0s N CiHLO,) 3H,0 (where R = Gd. Ho, and
Yb), using a vibralion sample magnetometer are reported. The expenmental values of molar suscepuibihties for G(C.Hs0XC4H;O4)-3H: 0.
Ho(C(HyOgH(CyHsO4 ) 3H0. and Yb(CoH,0,)(C:Hy0,) 3H; O are 2.58 x 10 *, 466 x 10 “.and 8.03 x 10 ' (in cgs em umits), respecuvely. The

calculated effective mag) are in good
© 2007 Published by Elsevier B.V.
Kevwonds: Rare eanth compounds; Magneue 1

with the theoreucal predictions on rare earth ions.

The magnetic properties of solids are very important, and
attempts to understand them have led 10 a deep insight into
the fundamental structure of many solids, both metallic and
non-metallic. Rare earth compounds are interesting because of
their magnetic properties. There is a vast amount of literature
that reports the magnetic behavior of metallic compounds of
rare earth elements [1-5). Non-metallic compounds such as the
rare earth nitrides, phosphides, arsenides, and selenides have
also been studied for their magnetic behavior by several authors
[6-7). The magnetic susceptibilities of neodymium, samarium,
and gadolinium ultra phosphates as a function of temperature
are also reported in the literature. All these compounds exhibit
a paramagnetic response following Curie’s law [8]. In general
most compounds of tartaric acid have shown to exhibit interest-
ing physical properties such as, ferroelectricity, piezoelectricity,
and optical second harmonic generation [9-14). Consequently,
some of them are used in transducers, and several linear and
nonlinear mechanical devices (9-10,12]. Rare earth tartrates
show poor solubility in water. They decompose before melt-
ing, and do not vaporize or sublime. Consequently, the only
aliernative to grow single crystals of these materials is by chem-
1cal reaction at a controlled rate using gel diffusion method.

* Corresponding author
E-mad address: pn_kotru@yahou.com (PN, Kotru).

0925.8388&/S - sce front maiter © 2007 Published by Elsevier B.V.
doit10 1016/ jallcom.2007.01.003

Therefore, crystallization of gadolinium. holmium, and ytter-
bium tartrate trihydrate was accomplished using the gel diffusion
technique. The details of various experiments on the growth
and characterization of these crystals are reported elsewhere
[15-17}. The stoichiometry of these crystals is established as
Gd(C3H306)(CsHs06) 3H20, Ho(CyH;0)CsHsOg) 3H20,
and Yb(C3H3O6)(C3HsOe) 3H20. This letter reports the results
of magnetic susceptibility and magnetic moment measurements
carried out on these crystals.

The magnetic moments were measured by using a vibra-
tion sample magnetometer in a magnetic field of 5kOc at
a temperature of 24°C. Magnetic susceptibilities were cor-
rected for diamagnetism of rare earth and tartrate ions, and
water by using the value as —20 x 107°[18). —63.5 x 10~%. and
-0.722 x 1078 (19}, respectively. The molar susceptibility was
calculated by using the equation

xeM
= -
n

where M is the molecular weight of the sample, 7 is the number
of rare earth ions per molecule, and x is the gram susceptiblity.
The effective magnetic moment in Bohr magnetons of rare earth
ions is calculated by using the relation

Het = 2828 T B.M.

.Plfu_c cite this article in press as: B, Want et al., J. Alloys Compd. (2007), doi:10.1016/},jallcom.2007.01.003
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Table |
Magneuc susceptibility and magnetic moment measurements of some rare eanth tarirates of the 1ype R(CsHaOgHCaHsO4g)-3H,0 (where R =Gd, Ho, und Yb)
Rare earth compound Experimental molar Corrected ( for diamagnetism  Observed magnctic Theoretical effective magnetic moment of
sceplibility, xar of il atoms) molar moment, e (BM.) earth T

(in cgs em units) susceptibility, 3" e foms, gr= U+ U @M
Gd{CaHiOp) C:Hs0g) 3H,0 258 x 1072 260x 1072 7.89 194
HolCsH Oy} C(Hs04) 3H,0 466 x 1072 468x 107! 10.59 1061
YB(CsHaOy) CiHs06) 3H0 803 x 10° 8.19% 1072 443 454

where Xc‘x;n =xm+ xuu (total diamagnetic correction), Tis the [4) Y.O. Tokaychuk, O.1. Bodak, Y.K. Gorelenko, K. Yvon, J. Alloys Compd,

i 415 (2006) 8-11.
temperature (K) at which the measurements are made. Table 1 (51 X.C. Kau, R. Grossinger, G. Wiesinger. Phys. Rev. B Condens Mazet §1

gives the observed values of molar susceptibilities, and effec- (1995) 8254,
tive magnetic moments of the rare earth tartrates. The observed 16] D. Garcia, M. Faucher, Handbook on the Physics and Chemistry of Rare
values of the effective magnetic moments are compared with Earths, vol. 21. 1995, pp. 263-304.

the theoretical values for respective rare earth ions. The results (7} MK. Wilkinson, E.O. Wollen, W.C. Kocher, Fhys. Rev. 131 (1963)

a 922,
obtained reveal a good agreement between the observed, and (81 M. Cole, MR Lees, JAK. Howard, RJ. Newport, GA. Saunders, E.

the theoretical values of effective magnetic moments of free Schanherr, ). Solid State Chem. 150 (2000) 377,

rare earth tripositive ions. (9] M.E. Torres, T. Lopes, J. Peraza, J. Stockel. A.C. Yanes. C. Gonzalez-Sitgo,
C. Ruiz-Perez, PA. Lorenzo-Luis. 3. Appl. Phys. 84 (1998) 5729.
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Abstract

roagaryas wellas wmanargame talicy wels

The growth of holmum tartrate tnhvdrate (HFT) single erystals - whicved mortame ¢
by single gel diffusion method Resalts of the study on nucleation kimctics ol crvstabs grownan silica gel are desonbed The cosstals exinbil
the morphological form of u tetragonsl dipyramidal class with 10 1 and (11T as domnant Laces Elemental and thermograsimeing
analysts (TGA) supplemented by cnergs dispersive analysis of X rans (EDANY support the suggested chemical tarmiula of the grown
crystals 10 be (Ho (€ H,0,) (€100 3H,0] Single crystal N oo difftaction {NRD) studies indicate that the crystals belong 1o

tetragonal system wath the cell parameters o = 397A, ¢

609 A beanng the space group P4 Founer transtorm nlrared b 1 1R

spectroscopic study indicates the presence of tartrate higands and suzgests that one b the tartrate wns i wnely wsized TON Supee

that the matenal is thermally stable up 0 220 €
« 2007 Elsevier B.V. All aights reserved

PACS %110 Dn. 61 10 Nz, 6540 -1 78 33§ 68 37 HL

Kevwords AL Crystal growth, AL FTIR. AL SEM AL Thermual st

ALONRD., 81 Holmwm tarctrate inhydrate

L. Introduction

The salts of tartanic acid are found to exhibit a range ot
wnteresting physical properties such as [erroclectricty.
prezoclectricity and optical second harmome gencration
(SHG) {1 -7). Consequently, they are used n transducers
and several linear and nonlincar mechanical devices [1.2.4)
This has led many investigators to grow single crystals ol
tartrate compounds and study their characteristics (8 11]
Many investigators have grown rare earth tartrates bearing
the general formula Ry (C4H,0,), - H,0 (R = Nd. Dy, Gd.
La. D1, Pr. Sm and Y) by gel methed [12 18]. Howeser.
there is no information in the literature on the growth and
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fav = 910191 2453079
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nucleation kincties of rare carth Lartrates m
peneral holmum  tartrate  tnhadrate enstals n
particular In this paper. the authors desenibe the growih
of single crystals of holnium tartrate tinhydrawe (HTThin
sthea and agar agar gels. The results obtuned by winele
and powder Xeray dilfracton (XRI) studies, eneres
dispersive anadysis of X-rays (EDAX). Founier transform
infra red spectroscopy (FT-IR). carbon and hadrogen
andlysis (CHN), and thermogravimetric analssis (1GA
and DTA) of HTT crystals are deseribed

study ol
and

2. Experimental procedure

The crystalhzavon of HTT was sccomplished waine
single gel diffusion technique [19.00] The enystals were
prown ina single glass tube ol feneth 200 mm and diamgter
23mm Silica gel was prepared Beoaddmg asolunon ot
sodium metasiheate ol wolanty 000 T 3M) o -tathane
ward of @ partcular molariy (00 7A1) deop by diop wath
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continuous stirnne The solution with the desired value of
pH (3 6) was then translerred to several gluss tubes Once
gelled. an wyucous solution of holmium nitrate (upper
reactant) of desired molarity (025 2M) was carefully
poured with the help of a pipette along the walls of the
fubes over the set gel.

Experiments were also carried out to grow single crystals
of HTT in organic agar-agar medium. Agar-agar gel was
prepared by dissolving desired concentration (% w,v) of
agar agarn water The agar agar solution was then mixed
with desired concentration of L-tartarnic acid i vanous
proportions by volume The mixed solution was trans-
ferred to several glass tubes  After seting of the gel. an
aqucous rolution of holmium nitrate of desired concentra-
tion was carcfully poured over it. All the experiments in
sihed as well as agar agar gels were carned out at an
ambient temperature of 36 C

The carbon and hydrogen contents in the obtained
crystals were determined by usimg Elementar Vario-EL 111
CHNS  unalyzer  An encrgy dispersive spectrometer
{OXFORD ISIS-300 system} uttuched to a scanning
clectron microscope JEOL JSM-5800 was used to deter-
mine the atomic as well as weight percentage of Ho and O
1n the compound. Single crystal XRD analysis of HTT was
carried out using Enraf-Nonius CAD4 diffractometer with
Cu Ka radiation The powder XRD patierns of the grown
crystals were obtained uvsing @ Bruker AXS D8 advance
XRD with Cu K3, radiation (2 = 1.5406 A} The FT-IR
spectrum of the matenial in the wave number range of
400 4000cm ' was recorded on i Brukes Vector 22
spectrometer using KBr peblet technique  The thermal
behavior (TGA and DTA) of the HTT crystals was
recorded on a Shimaszdu DTG 60 thermal analyzer in N
atmosphere at a heating rate of 16 C ain

1. Results and discussion
31 Gronih from stica gel

In silica gel, a gel pH of 3. 3.5, and 3.75 yiclds single
crystals of HTT and for a pH >4, two distinct types of
spherulites, one just below the gelysolution interface and
the other i the lower half of the gel column were formed
I'he spherulites grown just below the gel/solution interface
were recognized as holmium nitro-tartrate hydrate. while
thase mthe tower balf as HTT For gel pH >4, & strong
preapitation was observed 1o oceur at the gelisolution
miterlace st alter pounng of upper reactamt This imitial
precipitation results due to mstantancous reaction between
the holmunm and tantsate 1ons. Due 1o s the Tocal
supersaturstion avalable for three-dimensionil nucleation
and growth becomes sery high which results an the
tornation ol spherulites However, our study here refers
1o only single crystals of HTT, which form at gel pH < 3.75
The ungle cnstals formation at pH values €375 may be
caplamed as follows Farsthv. i the silica gel (contanmg
Lattanie acnh) of o parienlar pH the coneentration of the
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preapitant jons CiHOL - which are anions of tartanc
deid. depends on the H' 1on concentration The concen.
tration of precipitant 1ons decreases with the decrease an
pH [21] Secondly. in a low pH medium the solubility of
holmium tartrate gets rmsed with the result that the local
concentration product [Ho' ") [C4H,0:7] decreases and
becomes less than the solubility product K.p. Otherwise, of
local concentration, product 1s greater than A a strong
precipiiation occurs ot the iterfuce {22]. which often leads
to the formation of spherulites as well as amorphous
precipitates: Thus, in a low pH medium. the value of local
supersaturation with respect to HTT developed at different
sites inside the gel changes and becomes as low as may be
appropriate for the growth of single crystals. Fig 1{a)
shows somc single crystals of HTT growing in a crystal-
hzer Fig. I{b) shows an optical micrograph of a typical
single crystal of HTT. 1t as clear from Fig. 1(b) that single

wolited
Big bt Photogeaph show g sngle veystal of HTT grossing al ol v
2 urvalalhzen by An opical mucrograph of 4 1P

sites i sihiea pel 0 ‘
) revealing iy il

Lol HET grosn fom il g

wply «

devilops
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sotade of HTT exlubit the morphologs ot o dipy tanadal

Jass The ersstals are bounded &y T and 0001 habsg
Faces, 01 Lages baang more dommant than (111

2 Nwdearion Kowoncs

The clfect of sanous wrowth parameters such oy

concentration ol upper redactant. gol concentration, gel
age and gel pH on the nucleation density s measured by
the total number of crystals that appear in the wel column
were imvestizated by conducting the expennmients at an

ambient temperature of 36 €

) Etfect of upper reactant concentration Gel systems ol
pH 3.5 were prepared sath 0 5 M sodium metasihicate
and 0 5M Ltartane acid and allowed to et 1n
number of test tubes. After a gel age of 72h, 20mL ol
holmium mitrate of different concentration from 0 25 to
2M was poured over the set gel and the ervstal count
was recorded It swas observed that the crystal count
ngreased with the concentration of upper reactant as
shown in Fig s has been reported i the hiterature
for KCIO, crastals [23] By ancreasing upper reactant
concentration bevond 2 M. spherulites were formed

2) Eftect of gel concentration Gels of different concent
tions swere prepared by mivng sodium metasilicate ol
molanty varving from 05 10 LSM with 050
ctartane acd The pH o of the gel medium was
maintained at 3.5 by sarving the amount of L-tartany
aad After a gel age of 72h. 20mL of upper reactant ot
molanty 0.5M was poured over the set gel Tt was
observed that the high concentration gels take lesser
tme for setuing and are mechanically stron, how-
ever, they contamunate the growing crystals with silica
The vartation of ¢rystal count with gel congentration i~
shown in Fig 1.

3 Effect of gel agmg. Gels of tined pH 3.5 were prepared
with 0.5M sodium metasihcate and 0.5M c-tartanic
300

-
250

-é 200

SRR .

% 100 8 -7

z P

50 + /“
6 .
02 04 06 08 10 12 14 16 18 20 22

UR Solution Molanty

T Vot

Fenstal count with malsnts of uppee reactant il
et

.
-
04 06 08 10 12 14
Molanty of sodwum melasihicate
Fig b Vs o) crystal count with molanity of sodiam mebieiiiva
Junas
70
85 2,
§0
£ 55
k]
] N
& %0+ o
= N\
°as
% \\
E 20 ot
2 IR
38 N
N
~
3 N
5
20 40 &0 50 12 130 16

Gel Age | Hrs

Voo ' b . gl g

acid and allowed 1o et 1n o number of test 1ubes The
pels were allowed 1o for  different penods
(24 144 hrs) before pourmng a tived amount 20mi ot
upper reactant of molanity 08N The
crystal count with gel age is shown graphicalls i Fig 4

(4 Etfect of gel pH o Incorder to study the pH dependence
on the crstal count. gels with different pH values
vanvme rom 3 to 6 were prepared by adiusting the
amount of 0 3N L-tartaric acid incorporated in the gel
All other parameters ¢ ¢ gel concentration ¢ 33wl
age (72 h) concentration of upper reactant (0 38 were
kept constant. The observed change in the cryvstal count
with gel pH s graphically Mustrated mn ke

ane

vartion ol

The expenmental results as described abosve reveal thay
the number of ¢rvstals ncreases exponentially in somy
cases (Fig. 2), whereas it decreases hinearly or exponentudiy
i some other cases (Fige 33 Arora ot al [10] abe
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Fig 5 Varation of ¢rystal count with silica gel pH

observed such types of trends on the dependence of number
of crystals on vanous growth parameters. According to
them. the trends are consequences of (1) threc-dimensional
nucleation rate. (1) diffusion rate in the gel due to variation
n the gel structure which may include pore size, cross
linkage of cell boundarics. ¢tc. and tiii) diffusion rate in the
gel duc to changes in the hydrostatic pressure resulting
from the height of upper reactant solution. According to
these  authors. the equation giving the varration of
nuclcation rate J with supersaturation S is found to be
applicable for explanation of the obscrved trends i.c.
J = Joexp [<60°" k' T" (In SY), where o is a shape factor,
- is the nucleus solution interfacial tension. 2 is the volume
of onc growth unit in the nucleus. k is Boltzmann constant,
T 1s the temperature in Kelvin and §S = C (, is the
supersaturation ratio (C, 15 the equilibrium solution
concentration which is related to solubility product, while
¢ 15 actual solution concentration). The equation 1s
reported to be applicable to a non-clectrolyte [24.25].
According to nucleation theary. the amount of work which
must be done (o form a spherical critical nucleus is given by
W = 16n2°"/3(k TIn $)° [20]. The nucleation probability P
1s proportional to the Boltzmann factor exp{— W/kT). so
that P zcxp[—l(mﬂt',' T (InSY). Since the growth
occurs in the same medium. it may be supposed that the
interfacial tension 7 bhas a negligible influence on the
probability of nucleation. Thus. under isothermal condi-
nions, the probability of nuclcus formation depends sharply
on supersaturation S.1¢. P = exp [-b/In SY). where hisa
constant [20]. Now the supersaturation in gel growth is
determined by concentration of reactants as well as by the
diffusion rdte of reactants in the gei column. The factor
that affects the diffusion processes is the gel structure of the
medium. Therefore. it may be argued that the auclcation
probability under isothermal conditions of growth is
mainly determined by the concentration of reactants and
gel structure (which is affected by gel pH. gel concentration
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and gel age). By mereasing the ari
(oll?cr parameters 1 gu I molan;.y:'t; u:,pc: e
Ho " 1ons to react with tartrate ions in the gel incrca’ ¥
Conscquently. the supersaturation increases whi h e o
. ich leads 1o
an ncrease in the probability of nucleus formation. It is
expected that the number of crystals will increase with the
increase in the probability of nucleation. Therefore, the
number of crystals in the gel column increases as shov;/n in
Fig. 2. Increasc in supersaturation leading to an increased
number of crystals has also been reported by Judge et al
126] in case of tetragonal lysozyme crystals. The increase in
the gel concentration and the gel age both have the effect of
decreasing the average pore size of the silica gel(27). Due to
this the supersaturation and hence nucleation probability
decreases as many nuclei find themselves in cells of 100
small a size to support growth to visible crystal sizes.
Therefore, crystal count decreases as shown in Figs. 3 and
4. By increasing the pH. the gel structure lacks the property
of cross linkage and becomes more and more hard leading
to retardation of free motion of the ions, which is essential
for the nuclcation. Therefore. the crystal count decreases as
the pH of the gel is increased as shown in Fig. 5.

3.3. Growth from agar-agar gel

Experiments were also carried out to grow single crystals
of holmium tartrate in agar-agar gel. Being a physical gel it
can be made to set at much lower values of pH. In the
present casc, the pH of the agar-agar medium was set at
equal to 2. At this condition of growth, no precipitation
occurred at the gelfsolution interface upon pouring of
upper reactant and after a period of 4 weeks, the whole gel
column becamc impregnated with single and twinned
crystals of HTT. In the case of agar-agar gel, only single
and twinned crystals of holmjum tartrate are observed
under all conditions of growth. The single crystals have a
well-developed morphology of dipyramidal class with
{001} and (111} as habit faces. The morphology is same
as that of single crystals grown in silica gel, except that
{111} faces are more dominant than {001}. This could be
attributed to difTerences in the rate of growth of faces iln
two different gels. The agar-agar gel grown crystals are. in
general, more transparent and perfect than those grown
in silica gel. The surface of the former are smoother
and crystals have lesser inclusions incorporated in_ lhcrp
Fig. 6(a) shows single crystals of HTT growing In
agar-agar gel in a crystallizer. Fig. 6(b) is a photomicro-
graph of a typical single crystal of HTT, showing the
dipyramidal morphology.

Twinned crystals of HTT were also obscrved to grow n
agar-agar gel. Fig. 7a) illustrates penctration twinning In
the crystals. The planc parailel to a face of the umt
dipyramid {1 [ 1}, appears to act as the twinning planc
This type of penctration twinning is commonly obscrved it
dipyramidal crystals of tetragonal systcm. A ffslﬂ'; 5
Fig. 7(a) at a higher magnification is shown in Fig. 7(b).
revealing the habit faces of the twinned crystals.
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41 Elemental analy s

Table  shows the results ol carbon and hyvdrogen
analvsis carnied on single erystals of HTT grown from both
agar agar and silica gel. The atomic and weight percentage
of O and Ho as obtuined by EDAX of the compound are
shown in Table 2 The theoretical values 1 Table | are

calculated according to the supgested cmpincal formula

»

UKUSIC VOIS dem 3.00hV =60  300um

[ —
0.2 mm
2%-2ul-05 URUSIC VOIS dmm ) 00KV x200 200um

Tig 7 (4 An SEM micrograph ating penctration 1 nen HTT

‘ own from agar agsr gel (by A rep 1o hig

howing the habil fuces of the mwinned crystal
lable |
Percentage compostiion of C and H s obLancd by CHN
tlement Lxperimental ( Thearetical
\ gar e Sihea gol gr
™l AN

[} IX &1 - K62
H U 93

HoCxH, <O« The percentage composition ol €, H. O and
Ho as rescaled by CHN and EDAX analvses compare well
with those calculated from the proposed (ormule Th

cxperimental and theorctically determined values are in
agreement within the acceptable inuts A hterature surves
of the 1somorphous compounds [28 3] suggests the
chemical formula of gel grown HTT to be [Ho it 110

(C4HOL MH-OY The formula shows that one tartrat
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Tuble 2
Atomic und werght percentage of O and Ho us oblaned by EDAX snalser.

o Coeyi o 299 02007 ) i 14t

A

Element Experimental
Theoretics]
Agar-agar gel grown crystabs Silica gel grown crystaly
Weight (%5} Alamic (%) Weight (%) Atomic (%) Weight(%) Atom, (7
< (%)
0 6135 9292 6095
~
= Table 3
100 3 Powder XRD data for HTT
- i 0 Observed d- Calculated & Kkt
¥ 2 values (A) values (A}
g 60 4 9.939 8.89199 9.023 004
£ 3 15.221 5.81633 5.89 101,011
s 15 790 5.60787 5.66% 012 102
5 4o s 16.696 530578 5.348 013. 103
g g 19.657 4.51258 451 008
21164 4.19464 4193 T3
20 21747 408135 4110 12
[ I 22 804 389649 3.902 107
1033 294429 2,945 202
0- 31.608 282834 2.8M 204
S 35.065 2.55704 2.560 214
0 5 10 1520 25 30 35 40 45 50 55 60 65 70 75 80 85 90 37465 L0854 £ 288
b 39.129 230034 2.300 2010
10.826 220854 2.208 2011
Fig. 8. Powder X-ray diffractogram of HTT 45.243 2. 00264 2.000 lo17
48.032 1.89265 1.889 306
49.835 1.82834 1.826 35
1on is singly ionized and the other doubly ionized. The fact  63.721 1.45932 1.462 405

that onc of the tartrate ions is singly ionized is supported
by the prescnee of absorption peak at 1719.07cm ™' in the
FT-IR spectrum of HTT. These results suggest that there
arc three water molecules bonded to holmum and the
tartrate is disordered between a singly and a doubly ionized
species

342 XRD results

The powder XRD of HTT crystals is shown in Fig. 8.
Table 1 provides the data for observed and calculated
d-spacings as well as the corresponding planes. The
cxpenmental values were found to correspond with the
calculated d-values of unit cell dimensions determined
from single crystal XRD analysis: « = 5.97A. c = 36.09A.
y=f=7=90. V=128712A" Single crystal XRD
results also confirm that the material grown in the present
investigation 1s isomorphous with erbium ditartrate trihy-
drate {30). yttrium tartrate hydrate [31] and sumuarum
tartrate trihydrate as reported in Ref. [32). Table 4 gives a
comparison of some crystallographic patameters of HTT
with those of reported rare earth tartrates,

343 FT-IR spectroscaopy resulis
Fig 9 shows the FT-IR spectrum of HTT crystals grown
i agar agar gel The infrarcd spectrum in the range

400-4000cm ™' show a strong broad band centered at
3267.18cm™' due to OH stretching vibration of water and
carboxylic acid group. Due to very strong interlinked
H-bonding. the peak assignment for carboxylic acid group
(OH), C-H vibrations and that of (OH) of water gets
overlapped. The strong peak at 1719.07 cm~! is attributed
to stretching vibration of (C=0) bonds, which shows the
presence of unionized carboxyl groups in the compound
[32]. A band centered at approximately 1585.43 em™"is duc
the C=0 asymmetric stretch of coordinated carbonyl
group. The absorption at 1410.82cm™" is il"l’ibuﬂid to
C =0 symmetric vibration. The value Av = 174cm™ . the
difference between two wavenumbers v,, (COO™) and
¥(COO~), indicates the bridging mode of the carhoxy’lajcl
group {33]. The absorption bands around I()(w(:_.‘)lcm

have been assigned to v (C-OH) stretching vibration
FT-IR spectrum of silica gel grown HTT crystals
observed to be the same as that of agar-agar g_cl growr
crystals. The assignment of some sclected absorption band
peaks observed in the FT-IR spectrum of HTT growr
in both mediit is given in Table 5. [t is thus clear that th
FT-IR spectroscopic results of HTT crystals confirm the
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Fig. 9. FT-IR spectrum of HTT crystals grown from agur-agar gel.

Table §
Assignment of some selected FT-IR wave numbers (cm ol HTT

IR bands.cm ™' Assignments of peaks/bands

Silicu gel grown Agar-agar gel

grown crystals

2600-343M v (OH)+ v, (OH) of water and

OH of carboxylic acid

17201 1719.07 v (C =0} ; unionized COOH
groups.

161431 1585.43 1 (COOT)

115,74 1410.82 ¥, (CO0T)

120K 94 120918 v C-C

1067 09. 1140.23 1066 91.1140.03 v (C-OH)+ 5 (C-K)+ 1 (C-H)

942.39 943.02 v C-C

RI0.4S 840.45 4(C00)

presence of tartrate ligands and cstablish that one of the
tartrate ions is singly ionized.

3.4 4. Thermal stability results
Fig. FO shows the TGA and DTA curves of HTT crystals
grown in agar-agar gel. in the temperature range from 26
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Fig. 10. TG und DTA curves of HTT crystals grown from agar-agar ge!

to 400 C. From the TG curve, it is observed that the
material remains stable up to & temperature of about
220 C. In the temperature range 225-336 °C, the material
loses five water molecules and two COz molecules, leading
to the formation of holmium acrylate {34) (calculated
weight loss: 34.5%, observed: 35%). The loss of five water
molecules includes three coordinated and two intramole-
cular water molecules. The loss of two intramolecular
water molecules results into the dehydration of the tartrate.
thus leading to formation of holmium fumarate complex.
Probably this complex can undergo radical induced keto-
enol tautomerism. accounting for the relatively weak
absorption maximum at 936.19cm ™! (belonging to C=C
band) in the FT-IR spectrum of the intermediate obtained
at 280°C. With subsequent loss of two COa molecules.
the fumarate complex decomposes to holmium acrylate.
The formation of acrylate complex was confirmed
by carrying out CHN analysis of the intermediate obtained
at 340°C (calculated; € =21.3%, H = 1.5%. observed:
C =2096%, H = 1.55%). The thermal analysis of silica
gel grown crystals was observed to be the same.

4. Counclusions

The silica and agar-gar gel growth system involving the
use of holmium nitrate as upper reactant and t-tartaric
acid as lower reactant results in the crystallization of HTT.
Silica gel system leading to single-crystal growth for gel
PH<3.75 whereas for gel pH>4 the crystals assume
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spherulitic morphology  Use of agar agar gel yields single
and twinned crystals. The morphological form of single
crystals is dipyramidal with the major habit faces as {111}
and {001}, The morphological development of the crystals
grown in silica and agar -agar gels indicates differential rate
of growth along certain directions. The experimental
results obtained for the crystal count on the variation of
egrowth paramecters supgest that the crystals grown in silica
gel follow classical Yaws of three-dimensional nucleation
Single crystal XRD results show that the crystals belong
to tetragonal system with cell parameters a = 5.97.
¢ =36.09 and 1 = 1287.12 A", bearing u non-centrosym-
metne space group P4,. Infra red spectrum shows the
prescnce of tartrate ligands and establishes that one of the
tartratc 1ons is singly ionized. The stiochiometric composi-
tion of the crystals is established 1o be [Ho(C4sHaOW)
(CiHOW) - MHO0)). TGA reveals that the matenal is
thermally stable up to 220 C.
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Measurements on diclectric constant of holmium tartrate tnhydrate crystals at frequencies of the applicd a.c.
n the range | kHz to 1 MHz and at temperature m the range 30°C 1o 330°C are reported The diclectne
constant €' ncreases with temperature at all frequencies, attams a peak near 250°C, and then decreases as the
temperature goes beyond 250°C. The anomalous dielectric behaviour at near about 250°C is attnbuted to be
as a result of crystallographic/polymarphic phase transition brought about in the material. The results on the
dielectric behaviour of the material are supplemented by results of thermal analysis viz, TG and DTA.
Thermogravimetric and differential thermal analytic techniques have been used to study thermal behaviour of
the matenal it is shown that the material is thermally stable up to 220°C beyond which 1t decomposes
through three stages till the formauon of holmium oxide at 1200°C. The isoth 1 kinetic p s
c.g., activation energy and the frequency factor have been evaluated for first two stages of therma
decomposition by using the integral method of Coats and Redfem.

€ 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

The salts of tartaric acid belong to an imporant class of materials because of their interesting physical
properties such as ferroclectricity, piezoelectncity and non-lincar optical properties (Second Harmonic
Generation) [1-7]. The Ferroclectricity was first discovered in 1921 in the double salt of tantaric acid i.c., Na K
CiHOg - 4 H,O {8]. Subsequently, other types of double salts of tartaric acid were investigated for their
diclectric behavior (9, 10]. Diclectric and thermal properties of many tartrate salts with monovalent cations;
such as rubidium hydrogen tartrate [11], sodium tartrate [12) and ammonium tartrate {13] and divalent cations;
such as calcium tartrate (14], cadmium tartrate (1], manganese tartrate (15], zinc tartrate [16) and strontium
tartrate (17, 18] have been investigated. Some of these materials have shown to be ferroclectric [!, 8-10,14)
while others are non-ferroelectric [12,13).The rare earth tartrates bearing the formula R; (CH404)yxH,O
(where R = Y ,Sm) are shown to be thermally unstable and start decomposing at a temperature of about 50°C
[19). Studies on thermal decomposition of lanthanum-titanium tantrate complex have been reported ,which
shows the material to be stable up to 50-60°C [20). Deb (21] has reported thermal decomposition of lanthanum
tartrate decahydrate compound, which starts dehydrating even at room temperature. In this paper we describe
the diclectric and thermal behaviour of holmium tartrate trihydrate: Ho(C,H40e)(Ca HsO)3 H:0, which is a
trivalent tartrate salt. The single crystals of holmium tartrate trihydrate are shown to be thermally stable up to a
temperature of about 220°C as compared to most divalent tartrate salts that decompose at much lower
temperatures (14-17). The results obtained on dielectric studies are correlated with the thermal studics viz.,
thermogravimetric analysis (TGA), differential thermal analysis (DTA) of the crystals. The material under

* Corresponding author: e-mail: pn_kotru@yahoo com
£y ey
L%

erSclence*

€ 2007 WILEY-VCH Verlag GmbH & Co KGaA, Weinhcim



H Wt wral o Lanrm of Covstal Goth 290 02007 114 142

spherulitic morphology  Use of agar agar gel yields single
and twinned crystals. The morphological form of single
crystals 1s dipyramidal with the major habit faces as {111}
and {001}. The morphological developmient of the crystals
grown n silica and agar-agar gels indicates differential rate
of growth along certain directions. The experimental
results obtained for the crystal count on the variation of
growth parameters suggest that the crystals grown in silica
gl follow classical laws of three-dimensional nucleation
Single crystal XRD results show that the crystals belong
1o tetragonal system with cell parameters « = 5.97.
«=36.09 and V"= 128712 A", bearing a non-centrosym-
metric space group P4, Infra red spectrum shows the
presence of tartrate ligands and establishes that onc of the
tartrate 1ons is singly ionized. The stiochiometric composi-
tion of the crystals is established to be [Ho(C4H40.)
{CsH:Oq) 3(H-0)). TGA reveals that the material is
thermally stable up to 220 C.
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Measurements on dielectric constant of holmium tartrate tnhydrate crystals at frequencies of the apphied a ¢

in the range | kHz to 1 MHz and at temperature in the range 30°C to 330°C are reported The dielectne
constant ¢ imcreases with temperature at all frequencies, attains a peak near 250-C, and then decreases as the
temperature goes beyond 250°C. The anomalous di¢lectric behaviour at near about 250°C 15 attnbuted 10 be
as 3 result of crystallograpmc/polymorphic phase ansition brought about 1n the material. The results on the
dielectne behaviour of the material are supplemented by results of thermal analysis viz.. TG and DTA.
Thermogravimetric and differential thermal analytic techniques have been used to study thermal behaviour of
the matenal. It 1s shown that the matenal 1s thermally stable up to 220°C beyond which it decomposes
through three stages till the formauon of holmum oxide at 1200°C. The n hermal kinetic p 3
eg. activation energy and the frequency factor have been evaluated for first two stages of thermal
decomposition by using the ntegral method of Coats and Redfem.

€ 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

The salts of tartaric acid belong to an important class of materials because of their interesting physical
properties such as ferroelectricity, piezoelectricity and non-lincar optical properties (Second Harmonic
Generation) [1-7]. The Ferroelectricity was first discovered in 1921 1n the double salt of tananc acid 1.e., Na K
C4HiO¢ * 4 H:O [8]. Subsequently, other types of double salts of tartanc acid were nvestigated for their
dielectric behavior [9, 10]. Dielectric and thermal properties of many tartrate salts with monovalent cations:
such as rubidium hydrogen tartrate [11], sodium tartrate (12] and ammonium tartrate [13] and divalent cations;
such as calcium tartrate (14), cadmium tartrate (1), manganese tartrate (15), zinc tartrate (16] and strontium
tartrate (17, 18] have becn investigated. Some of these matenals have shown to be ferroclectric 1, 8-10.14)
while others are non-ferroelectric [12.13).The rarc carth tartrates bearing the formula R; (CiH0.)xH.O
(where R =Y ,Sm) are shown to be thermally unstable and start decomposing at a temperatuse of about 50°C
[19). Studies on thermal decomposition of lanthanum-titanium tartrate complex have been reported ,which
shows the material to be stable up to 50-60°C (20]. Deb {21] has reported thermal decomposition of lanthanum
tartrate decahydrate compound, which starts dehydrating cven at room temperature. In this paper we descnbe
lh_e dielectric and thermal behaviour of holmium tartrate trihydrate: Ho{C 4 HyOs)Cs Hs0,)-3 H;0, which is a
trivalent tartrate salt. The single crystals of holmium tantrate trihydrate arc shown to be thermally stable up to a
temperature of about 220°C as compared to most divalent tartrate salts that decompose at much lower
temperatures (14-17]. The results obtained on diclectric studies are correlated with the thermal studies viz.,
thermogravimetric analysis (TGA), differential thermal analysis (DTA) of the crystals. The matenal under
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snfdy is proposed to show the ferroelectric behaviour. Thermal behaviour of the material has been studied
using thermogravimetric and differential thermal analytic techniques.

2 Experimental

Sing]e crystals of holmium tartrate trihydrate were grown by single gel diffusion method [22, 23).The details of
various experiments on the growth of these crystals have been published elsewhere [24). The crystals obtained
from all experiments were of small size and thus it was not practically possible to carry out direct measurement
of diclectric constant on a single crystal. Therefore, the dielectric measurements were carried out on powdered
samples in the form of pellets. To obtain the pellet samples, the single crystals were finely ground and the
resulting powder was compressed into a die 13 mm in diameter and 1.2-1.5 mm in thickness under a pressure
of about 3.9x 10" N/cm’ using a hand operated hydraulic press. The samples were silver electroded by using a
fine paint brush to coat both faces of the pellets with a thin layer of silver paint. The dielectric measurements
were carried out in the frequency range | kHz — | MHz and over the temperature range 30 — 330°C using a
Hewlett-Packard impedance analyzer LF 4192A. A microprocessor based fumace fitted with a temperature
controller and a specially designed two-terminal sample holder was used to heat the sample. The impedance
analyzer directly provides the values of capacitance (C) and as such the dielectric constant (¢') is computed
using the relation

e=Cl/g, A

where C is the capacitance (in farad), t is the thickness (in metre), A the area (in m?), ¢, = 8.854 x 1072 F m™
and f is the frequency (in Hz) of the applied electric field.

Single crystal X-ray diffraction analysis of holmium tartrate trihydrate was carried out using Enraf-Nonjus
CAD4 diffractometer with Cu Ka radiation. The FT-IR spectra of the material in the wave number range of
400-4000 cm™ were recorded on a Bruker Vector 22 spectrometer using KBr pellet technique. Thermal
behaviour (thermogravimetric analysis and differential thermal analysis) of this material was investigated using
a Perkin-Elmer thermal analyser in N; atmosphere at a heating rate of 10 K/min.

3 Results and discussion

3.1 Dielectric characteristics

The depend of real dielectric (€') on temp at various frequencies of the applied a.c. field
was studied in the temperature range of 30-330°C and frequency range of | kHz —1 MHz. The results are
described as follows.
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Flg. 1 Variation of dielectric constant with temperature Fig.2 TG and DTA curves of holmium tartrate trihy:

at frequencies 1, 5, 10, 100 and 1000 kHz.

5Y-VCH Verlag GrmbH & Co. KGsA, Weinhelm
www.crt-journal.org ©2007 WILEY-VCH Verlag



824 B Wantetal Dielectric and theemal behaviour of holmium tantrate tnhydrate crystals
f 2 — A 2T e m ¢

Figure } shows the variation of real diclectne constant (&) with temperature at five frequencies (1, 5. 10, 100
and 1000 kHz) ot the applied a.c. tield s clear trom figure | that in the temperature range 30 < T < 160-C,
the dielectric constant of holmium tartrate tnhydrate 1s pracuically temperature independent. Other wartrate salts
also have been reported to show this type of behaviour |1, 14]. Beyond 160C. the dielectric constant increases
rapidly with temperature, attains a peak around 250°C, and then decreases as the temperature exceeds 250°C
The occurrence ol this peak may suggest a phase transition in the matenal near 250 C To account for this
behaviour, we have camied out thermal analysis viz, TG and DTA on the material Figure 2 shows the TG and
DTA curves of holmium tartrate trthydrate. The DTA cunve of tigure 2 shows an ¢ndothemue peak near
247.8°C, thereby, suggesung a phase tranmtion in the matenal. This temperature 1s close to the transition
temperature (250°C) obsenved in the dielectne constant versus temperature curve (Fig.1). Therefore, it may be
suggested that the matenial shows a terroclectne behaviour in the temperature range 30 < T < 250°C. The phase
transthon could be due to structural changes as well as due to dehydraton of the compound. The phase
transition due to loss of water molecules as well as due to structural changes has been reported by Torres et al
{1} 1n the case of cadmium tartrate crystals. However, in the present case the possibility of phase transiien
exclusively due to loss of water molecules is ruled out in the hght of the results of thermal behaviour of the
material. Fig.3 shows thermogravimetnie (TG) and DTG cunves of holmium tartrate tnhydrate in the
temperature range 225 - 336°C. Up to a temperature of about 250°C , there occurs a loss of one H,O molecule
from the compound (Cal. wt. loss : 3.49 %; Obs. wt. loss ; 3.35 %).Corresponding to this loss there 1s an
endothermic peak at about 247.8°C as shown in the DTA curve of figure 2.

A further loss of 4 water molecules occurs in the temperature range of 250-280°C (observed loss: 13.7%;
calculated loss: 13.91%). Therefore, it may appear that there should be at least two transitions; first in the
temperature range 225-250°C (corresponding to DTA peak at 247.8°C) and second in the temperature range
250-280°C (corresponding DTA peak at 271°C). However, in the present case the only transition that has been
observed in the dielectric constant versus temperature curve (Fig. 1) 1s around 250°C. Therefore, the possibilhity
of the matenal showing the phase transition near 250°C exclusively due to dehydration may be ruled out. The
sccond possibility is that dielectric anomaly near 250°C i1s duc to a crystallographic change/polymorphic phase
transition brought about in the material (including due to loss of one H.O molecule). The DTA curve of figure 2
shows an endothermic peak near 247.8°C, thereby, suggesting a phase transition in the matenial. This
temperature is close to the transition temperature (250°C) observed in the diclectric constant versus
temperature curve (Fig. 1). Therefore, it may be suggested that the material shows a ferroelectric behaviour up
1o the temperature of 250°C. The ferroelectricity in tartrate salts 1s belicved to be due to the hydroxyl groups of
the tanrate molecules. It is belicved that the hydroxyl groups in the tartrate jons makce the major contribution to
the spontancous polarization in salts of tartaric acid .The spontaneous polarization results from the two possible
positions for hydrogen atoms which are believed to lic in intrinsically asymmetric double minimum potential
well (25).

3.2 Thermal characteristics

TG/DTA curves of holmium tartrate trihydrate in the temperature range of 30 -~ 1200°C arc shown 1n figure 2
whereas figurc 3 shows TG/DTG curves in the temperature range 225 -336°C only to illustrate the specific
details of the first stage of decomposition. It is clear from the TG curve of figure 2 that the material remains
stable up to a temperature of about 220°C. In the temperature range 225 -336°C, the material loses five water
molecules and two CO, molecules, leading to the formation of salt of holmium acrylate {26] (calculated wt
loss: 34.5 %, observed wt. loss: 35 % ). A close look at the DTG curve of figure 3 reveals that the first stage of
decomposition (225 - 336°C) actually consists of three sub stages (225-250°C, 250-280°C and 280-336°C). The
first sub stage (225-250°C) is duc to dehydration resulting in the climination of one water molecule from the
material (Cal. loss : 3.49 %; Obs.loss : 3.35 %) .The next sub-stage (250-280°C) corresponds to the loss of four
water molecules (Cal. loss : 13.91 %; Obs.loss : 13.7 %).The total loss of five water molecules in the
temperature  range  225-280°C includes three coordinated and two intramolecular water molecules.
Corresponding to these sub-stages there are two endothermic peaks in the DTA curve at about 247.8 and 271°C
respectively (see Fig. 2). The dehydration temperature range (225-280°C) which is quite high, suggests the
presence of coordinated water in the compound [27). The loss of two intramolecular water molecules results
into the dehydration of the tartrate molecule, thus leading to the formation of holmium-fumarate complex In
the third sub-stage (280-336°C) there occurs a loss of two CO: molecules (Cal. loss: 17 %5 ; Obs loss 16.95)
and the holmium-tfumarate complex decomposes to holmium acrylate. Corresponding to this sub-stage (280-
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336°C), there is an exothermic peak in DTA, at about 314.7°C. The formation of holmium acrylate !
was confirmed by carrying out CHN analysis of the intermediate obtained at 340°C (Calculated; C=2i 3 % H
= 1.5 %, Observed; C = 20.96 %, H = 1.55 %).To further support the above arguments, we have carried out ;he
FT-IR spectra of holmium tartrate trihydrate ( at room temperature) and the intermediate products obtained at
285°C, and 340°C as shown in figure 4.

100 ;' 00+ =
me'c L oo —30'C
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Fig.3 TG and DTG curves of holmium tartrate trihydrate. Fig. 4 FT-IR spectra of holmium tartrate trihydrate
(curve-1) and the intermediate prod; btained at
285°C (curve-2) and 340°C (curve-3).
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Fig. 5 Arrhenius plot of the best fitting function g (a) for Fig. 6 Arthenius plot of the best finting function g
stage-1 (225-336°C). (a) for stage 2 (385-510°C).

The strong peak at 1719 ¢cm” ,as shown in curve-l, is duf to carb_oxylnle unboundcd. gmug 28] Thh:
absorption bands at approximately 1585 cm™ and 1410 cm’ arc'assngned to asymmetric an %Tlme'l'h ¢
vibrations of carboxylate group. The band at 1066.9 cm™ may be assngl}ed to bond I:ydroxyl group v( ).f b
FT-IR spectrum of intermediate (holmium fumarate, curve-2) obtarr_led at 285_C' shows presence ?n &
functional groups in a tartrate molecule ,thus confirming that the organic skeleton is in tact up ‘(lo m;:;‘c 3
of about 285°C. In the FT-IR spectrum of intermediate (holmium acrylate, curve-3) obmlpe n![ At A
absorption band at 1594.60 cm™ and 1416.7 cm”' comresponding to symmetric and uw’e'mcnsn"::u:ed g
0), suggesting the presence of carboxylate groups. The absorption geak at ll.l7 cm CIS .Th gy
stretching vibration of w(C-H) and a peak at 947 cm” to the stmlchmg vnbmlqn w(C- ;'u i
spectrum obtained at 360°C is in conformity with the proposed product i.e. holmium acrylate.
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stage between the temperature interval 388-510 € |, the acn late of holmum decomposes and gets reduced to
holmium acetate. The second stage of decomposition corresponds to the chminatuon of two CO motecules from
the matenal. The observed weight loss in this stage s about 11 1% (calculated  wt loss
10.85%).Corresponding to this stage there 1s an exothermic peak at gbout 415 5°C Afer 510 C the residual
matenal suffers a continuous weight loss until at about 1200-C holmium oxide 15 formed. A total observed
wesght loss of about 62 4 ®o from 30 C to 1200-C corresponds to the formation of holmum oxide (calculated
loss. 63.4 °5).The formation of oxides of other rare carth compounds from their coordination complexes has
also been reported in the literature [29].

Single crystal X-ray difiraction studies indicate that the ¢rystals of holmium artrate tnhydrate belong to
tetragonal system with the cell parameters a = 597 A. ¢ = 36.09 A, beanng the space group P4, [24] These
results show that the matenal grown under present investigation 1s 1somorphous with those reported in the
literature [30-32). Based on these finding we expect the structure of holmium tanrate trihydrate to be similar to
those of reported structures of rare earth tartrates [30-32). Therefore, we suggest the molecular structure of the
compound under investigation to be the one shown on the LH'S of reaction | (see below) The thermal
decomposition of holmium tartrate trihydrate that occurs through the reactions 1s given below

H,0
0. O Q. .0 0. o
- N g 1’/ C Ho ° c,ro
HO_ > c © (U]
HO HO™ N\ —HO HC™ oW "O/C':CM" 5H0
y [ \ /& 25280°C ¢
0" S0  HO0 HO HO o [ wo~ g
050~ QO 3
¢ Ho e O -0 920
)i é Ho ?‘ + 260,
He oM no—Cx o c . an
CcH ’ ° 1 TSOH- ~C
i i %0-336°C M0 OH HO” Scp,
o o o~ g
Oxp— e (o] 0 O o
c o =" > BT NS e O\c,;O
L N & Ly Tee
3
HC OH SHOT New,  asssi0’c ?

The non-isothermal kinetic parameters have been worked out for the complete stage-1 (225-336°C) and stage-2
(385-510°C) using the integral method by applying the Coats — Redfern approximation [33):

g(a)‘l [AR[ ZRT] E
— =l —|1-=— 1|~

In| 849 =
" 7 E ))& W

\vher_c a is the fraction of reactant used, g(a) is the conversion function dependent on the mechanism of the
reaction, R the gas constant (= 8.314 J K' mol'), E is the activation energy (kJ mol'), T the absolute
temperature (K), B the linear heating rate (K s ') and A is the frequency factor (s '), This equation is most often
gla)

used to describe the kinetics of thermal decomposition of solids in general. A plot of In versus /T

gives a straight line for the correct model.

The statistical parameters; corrclation coefficient r and Snedecor’s variable F were calculated to aid the
selection of the g(a) function best describing the experimental results (34). The values of the kinetic and
staustical parameters for all analysed models are listed in table 1.

The Arrhenius plot for the best-fitting curve for the stage | and stage 2 is shown in figure 5 and figure 6
respectively. It 1s clear from table 1 that the best fitting expression for the stages | and 2 is that of random
nucleation model F1 with activation energies 12195 kJ/mol and 137.35 kJ/mol respectively  The
corresponding frequency factors are 1.05x10" (s ') and 3.56 x 10°(s ") respectively ‘
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Table 1 Kinetic and statistical parameter values from the TG experiment.
Stage  Model  E ( ki/mol) Ash r F
DIl 178.56 5.93x10' 0.96774 8853
D2 196.5 2.05x10" 0.97894 13798
D3 48.73 2.22x10' 0.98739 23338
1 D4 2049 3.23x10" 0.98351 17739
Fl 121.95 1.05x10° 0.9961 76402
F2 185.83 3.19x10" 0.97554 11814
A2 56.35 261 99534 63932
A3 34.48 1.60x10? 0.99436 52760
R2 100.23 3.06x10° 0.98439 18774
R3 106.7 9.52x10° 0.98969 28650
D1 179.68 1.42 10 0.91537 3509
D2 205.1 7.47 x10° 0.93765 4941
D3 51.65 2.16 x10? 0.95003 6288
2 D4 217.14 1.48 x10° 0.94743 5953
F1 137.35 3.56 x10* 0.97909 15729
F2 230.5 7.28 x10" 0.97838 15192
A2 62.66 2.18 x10' 0.97469 12907
A3 37.77 7.97 x10? 0.96886 10397
R2 106.04 5.52 x10' 0.94726 5933
R3 115.33 2,07 X107 0.95983 7945

4 Conclusions

The study of the dielectric behaviour of holmium tartrate trihydrate crystals shows the strong dependence of
dielectric constant on temperature. The dielectric constant (¢' ) varies with the temperature and attains a peak
value around 250°C after which it decreases, thus establishing this temperature as the transition temperature of
the material. Thermogravimetric analysis shows that the material is thermally stable up to a temperature of
about 220°C. Decomposition of holmium tartrate trihydarte occurs in three complete stages ultimately leading
to the formation of holmium oxide. The reactions corresponding to stages | and 2 are both govemed by
random nucleation model F1 with activation energies 121.95 kJ/mol and 137.35 kJ/mol respectively.
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Abstract Dielectric and thermal characteristies of gel
grown single crystals of ylterbrum tartrate trihydrate have
been carmed out. The dielectric constant has been measured
as a function of frequency in the range 2 kHz-1 MHz and
temperature range 30-300 °C The dielectrnc constant in-
creases with temperature, altains a peak near 215 °C, and
then decreases as the temperature exceeds 218 °C. The
dielectric anomaly at 215 °C is suggested to be due to
phase transition brought about in the material. The
dielectric behaviour of the material is correlated with the
results on thermal analysis. Thenmogravimetric and dif-
ferential thermal analysis have been used to study the
thermal characteristics of the material. The experimental
results show that the matenial is thermally stable up to
200 °C. The decomposition process occurs in 1wo stages
until ytterbium oxide 1s formed at 700 °C. The non-iso-
thermal kinetic parameters e.g.. activation energy and the
frequency factor have been evaluated for each stage of
thermal decomposition by using the integral method,
applying the Coats-Redfern approximation.

Introduction

The salts of tartaric acid belong to an important class of
materials because of their interesting physical properties
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such as Ferroelectncity, Piezoelectricity and non-linear
optical properties (Second Harmonic Generation) {1-7].
The Ferroelectricity was first discovered in 1921 an the
double salt of tartaric acid 1.e, NaKC,H,0, 4H,O (8).
Subsequently, other types of double salts of tartaric acid
were investigated for their dielectric behaviour [9. 10].
Dielectric and thermal properties of many tartrate salts
with monovalent cations; such as rubidium hydrogen
tartrate {11], sodium tartrate [12] and ammonium tartrate
{13} and divalent cations; such as calcium tartrate [14].
cadmium tartrate [1] manganese tartcate [ 18], zinc tartrate
[16] and strontium tartrate [17. 18} have been invest-
gated. Some of these materials have shown to be ferro-
electric [1, 8=10. 14] while others are non-ferroelectric
(12, 13). The spherulitic polycrystals of rare earth tartrates
bearing the formula R; (C.H,O¢)w H,O (where R = Y.
Sm) were shown to be thermally unstable and start
decomposing at a temperature of about 50 °C [19).
Studies on thermal decomposition of lanthanum tartrate
decahydrate have been reported, which shows the material
to be unstable even at room temperature [20). In ths
paper we describe the dielectric and thermal behaviour of
single crystals of ytlerbium tartrate  trihydrate.  Yb
(CiH 00 (C4HsOe)  3H-0, which is a trivalent tartrate
salt. The single crystals of ytterbium tartrate trihydrate are
thermally stable up 10 a temperature of about 200 °C as
compared to most divalent tartrate salts that decompose at
much lower temperatures [14-17]. The resuhs obtained on
dielectric studies are correlated with the thermal studies
viz., thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) of the crystals. The materal
under study is proposed to show the ferroclectric behan -
iour. Thermal charactenistics of the material have been
studied using thermogravimetry and differenttal thermal
analytic techniques.
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Experimental

Single crystals of ytterbium tartrate tnihydrate (YbTT) were
grown by single gel diffusion method (21, 22) using two
types of gels: an inorganic (silica) gel and an organic (agar—
agar) gel. The details of various experiments on the growth
of these crystals have been published elsewhere [23]. The
crystals obtained from all experiments were of small size
and thus it was not possible to carry out direct measurement
of dielectric properties on a single crystal. Therefore, the
dielectric measurements were carmied out on powdered
samples in the form of pellets. To obtain the pellet samples,
the single crystals were finely ground and the resulting
powder was compressed into a die 13 mm in diameter and
1-1.3 mm in thickness under a pressure of 5 tons/cm? using
a hand operated hydraulic press. The samples were silver
electroded by using a fine paintbrush to coat both faces of
the pellets with a thin layer of silver paint. The dielectric
measurements were carried out in the frequency range
2 kHz-1 MHz and over the temperature range 30-300 °C
using a Hewlett—Packard impedance analyzer LF 4192A
and further automated by using a computer for data
recording, storage and analysis. A microprocessor-based
furnace ftted with a temperature controller and a specially
designed two-lerminal sample holder was used to heat the
sample. The impedance analyzer directly provides the val-
ues of capacilance (C) and, so the dielectric constant (¢') is
computed using the relation;

£ = Crlg,A

where C is the capacitance (in farad), ¢ is the thickness (in
m), A the area (in m%), £, = 8.854 x 107> Fm™' and f is
the frequency (in Hz) of the applied electric field.

X-ray powder diffraction analysis of ytterbium tartrate
trihydrate was carried out using Bruker D8 Advancg X-ray
diffractometer with Cu Ka radiation (2 = 1.5406 A). The
FT-IR spectra of the material in the wave numbcr range of
400-4,000 cm™ were recorded on a Bruker Vector 22
spectrometer using KBr pellet technique. Thermal behav-
iour (thermogravimetric analysis and differential thermal
analysis) of the material was investigated using a Perkin—
Elmer thermal analyser in N, atmosphere at a healing rate
of 10 °C/min.

Results and discusslon
Powder X-ray diffraction results
The powder X-ray diffractogram of YbTT crystals is

shown in Fig. 1. The occurrence of intense peaks nt spe-
cific Bragg angles 20 indicates the crystallinity of the
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Fig. 1 Powder X-ray diffractogram of yllerbium tartrate trihydrate
crystals

grown material. The powder diffraction pattern of YbTT
was indexed with the TREOR program [24]. using the
20 most intense peaks. A tetragonal ynil cell was found
with cell parameters a = 5.885(4) A. ¢ =35.801(1) A,
a=f=y=90° V=1239.9(5) A>, where the numbers in
the parentheses are standard deviations in the last signifi-
cant digits. The calculated cell paramelers are consistent
with those of reponied isomorphous materials {25-27).

Dielectric characteristics

The dependence of real dielectric constant (¢') on temper-
ature at various frequencies of the applied ac. field is
studied in the temperature range of 30-300 °C and fre-
quency range of 2 kHz-1 MHz. The results are described
as follows.

Figure 2 shows the variation of real dielectric constant
(&) with temperature at four frequencies (2, 10, 100 and
1.000 kHz) of the applied a.c. field. It is clear from Fig. 2
that in the temperature range 30<T < 180 °C, the
dielectric constant of ylterbium tartrate trihydrate is prac-
tically temperature independent in the higher frequency
range 100-1,000 kHz whereas it shows slight dependence
al the lower frequencies of 2 and 10 kHz. Other tattrate
salts also have been reported to show this type of behaviour
{1, 14). Beyond 180 °C, the dielectric constant increases
almost suddenly with temperature, attains a peak around
215 °C, and then decreases as the lemperature exceeds
215 °C. The occurrence of this peak may suggest a phase
transition in the material near 215 °C. To account for this
behaviour, we have two possibilities. The first po.\‘lsibllily 18
that on heating the sample up to 225 °C, there is lofs of
some water molecules and because of this dehydration a
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transion appears 1o have occurred a1 about 215 “C. The
phase transition due to loss of water molecules as well as
due to structural changes has been reported by Torres el al
[1] in the case of cadmium tartrale crystals. However. the
possibility of phase transition exclusively due to loss of
water molecules is ruled out in the light of the results of
thermal behaviour of the material under consideration
Figure 3 shows thermogravimetric (TG) and DTG curves
of ytterbium tartrate trihydrate. The material loses about
five water molecules (three from coordinated water and
two from intramolecular. observed weight loss: 17.46,
calculated weight loss: 17 [5%) in the temperature range of
200-285 °C. Up to a emperature of about 225 °C, there
occurs a loss of about 0.5 H,O (observed loss: |.8%

caleulated loss: | 72%). Corresponding to this loss there is
an endothermic peak at about 213.8 °C as shown by the
DTA curve of Fig 4. A further loss of 4.5 water molecules
occurs in the temperature range of 225-285 °C (observed
loss: 15.6%: calculated loss: 15.43%). Therefore, it may
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Fig. 3 TG and DTG cunves of yuerbium rarrate tnihydrate

heia

Fig. 4 TG and DTA curves of sierbim tanrate irthsdrate

appear that there should be at least two transiions: lirst m
the temperature range 200-225 " C (corresponding to DTA
peak 2138 °C) und second in the temperature range 225-
285 “C (cormesponding to DTA peak 283.5 C). However,
n the present case the only transiion that has been
observed in the dielectric constant versus temperature
curve (Fig. ) is around 215 °C. Therefore. the possibility
of the material showing the phase transition near 215 °C
exclusively due to loss of water molecules may be ruled
out. The second possibility is that dielectric anomaly near
215 °C iy due to 4 crystallographic change/poly morphie
phase transition brought about in the material (including
due to loss of 0.5 H.O molecules). The DTA curve of
Fig. 4 shows an endothermic peak near 213.8 “C. thereby,
suggesting a phase transwion in the material This tem-
perature is close to the transition temperature (215 °C)
observed in the dielectric constant versus lemperature
curve (Fig. 2). Therefore, 11 may be suggested that the
matental shows a ferroelectric behaviour up to the tem-
perature of 215 °C. The charactenistic feature of rare earth
tartrate salts is that in all these crystal structures, rare earth
cations and hydrogen bonds of O-H O type involving water
ligands. hydroayl O and the carboxylate O atoms, hnk the
tartrate anions nto layers parallel to (001); these layers are
linked together by hydrogen bonding between adjacent
tartrate molecule [25-27]). [t is beliesed that the hydroxyl
groups in the fartrate ions make the major contnbution to
the spontancous polarization n salts of tanaric acid The
spontaneous  polarization results from the two possible
positions for hydrogen atoms, which are believed tw lie in
intrinsically asvimmetnic double mimmum well potential
128].

The variation of dielectric constant as a function of
trequency is shown m Fig. 5 The mset of Fig. 3 shows the
vanation ol dielectric constant with frequency at high
temperatures. It is ¢lear from Fig. 5 that diclectric constant
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of ytterbium tantrate trihydrate decreases gradually with
increasing frequency. The decrease of dielectric constant
with increase of frequency is a normal dielectric behaviour
and can be explained on the basis of various polarization
mechanisms. There are four primary mechanisms of
polarization in materials i.e., electronic, ionic or atomic,
dipolar or orientational and space charge or interfacial
polarization. At low freq ies, all the hani of
polarization contribute to the dielectric constant and with
the increase in frequency, the contributions from different
polarizations start decreasing. For example, at very high
frequencies (10'* Hz). only electronic polarization con-
tributes to the dielectric constant, while ionic polarization
takes place at IR frequencies (~10'* Hz). In the material
under present investigation the high rise of dielectric con-
stanl at lower frequencies may be atiributed to space charge
polarization due to crystal lattice defects. The gradual
decrease in dielectric constant with frequency suggests that
ytterbium tartrate trihydrate has domains of different sizes
and hence varying relaxation times.

Thermal characteristics

Simultaneous recording of TG and DTA was made in the
temperature range 40-1,200 °C .The results thus obtained
are shown in Figs. 3 and 4. Figure 3 shows the TGA/DTG
curves of ytterbium lartrate trihydrate crystals. From the TG
curve, it is observed that the material remains stable up to a
temperature of about 200 °C. In the temperature range 200
354 °C, the material loses five water molecules and two CO,
molecules, leading Lo the formation of ytierbium acrylate
[29] (calculated weight loss: 34%, observed weight loss:
35.4%). A close look at the DTG curve reveals that the first
stage of decomposition (200-354 °C) actually consisis of

10g f (Hz)

two sub stages (225~285 °C and 285-354 °C). The first sub
slage (200-285 °C) is due to dehydration resulting in the
elimination of five water molecules from the material. This
includes three coordinated and two intramolecular water
molecules. The dehydration temperature range (200~
285 °C), which seems to be high, suggests the presence of
coordinated water in the compound [30]. The d
weight loss in the first sub-stage is about 17.4% (calculated
loss, 17.15%). Corresponding to this dehydration step there
are two endothermic peaks in the DTA curve at about 213.8
and 283 °C, respectively (see Fig. 4). The loss of two
intramolecular water molecules results into the dehydration
of the tartrate, thus leading to the formation of ytterbium-
fumarate complex. In the second sub-stage (285-354 °C),
there occurs a loss of two CO, molecules and the yuterbium-
fumarate complex decomposes 1o ytlerbium acrylate. Cor-
responding to this sub-stage (285-354 °C), there is an exo-
thermic peak in DTA, at about 305 °C. The formation of
acrylate complex was confirmed by carrying out CHN
analysis of the intermediate obuained at 360 °C (Calcu-
lated; C =20.82%, H = 1.45%, Observed; C = 9.96%,
H = 1.5%). The FT-IR spectrum of ytterbium tartrate iri-
hydrate (curve 1) and the intermediate product (curve 2)
obtained at 360 °C is shown in Fig. 6. The strong peak at
1.718 em™', as shown in curve 1, is due to free carbonyl
streich v (C=0), which shows that besides ionized COO”
group there is also presence of unionized carboxyl gmugs
(COOH) in the compound [31]. A band centred at approxi-
mately 1,587 cm™ is due to C=O asymmetric streich of
carbonyl group. The absorption at 1,410 cm™' isauributed 0
C=0 symmetric vibration. In the FT-IR spectrum of inter-
mediate (ytterbium acrylate, curve 2) an absorption P‘f‘ks L
1595.20 cm' and 1.418 cm™' corresponds to symmetric and
anti symmetric stretch of C=0 and the absorption peak at
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Fig. 6 FT-IR spectrum of jtierbum tartrate tnhyvdrate crystals
obtained al room lemperature (curse 1y and ot 360 °C (une )

3381.9 cm™' 15 attnbuted o the stretching vibration ol hy -
drovyl group. Thus the FT-IR spectrum obtamed at 360 C s
in conformity with the proposed product 1e viterbium
acrylate. In the second stage between temperature 385 and
700 °C. the acrylate of ytterbium decomposes and gets re-
duced to ytterbium oxide. which is ¢lear from the saturation
of TG curve from 700 °C onwards. The second stage of
decomposition corresponds to the elimination of two CO,
and two CH>=CH, molecules from the material. The ob-
served weight loss in this stage is about 26.86% (calculated
weight loss: 28.29¢%) Corresponding 10 this stage there 1s an
exothermic peak at about 406.8 °C. The thermal decompo-
sition of ytterbium tartrate trihydrate that occurs through the
reactions L. I1, and I are given below Based on the reported
isomorphous materials [25-27], we suggest the molecular
structure of the compound under tnvestigation 1o be the one
shown on the L H.S of reaction (1)

The temperature wnoen above the arrow corresponds o
the avimu decomposition rate as shown by DTG cunve
1t may be emphasized here that the proposed molecular
structure agrees well with the decomposition steps of
vtterhium tartrate nhydrate as shown above

The paramelers have  been
worked out tor the complete s 1 (200-354 C) and
2 (385-700) using the mtegral method by applyving
the Coats Redlern approximation {121,

non-wothermal - khinetie

slag

‘AR
In | = ‘ |
T- Ep

3 i
'0“)) RT

where 2 1s the tracton of reactant used. gtx) 15 the con-
version lunctuon dependent on the mechanisim ot the
reaction. R 15 the gas constant (=8.314 J K ''mol '), E 1
the actination energy (k] mol™' ). T the absolute tempera-
wre (K), ff the hnear heating rate (K s~ and A 15 the
Irequency factor (» 'Y This equation 15 most often used o
descnibe the hinetics of thermal decomposition of solids m
general A plot of In
for the comrect model.

= versus I/T gives a straght line

The statistical parameter. correlation coefficient r and
Snedecor’s variable F were calculated to aid the selec-
ton of the g t2) function best describing the expern-
mental resufts [33). The of the kinetiw and
staustical parameters for all analysed models are histed in
Table I. The Arrhenius plot for the best-ntung cunve for
the stage 1 and stage 2 s shown m Fig. 7 and 8,
respectinely. It 1s clear from the Table 1 that the best
fitting expression for the stage 1 is that of random
nucleation model F1 with activation energy of 103.6 kJ/
mol whereas for stage 2 the second order reaction model
F2 fits best to the experimental results with activayon
energy 136.33 kJ/mol
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Table 1 Kinetic and

parameter values for stages | Suge el E (klfmob A i =
andi2 | DI 159.58 ' ]
. 7.27E x 10" 0.97435 15917
D2 17275 907 x 10"? 0.98192 22838
D3 41.325 9.53 x 10* 0.98702 32'067
D4 179.06 9.27 x 10" 0.98529 23.175
FI 103.6 173 x 10 0.9954 91,735
F2 155.23 4.82 x 10" 097629 17212
A2 41.26 1.55 x 10 0.99439 75‘,049
A3 4442 7.50 x 10° 099302 60,161
R2 86.825 1.38 x 10° 098555 28,744
R3 91.145 311 x 10 098977 40,847
2 DI 69.30 4.4E x 107 0.8378 2532
D2 1252 20x 107 0.84078 2592
D3 15.43 24107 0.80161 1933
D4 80.85 23 % 10* 0.86763 m
Fl 59.90 3.1 x 10* 0.93897 8,010
F2 136.33 7.5 %107 0.95082 10,131
A2 23.76 4.9 x 10° 0.90604 4928
A3 11.66 1.8x 10" 0.8424 2627
R2 .77 7.6 x 10° 0.84645 21,167
R3 4332 1.3x10° 0.88542 3901
40 -
" [Model F1|
-2
ey

In [-in{1-ayT
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Fig. 7 Amhenius plot of the best fitting function g (z) for stage 1
(200-354 °C)

Conclusions

The study of the dielectric behaviour of ytterbium tartrate
trihydrate crystals shows the strong dependence of dielec-
tric constant on temperature. The dielectric constant (¢")
varies with the temperature and attains a peak value around
215 °C afler which it decreases, thus establishing this
temperalure as the transition temperature of the material.

Ln [(1-a)')

000120 Oﬂilﬁ uuém 000135 0.00140 0.00145 000150 QO01SS
(K"

Fig. 8 Arhenius plot of the best fitting function g (a) for stage 2
(385-700 °C)

X-ray diffraction results suggest that the crystals belong (o
tetragonal system with cell parameters: 3= 5.885 A,
c=3580 A, a=f=7y=90° V=1239.86 A>. Thermo-
gravimelric analysis shows that the material is thermally
stable up to a temperature of about 200 °C. Decomposition
of yuerbium tartrate trihydarte occurs in (wo complete
stages ultimately leading to the formation of ytterbium
oxide. The reaction corresponding to stage 1 is governed by
random nucleation model F] with activation encrgy
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103.6 K/mol and trequency fuctor 1 73 x 10« whereas

I )
that of stoge 2 hy second order reaction model F2 owath

actination  enerey 136 33 kJ/mol and  trequencs Lactod
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