
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 trihydrate, 

gadolinium tartrate trihydrate 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 grovrth kinetics were studied. It 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 grov\rth 

whereas for gadolinium tartrate, single crystals are observed to grow at gel pH s 

3.5. In both the cases crystals assumed spherulitic morphology for gel pH > 4 In 

case of ytterbium tartrate, single crystal growrth occurs at silica gel pH s 3 whereas 

for gel pH a 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 expenmental results obtained for the 

crystal count on the variation of growth parameters (gel 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



Scanning electron microscopic studies reveal ttiat the spherulitic formation of 

holmium and ytterbium nitro-tartrates result due to crystal fibres diverging radially 

from multiple nuclei onginating from the centrally located amorphous/non- 

crystalline base

The grown crystals are characterized by various methods The crystallinity 

of samples is confirmed by X-ray powder diffraction Single crystal X-ray diffraction 

experiments carried out on single crystals of holmium and gadolinium tartrate 

trihydrate show that both the crystals belong to tetragonal system bearing non- 

centrosymmetric space group P4, The cell parameters for holmium and 

gadolinium tartrate trihydrate crystals are respectively , a = 5 9701 A , c = 36 089 

A and V =  1286 28 A'  and a = 6  0201 A ,c  = 36 3719A  and V =  1318 17 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 

trihydrate are computed to be: a = 5 885 A. c = 35 80 A , a = p = y = 90° and V = 

1239.86 A ’ . Fourier transform infra red spectroscopic studies carried out on the 

grown crystals of holmium, gadolinium and ytterbium tartrate trihydrate show the 

presence of tartrate ligands and it establishes that one of the tartrate ions is 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(C4H4 0 6 ) (C4H5O6) 3 H2O ( 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 trihydrates is studied using thermoanalytical techniques like TGA/ 

DTG and DTA. The experimental results show that single crystals of holmium. 

gadolinium and ytterbium tartrate trihydrate 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 tnhydrate 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
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Studies are extended to some physical properties of the grown samples 

The dielectric studies are carried out and it is found that the crystals of holmium 

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 gadolinium tartrate tnhydrate). 250 °C (for holmium tartrate 

tnhydrate) and 215 °C (for ytterbium tartrate tnhydrate) after which it decreases, 

suggesting these crystals to be ferroelectric in nature A vibration sample 

magnetometer is 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 tnhydrate crystals 

and the values are observed to be in good agreement with the theoretical values of 

the respective free rare earth ions It also establishes that the tartrate ligands make 

negligible contribution to the magnetic moment of the crystals

11.2 Scope fo r fu rther research

The present work describes and discusses the growth, characterization and 

some proprieties of rare earth tartrates of the type R (C4H4O6) (C4H5O6) 3 H2O 

(where R = Ho. Gd. Yb ) as has been summanzed above The studies on single 

crystals of rare earth tartrates reveal that they have a lot of potential in various 

applications due to their ferroelectnc. magnetic and non-linear optical properties 

The anomalous behaviour of the dielectnc constant of gadolinium, 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 ferroelectnc 

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 in investigating the ferroelectric behaviour of 

these materials 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 is 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, i e . materials 

which alter the frequency of laser light, materials which have an index of refraction 

that varies with light intensity or with applied electncal field, or (in the case of 

photorefractive nonlinear optical materials) matenals which have a local index of 

refraction that is changed by the spatial variation of light intensity Rare earth 

tartrate trihydrate crystals grown in the present work (in which a rare earth ion is 

coordinated to asymmetric conjugate organic molecules i 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 is 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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I  Introduction

Crystal gfowih from gels 11,2) is an inexpensive and sim

ple lechnique for growing single crystals of maierials lhal show 

poor solubiliiy in water. The method involves diffusion o f two 

reagents in a gel at a reasonably slow and controlled rate to yield 

8 sparingly soluble reaction product. By preventing convection 

«>UTents or turbulences and remaining chemically inert, the gel 

medium provides a three-dimensional structure in which the 

crystal nuclei are delicately held in the position of iheir forma- 

i*on. Moreover, as the crystals grow at low temperature, there is 

reason to believe the presence o f minimum equilibriutn defects.

Most tartrate compounds have shown to e.xhibit interesting 

physical properties such as ferroelectricity. piezoelectricity and 

®Piical second harmonic generation, etc. (3-8). Consequently.

of them are used in transducers and several linear and 

■'on-linear mechanical devices 13.4.6). Many investigators have 

Pown single crystals o f tartrate compounds by gel method and
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S tu d ie d  their characteristics (9-111. Rare e a n h  tartrates bearing 

the general formula R;(C4H40(,).vaH;0  (R = Nd. Dy. Gd, L i, 

Di. Pr. Sm and Y) have been grvnvn by gel diffusion method using 

silica hydrogel as a niedium of growth (12-181. In the present 

study, we report the growth and characterization of single as 

well as spherulitic cry stalsof gadolinium tartrate tnhydarte bear

ing the chemical formula G d'*(C4H40(,)“ “ lC4Hs06) ' “  ?H ;0 . 

which suggests that there are three water molecules bonded to 

gadolinium and the tartrate is  disordered between a doubly and 

singly ionized species. Therefore, the gadolinium tartrate t n -  

hydrate crystals gaw n here are ditTerent fn.Mii those repv^rtcd 

in the literature |W.I31. Pastorek (1^) repc'rted the material to 

have Jive waters o f hydration w hcrvas Kotru ct al [ 13) reported 

the grow th of dihydrated gadolinium tartrate >pherulite.s by gel 

methixl bearing the fommla Gd>(C4H40f, )y 2H :0. The cr> stals 

grown during the present study are isomorphous with erbiun\ 

ditanrate trihydrate. yttrium tartrate hydrate and samarmm tar

trate trihydrate reported in the literature.s 120-22]. In this paper, 

we also present the results obtained b> p<>n\der X-ray dilTrac- 

tion. EDAX, FT-IR spectroscopy, elemental anal>sis tCHN), 

thernuvanalytical techniques such as thennograv mietry tTGl. 

differential thermogravimetr> (DTG) and differential thermal 

analysis (DTAl of gadolinium tiu-trite trih>d.irto crystals
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2. F.xpcrimcnt«l pnKwlurc

r  /  ih \ n v t h

Rare c;inh lartniles sliow potTsoluhilijy in water, ihey decom

pose Iv lo rc  nichini;. and do not \apori/e  or sublime. Conse

quently. ihe only aliemauve lo grow single crystals of these 

matenals is by chemical reaction at a controlled rale using 

gel dilTusion methixl, Theivfore. crysialli/ation o f gadolinium 

tartrate tnhydrate was accomplished using the gel diffusion tech

nique. The cr>'stalli/er consisted o f a single glass tube o f length 

20 cm and diameter 2.5 cm. The crystals were grown in two 

types o( gels: an inorganic (silica) gel and an organic (agar-agar) 

gel The silica gel was prepared by adding a solution o f sodium 

metasilicate (0.5-1 M) to i -tanahc 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 inbomogcncous. The pH of the gel was adjusted 

between a value o f 3-6 by mixing the tartaric acid and sodium 

metasilicaie solutions in various proportions by volume. The 

solution with the desired value o f pH was then transferred to 

several glass tubes. The gel was found to set in 30 min to 20 days, 

depending upon its pH and the environmental temperature. Once 

gelled, an aqueous solution o f gadolinium nitrate (0.5-2 M ) was 

carefully poured with the help o f a pipette over the sel gel in 

order to avoid any gel breakage. The Gd^* ions diffuse slowly 

through the narrow- pores o f the gel to react with the tartrate ions, 

g i\ing  rise to the fomiatton o f spherulites and single cry-slals 

o f GdlCjHAOfeKCaHsObl ^H 'O . Experiments were also car

ried out to grow  ̂single crystals o f gadolinium tartrate trihydrate 

from organic agar-agar gel. The agar-agar gel was prepared by 

dissolving 0 .8 -l.6 ^r (w7v) o f agar-agar in water. The agar-agar 

solution was then mixed with i.-tartaric acid (0.25-1 M) in vari

ous proportions by volume. The mixed solution, whose pH was 

kept at a value o f 2 by adding few drops o f dilute nitric acid, 

was then transferred to several glass tubes. After the setting of 

gel. an aqueous solution of gadolinium nitrate (0.5-2 M) was 

carefully poured over it. The tubes were allowed to stand for 

a period of about 4 weeks, after which small single crystals of 

Gd(C4H406)(C4H506)'3H:0 grew' in the whole gel column. 

A ll the experiments were carried out in the temperature range 

o f 35-37 ^C.

2.2. Chorocicrization

The single crystals o f Gd(C4H j0 f,)(C4H30<,) 3 H :0  were 

characterized by using X-ray powder diffraction. EDAX, car

bon and hydrogen analysis(CHN),opiical and scanning electron 

microscopy (SEM). FT-IR spectroscopy, and ihermo-analyiical 

techniques such as TG. DTG and DTA.

The powder XRD patterns o f Gd(C4H40h)(C4H50^) 3H ;0  

were obtained using a Bruker D8 ad\ance X-ra> diflractome- 

ter with Cu Ka radiation {>.= 1 .5406 A), Tlie C and H contents 

m the obtained crystals were determined by using Vario-EL 111 

CHNS-analy/er. An energy dispersi\e '.pecironieter (OXK)RD 

ISIS'300 system) attached to a scanning electron micro>cope 

JEOL JSM-5800 was used to identify the presence ol gadolin-

lunv n .e  FT-IR spcttra o f the material In the wav<- 

range of 400-4000 c m '' were i^corded on a Braker Vector 22 

sp^'lronteter using KBr pellet technique. The thermal behavior 

(TGA, DTG and DTA) o f the crystals was recorded on a Shi 

mazdu DTG 60 thermal analyzer in N , atmosphere at a heating 

rate o f 10 C/,mn. The morphology of the grown crystals was 

examined using an optical microscope (Epignost o f Carl Zeiss 

Germany), a large incident light microscope (Neophot-2 of Carl 

Zeiss, Germany) and a scanning electron microscope (HITACHI 
S-30(X)H).

3. Results and discussion

J. I. G nnvih

The type o f medium innuenees the morphology uf grown 

crystals; silica gel yielding single and spherulitic crystals 

whereas agar-agar gel leading to 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. Gnnvth in silica gel

Table I gives a detailed summary of the experiments and 

results on morphology, size and nucleaiion density of sphemliies 

o f Gd(C4Hj06)(C4H506)-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.

i . / . / . / .  Sphcrulitic growth. Spher\ilites are spherical aggre

gates o f crystallites. They consist o f radially oriented micro 

crystals arranged at non-cry stallographic 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 obsened 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 accepted 

theory o f 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 [31). 

They proposed that spherulitic growth is connected to diffusion 

fields that arise during segregation of impurities into the melt. 

According to them high viscosity and presence of impurities 

are the basic requirement for spherulitic crystal growth in melts. 

According to Bolotov and Maravev (32). a spherulite grows from 

a single crystal nucleus, drawn out In a direction perpendicular 

to ( -axis I> mg in (he plane of the crystal, the circular shape ans- 

mg due to surface tension forces acting on the diflerent faces. 

Felton and Gnmths (33) showed that spher^ilitic crystallization
results due to  k im e lla s o rc ry s ta ll in e  hbersgnwingradialK faw

a common centre or a nucleus. The occurrence of secon ary 

luiclealion a. the growth front has also been cmphajued as an

c s s c n t i. i l  l e a t u r c o f s p lu r u h lc lo r m a l i i in in p i ' l y m '- T i i -  " “ ' “ ' I -
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Eipenmeni \  j iu b lo  p jf jiiictcrN

1 VanJiit'O
pH

: \jnalii>nof'-'R
o'tK-entration

y S’inaiion of LR 

conceniTJiion

4 Vanalion o f gel 

concenirauon

} V v ijiion  of gel 

age

Cdi;i>n».cnifjiion 0 5M . 

lR'‘*.oiKcnir4i»<n IM 
LR vonLcnirjCion 05 M 
ycl

Gel conceiilrjlum  U 5 M. 

LR con..em rjii.'n U 5M  

^el pH 4. ^tfl j^ c  >dd)s

Gel conLcntrjiion 0 5 M . 

UR concen irjiion I M. 

gel pH J .g c ijg e  3 d j> i

L R co nce n lr jt io n :0 .5 M , 

UR conccnlraliim 1 M, 

gel pH; 4; gel -'Jays

Gel concentrjiion 0 5 M. 

UK cunccntnlion. I M : 

LR concen irjiiun I I 5 M . 

gel pH 4

Upper reu«.ljni 

concenifjlim i 0 5. 

(175, I jnJ :m

Lower rcjciant 

toncen irjlion  0  25. 

U .5,U75 jn J  I M

Gel cotice titrjiion: 

0 5 .0  75 anJ IM

Gel age 1. 2. 3. 5. and

KouIin

Ntorphi'log) II)  >inelc * .r \su K  I'f' 

u c ll ile\e l»peJ (HO I } and ( I I I ' 

IJ^e^ j« pH '  and 5. in )  iiom ial and 

*.oalcM.ed 'p h e n jli lo  for gel pH • 4 

S ue  (I) n u \in ii im  iize ol 'pheruliie^ 

j i  pH 4 id ijiiie ie r  ‘-3 ru iiii 

NuLleatioii densii> mavimum ai pH 

3 and n iin in ium  ai gel pH 6

M orpholog) (II normal and 

coa1cM.ed Npherviliies Sim 

nu x in iun i t i ie  o f normal spher\iliiCN 

at ihe UR i.i>nwen(ra(K>n o f I M 

idiameler ■ 4 in in i Nuclealion 

de iu ii)  m aM m uniatU R  

«.ont.enira(ion o f 2 M  and nim in itin i 

ai 0  5 M

Morphology no m ul and co a k 'te d  

vpherulilCK Sue maximum size o) 

>pheruli(es ai LR >:onccn(ralion 1 M 

(diameter -- 3 mm) Nuclealion 

denMt) maximum a( LR 

con^en(ratK>n 1 M  and minimum a(

0  25 M

M orphology normal and cualoced 

bphcruliies Size maximum i i «  o f 

sphcrulitcs ai gel conceniraiion o f 

0  5 M  (d ia m e te r-Jm m ) Nuclealion 

den>i(y maximum ai gel 

concemralion o f 0 5 M and minimum 

at I M

Morphology nomial and c^valesced 

bphcruliies Sue maximum mz c  o f 

sphcrulitc!! a( a gel age o f 3 djy% 

(d iam eter- 3  mm) Nuclealion 

density maximum at gel age o f I day 

and m inimum ai 10 days

* A ll eipenmenls were perfonned in  (he (emperaturc range o f 35-37 C.

URaupperrcactanl (gadolinium nitra(e).

‘ LR slower reactant (L-(artanc acid).
The ume between the setting o f gel and pouring o f upper reaclanl.

Random lamellar branching wiih preferred crysiallographic mis- 

onentation (“non-cr>sialIographic branching” ) is also observed 

to be responsible for spheruliiic growth (351. gel diffusion 

’neihod, ihe growth o f crystals takes place due to the chemical 

faction between the reagents at a controlled rate. However, if 

Ihe value of supersaturation at any point in the gel become^ very 

^gh, ii results in the formation of sphenilites. Under isothermal 

’■onditions. the supersaturation in gels depends on many fac- 

like concentration of reactants, gel pH and gel age. Among 

!hcsc factors, the gel pH has a profound effect on the fonnation 

jj'spherulites. Although, supcrsaturation could be controlled

V taking low concentration o f reactants, but it was obser\ed 

m  the decrease in concentration o f reactants, to control super- 

^•uration, had an adverse effect on the growth. For instance, 

“  low concentration of reactants (0.1 and 0.2 M ) the nuclealion 

consequent growth of crystals o f reasonable size took over h

months. The formation o f spherxjlites of gadolinium tanrate ma> 

be discussed as follows. As sixm as the upper reactant (gadolin

ium nitrate) is poured o\er the set gel containing tartrate ions, 

there is an instantaneous reaction betweetx the gadoliniunt and 

tartrate ions resulting in the sp^^ntaneous fonnation of a pnfcip- 

itate, it was obser\ed that the strength of precipitation depends 

on the gel pH, higher the pH stronger is the precipitation (other 

parameters o f growth like upper and lower reactant concentra

tions. gel age and gel concentration remaining the same). Under 

the conditions of strong precipitation, the supersaturation avail

able for three-dimensional nucleation and growth becomes ser\ 

high which results in the tormation of spherulite.s in gels. Tlie 

most im(X)rtant contributing factor is the inca'ased concentra

tion of precipitant ions (C'alUOf,*' '''•C jfU O p '" ) at high pH 

values there for pH ■;! 4) 13(>1 In addition, as the pH iiK'reases 

ihe gel structure ch.inges Ironi a N '\  like iici\vork lo a siru».iuK-
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Fig. I. (a) Photograph showing gadolinium larlralc sphenihtes growing oul of prccipiuic wiih ihc crcalion of a halo; (b) photograph of

gadolinium tartrate irihydartc grown in silica gel after complete dissolution of the precipitate; (c) optical micrograph of a single ^  a cfY«al» orientinj
gadolinium larlraic Inhydratc, (d) SEM micrograph of the normal ^pher\iliie of (c) at a higher magnification, showing aggregation of uny 
themselves into a spherical envelope, (e) a region of (d) at a much higher magnification suggesting each liny crystal to have a pyramidal mofp



loosel) bound pKuclets th ji lack'. i.r<»ss linkage 

[37|, After the formation o f precipiiaie, ii tx'gms lo advance 

iniothege! with the result that the precipiiate colutnn is I'omied 

whose length depends on concentrations of the upper and lo\s er 

reactants and pH of the gel. The advancemeni o f ihc prectp- 

iiate continues until a maximum size is obumed which lakes 

jbout 10-15 days. At this stage, further advancement of the pre

cipitate column stops. Each nucleation siie is assi,Kiated with 

a halo (a spherical region) which is depleted o f colloidal pani

cles as shown in Fig. 1(a), The colloidal particles surrounding 

(he crystal nucleation site tend to migrate radially towards it 

from all directions. In this way. a spherical region of greater 

\olume than that o f growing spherulite is depicted of colloidal

pjriicles Due lo this, ihe surrounding space is cleared Irom 

any precipiuie \mi[» the result a halo is lonned The priKess ot 

cr\sij[|i/a iion coiiiinues uniil the cc’ lloidal panicles uiih in the 

precipitate are consumed m building the cr\sial ,Afier a peruHl 

ol 20-30 da\s. ihe whole gel column was impregnated with 

the spheruiiies o f gadolinium lanrate Tlie haU> fonnation is a 

resuU of diIfusK>n prtH.esses in\ol\ed m the growth of more 

stable phase there spheruliie) b\ dissolution of a less stable or 

metasuible phase precipitated in the entire gel colunm befiire 

the nucleation and growth of ihe stable phase This obsersalion 

tollov\s from Oswald's supersaturaiion theory [?8| According 

to this theory, the diffusion of electrolyte A into a gel impreg

nated vMth electrolyte B forms a laser of supersaturated solution

Dcuilediummao ofexpcnmcnl>'‘ for the growth o f Mnjjlo i ts s I jK  o f Cd^C4H 4( V l lC 4H^Or.l

Conslani panimcicrs Sjnjhic parjinelcrs Kc->ulU

] Vanation o f |c l

pH

:  VariaiionofUR 

conantratiorj

) V iria iionofLR  

cooceniraiion

'  Vanaiiooofgel 

cwwniniion

*Viriit,onofgel
Hi

Cel concen irjiion . 0 5 M . 

UK conccninXion IM ,  

LR conccmraiion: 0 5M ; 

gel age. i

C el conccniTjUon: 0.5 M . 

LR conccmraiion' 0,5 M ; 

ye! pH; 3.5; gel age: i  d.iys

Cel conccntrutiun: 0.5 M : 

UR conceniTJlion: I M , 

gel pH: 3.5; gel age: 3 days

LR conccn lrjlion : 0.5 M . 

U R concen iraiion : 1 M ; 

gel pH: 3.5; gel age: 3 day:,

G i'l c o iK cn ir jliun : 0  5 Nt. 

UR conccniralioi). I M . 

LR conccmraiion O .S M, 

gel pH 3 5

Gel pH 3 ,3  5 ,4 ,5  

jn J  6

Upper rcaciant 

concoiiUadon 05 , 

I) 75, I and 2 M

U>wer rc jc iani 

conccmraiion 0 25. 

0 5.0.75 and 1 M

G ci conccmraiion: 

0  5.0.75 and I M

Gel age I . : .  3. .5. and 

IOdj)N

'̂1 '*pcnmcnh were pcrfomied in the icmpcraiuic range o(

M orpholog) single cr>NlaK Milh 

w c ll deNclopcd { 0 0 l |  and 11 1 1} 
faces ai pH 3 and 3 5; lu l  iiom ia l and 

coalesced >phenjlites for gel pH j  4 

Sim  u ia v im u m iiz e o f single 

cr^^lals j l  get pH 3 5 

I'-1  mm X I mm x 2 mm)

N ucle jlion  dcnMi> maximum at gel 

pH 3 and m miinum  ai pH 6 

Morphotog> Miigle cr>>laU w ilh 

w cll-de\e lopcd face^ at all i.ondilion> 

o l'g n m ih  Size maiiim um size o f 

bingle cr> iiaU  al UR conccniraUon 

lM i - - 0 5 im n x 0 5 m m x  I mm) 

Nuclcaiion denMt> maximum al UK 

conccn lrjlion  o f 2 -M and m inimum  

al 0 5 M

M orphology single c r jN ia li w iih  

vvelt d e ve lo pcd iO O i} j n d { !  I 1} 

faces under all conditions o f gn^uih 

Size nuM inum M Zeo fM oglc  

crystals at LR conccmraiion U 5 M

Nuclcalion dcnMt> maximum at I  R 

concentration I M  and nnnim uni at

0  25

M orpfio iog) Mngic crsslats w ith 

v\ell dc\cloped face^ under all 

condilion> ot groMih cxcept at gel 

con.,cniraiion o l I 5 M  Size 

m avtm uiii >ize o f s ingle crvstals at 

gel w n c c ii if  Jiion o f 0 5 M 

l~  1 mm X I lum x  2 mni>

Nucleation denMiy: maximum at gel 

conccmraiion 0 5 M  and m inim um  at

1 .M

M ofpho log) Mngle crystals w ith 

well dcsciopcd laces at all condition.s 

o fg m w ih  Size nuM m uin size of 

single crystals at gel age o t '  days

Nu«.leatioii density m avinium  at gel 

ageot I da> and in in iiim iii al 10 days

>5-37 C
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near the initial boundary between the two. Precipitation o f the 

reaction product is assumed to occur once a critical degree o f 

supersaturation is exceeded. By serving as active site for further 

precipitation, the crystals in the in itial precipitate (here crystals 

at the centre o f the halo) rob ions from the neighborhood by 

diffusion. Consequently, no precipitation occurs in the depleted 

zone surrounding the halo. This kind o f feature is frequently 

observed in the different polymorphs o f calcium carbonate [39] 

and in different phases o f calcium oxalate (40). Fig. 1(b) illus

trates a typical crystallizer with spherullles 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 

m ic ro ^ p h  o f the normal spherulite o f Fig. 1(c) revealing it to 

be just an aggregate o f tiny crystallites o f gadolinium tartrate iri- 

hydarte, orienting themselves in a spherical envelop. Fig. 1(e), 

which shows a region o f Fig. 1(d) at a higher magnification 

under SEM, suggests the spherulite to be just an aggregate o f 

tiny single crystallites, with each crystal exhibiting a pyramidal 

morphology. It may be mentioned here that the morphology o f 

the tiny crystallites, which form a spherulite o f 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. Each tiny crystal has dipyramidal morphology with one 

o f the pyramids protruding out o f the surface o f 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 o f the 

tiny crystals forming the spherulite.

3.1.1.2. Single crystal growth. Table 2 gives a detailed 

summaiy o f the experiments and results on morphol

ogy, nucleation density and size o f single crystals o f 

Gd(C4H406)(C4H506)*3H20 grown in silica gel. Unlike in a 

gel with pH > 4, at a lower gel pH o f  3 and 3.5, negligible precip

itation occurs at the gel/solution interface upon pouring o f upper 

reactant. A fter a period o f about 7 days, very small single crys

tals o f Gd(C4H406)(C4H506)-3H 20 start appearing at different 

sites near the gel/solution interface. The formation o f single crys

tals at pH <  3.5 may be explained as follows: Firstly, in a low pH 

medium the solubility o f salts o f tartaric acid (here gadolinium 

tartrate) gets raised with the result that the local concentration 

product [Gd^*)(C4H406^“ ) does not exceed more than the solu

b ility  product ATjp [41). Due to this, the value o f supersaturation 

developed at different sites Inside the gel changes and becomes 

as low as appropriate for growth o f single crystals. Secondly, 

at low gel pH, the gel structure and hence the average pore 

size changes, making conditions favorable for the growth o f 

single crystals. However, the pore size may further change dur

ing the crystal growth involving reaction between reactants in 

the gel volume. I t  could be because o f the fact as the reaction 

proceeds for the formation o f a stable product (gadolinium tar

trate), there Is release o f HNO3 as a by-product, which further 

reduces the pH o f the gel medium. This observation was con

firmed by measuring the pH o f the gel medium at the time o f 

gelling and at the time o f taking out the crystals from the gel. 

Further, i t  was observed that even few single crystals grew near 

the bottom o f some tubes, which were set in itia lly  at gel pH 

5 and were kept for about 1 year. This Is because after such a

(a)

Fig. 2, (a) Single ciytuls of Gd(QH4O6XC.HjO6)-3H,0gt<wm
al gel pH 3 and 0>) • scheniaUc diagram, showing die dip3™nidal mopnoMgj
and habil facts orGtKC<Hi06KC<Hj0,)-3Hi0 oyslals.

long period the pH o f Ihe medium is reduced to much lower 

values (in this case pH = 2). Fig. 2{a) shows an o p u ^  
graph o f some single crystals o f Gd(C4H4O6)(C4Hs06) 3f tO  

grown in silica gel. Fig. 2(b) is a schematic diagram i l lu s t^  

ing the form and habit faces o f the crystals.
o f Gd(QH406)(C4H506)-3H20 grow with (001 }a n d { l 11)



'I  .1/ ^tattriKih Si I

Table 3 

Petailed summao
ofexpenmeni.'. lor ihc ^ rim ih  ot GdlC'4H4()^l^<-'4H^()^l <M.() in jf jr - J L ’ j r  i i t l

Vanablc p jr jit ic ie r'.

1, VWalionofgcl

cooctntnuon'’

LR  tonvcn trjim n 1 M, 

UR concentration 2M , 

A A  lA  =4 1'

Get com entrjlion  ('< 

« /v l 0 8 . 1. 1 2, 1 A. 

and 1 6

Morphology single > .r> 'ijl of 

d ipyram iJ jl c l j ’>5. w ith {1 1 1 }  and 

{UU 1) dominant I'aies in all the 

ca.>o S i/c maximum o f single 

..rysials at gel concentration o f 1 2'- 

(w /v) tsize -  1 mni x 1 mm *  2 m mi

2. Variation of 

AA;TA ratio

LR concentration. 1 M, 

UR concentration 2M , 

(jel concentration 1,2^^ 

(W/V)

A A  t'A ratio 1 1,2 1. 

.n .4 .1  and? 1

M orpholog) ID single cr>slal o f 

dip>ramidal c la^ i vuih 

well-developed facci in all cages', 1111 

iw iiiiied  crystals S i«  maximum 

v i/c  o f Mnyle cr) >tals at AA  TA ratio 

o f4  1 ( i i i c

- 0 7 m m x 0 7 m m *  I mm)

3-Variation o fLR  

concentration

UKconcentralK*n 2.M. 

A A  TA = 4 1, gel 

concentration 1.2^ 

<w/v)

Lower reaciaiit 

concentration 0 25. 

0 5. 1 an d2 M

M orpliology t i)  single c rv 'ia l ol 

dipyramidal clai4 with 

well-developed faces in all ca-se ;̂ ( 11) 

twinned cr>sta1b Size maximum 

MZC o f single crystals at a lower 

reactant concentration o f 1 M (s iie  

- - I  mm X 1 mm x 2m m )

4 Variauon o f UR 

concenintion

LRconcentra lion; 1 M . 

A A ;T A = 4 ; l;g c l 

concentration: 1.2't 

(w /v)

Upper reactant 

concenuation: 0.5. 1. 

1.5 a n d2 M

M orphology: (1) single cry stal o f 

d ipyram idal class with 

well-developc-d faccs in all eases; ( 11) 

twinned crystals Size: maximum 

size o f single crystals at an upper 

rcaclant concentration o f 2 M tsize 

-1  mm X 1 mm x 2 mm)

'  In all ihcsc expenmcnls Ihe agur-agar gel pH was in itia lly  adjusicd lo j  value ot 2,

" Concenlration o f agar-agar gel w/v),sp=6.25/^= agar-agar, TA = tartaric acid, ratio o f  agar-agar ami lartanc ucid solu iioni.

as dominant faces, ihe morphology being that of a tlipyramidal

11.2. Growth in agar-agar gel 

The growth of single crystals at pH value of 3 and 3.5 in silica 

gel led us to carry out further experiments at much lower values 

of pH. However, experiments on gelation of silica gel showed 

that at a pH 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. 

Therefore, to grow single crystals of gadolinium tartrate at low 

values o f pH. agar-agar gel was used. Being a physical gel, it can 

be made to set at much lower values of pH. In the present case, the 

pH of the agar-agar gel was adjusted to a value o f 2 by adding few 

drops of dilute nitric acid to the agar-agar:ianaric acid solution. 

In this case, negligible precipitation occurred at the gel/solution 

interface upon pourittg of upper reactant and after a period of 

ibout I month, the whole gel column was impregnated with sin

gle and twinned crystals of gadolinium tanrate trihydarte, The 

single crystals grown in agar-agar gel were observed to have 

same morphology of a dipyramidal class with {0 0 1 } and 

(111} habit faces.as that of grown in silica gel. Table 3 gives a 

detailed summary of the experiments and results on morphology 

ind size ofcrystalsgrown in agar-agar gel. Fig, 3(a) shows single 

T̂ystals of Gd(CjHjOft)(C4HsOti) .IH^O growing in agar-agar 

Id in a crystallizer. Fig. 3(b) is a photomicrograph, which

shows some single crystals of GdiC4H406)(C4H50o) 3H2O 

Fig. 3(c) is an optical micrograph showing a typical single crys

tal o f Gd(C4H406)(C4H.s06)'3H;0 grown in agar-agar gel and 

Fig. 3(d) illustrates an SEM micrograph of a typical single crys

tal o f Gd(C4H406)(C4H50(,)'3H20.

S. 2. Characierization

Tlie percentage composition of carbon and h)dn.>gen along 

with the nonnal gravimetric analysis suggests the empiri

cal formula o f the compound to be GdCgHifiOi.s, A liter

ature survey of isoinorphous compounds [20-22). suggests 

the chenucal formula of gel grown gadolinium tartrate 10 

be [Gd^*(C4H40o)’ “ (C4H.sOt,)'“  3H2OI, The cwrdination of 

three water molecules with gadolinium is further supported b\ 

the TG analysis, which shows weight loss (in the lirst two sub- 

stages of dehydration; 210-230 and 230-250 C) corresponding 

to three water molecules. The fact that one o f the tanrate ions is 

singly ionized is supported by the presence o f absorption peaks 

at 1719.6cm"' in the FT-IR spectrum of gadolinium tartrate 

trihydrate. Table 4 shows the results of chemical analysis of 

gadolinium tartrate trihydrate single cr>sials grown m agar-agar 

gel, the theoretical values In the table are calculated on the basis 

of the suggested lormula GdiC4l l 4()c)(C4HsOt.) .'ll.'l.V Chem

ical analysis was also performed on the single crsstals grown in
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U J S : E S 2 3 ^ 5 " '
■ r j i r - ' i i s r ,  t ,  _

( 111)

1 mm
(0

F-Ig. 3. (a | Pholograph shon ing single c r js u rs  o f G c K C .H ^ O jK C iH jO ,)  J H jO  grawing in  agar ig a r  geU (b) phologriph showing some single o y s u b  of 

G d {C 4 H i0 6 )(C 4 H 3 0 6 ) '3 H j0  from  ugar-jgar gel; (c ) o p iica l m icrograph o f a typ ical single crystal o f  G d(C 4H40aM C4H j06)*3H20 from  agar-agar gel #I higha 

m agnificalion. Id l SF.M micrograph o f a typ ica l single crystal o f  G d(C 4H 406H C 4H s06)-3H j0.

Chemical com position o f G d (C 4 H 4 0 6 )(C 4 H j0 ,) 3 H iO  single crystals from  

agar-agar gel

Chemical com position o f G d(C 4 H 4 06 )(C 4H j0 .) 3H jO  single crystals fran

Elemeni E »pcrifncnial i% ) TheoreJical (•») Element Experimental (%)
llK o rc tic a l(» )

C 1882 18.86 C 18.26 18.86

H 2.97 2.97 H 3.15
2.97

0 46.7 47.13 0 47.3
47.13

Gd 30.2 31 03 Cd 30.7
31.03
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h j :  4 Povkder X -r j>  J ilT r jt io t’ r jm  o f G J(C4H4 0 ^MC4Hs0 ^) ,'H « 0  c hm jI-.

Tabic 6

Ptw tkr X-ray diffraction daU o f G d(C 4H 40t,)(C 4H j06 l 3 H :0  crj-.ia ls

d.Vaiuaik) 2H R etjiivc

inienMi)

hkl R V H M . 

tH 2rt)

Cr>%(dlhtc bizs.

L(A)

8.96194 9 862 45.8 0 0 4 0 195 40^) 12

5.90116 15001 52.6 100 U 12 668 07

5.35069 16554 42 2 103 0 23 .M9 21

460307 19.267 46 1 105 0.19 424 31

4.12377 21.532 44.7 t 1 2 0  14 577 90

2.31700 38 836 56,1 I I 13 n 174 484 32

221799 40.644 KKl 10J5 0.193 439 14

1.55213 59.551 32.1 3 28 0 15 610,39

silica gel. The results are shown in Table 5. It is clear ihai the 

chemical composition o f the single crystals grown from bcMh 

agar-agar and silica gel is the same. The chemical composition 

of spherulites was also confirmed lo be the same.

Through EDAX analysis, the presence o f gadolinium in the 

Gd(C4H406)(C4H506)-3H:0 crystals grown in the labt^ratory 

using agar-agar as well as silica gel was conlirincd.

The powder XRD difTractogram of Gd(C4H40b)(C4 
H5O6) 3H :0  crystals is shown in Fig. 4. Table 6 provides the 

corresponding (i-spacings o f the observed lines together with 

their relative intensities and also FWHM data for each indexed 

Ime. The occurrence of highly resolved intense peaks at spccific 

Bragg angles 2ii indicates the crystallinity of the grown mate

T jb lc  7

PoN^der d iffrac iiim  d iL i ftum  IC D D  ^ cm h cd  rcfcrcncc»

rial. The data on crystallite si^es has been calculated according 

to Scherrer equation 142|. L= KX/ficosfK vs here K is the shape 

factor and usually takes the value 0.9 (4.^). is the full width 

at half maxunum (F\VHM). The data indicates the degree ot 

cr)stallinity of the grown crystals. As given in Table b. for 

instance, FWHM of 0.14 and 0.15 at 21.53 and 59.551 

respectively, indicate the good degree o f cr>siallinity. In order to 

identify the grown phase, the inorganic and organic database pro- 

vided by International Centre for Diffraction Data (ICDD) in the 

electronic form (PDF-4) was searched. The search found three 

references of powder dilTraction studies on gadolinium tartrate

11 ?.I9| as shown in Table 7. However, the powder X-ray data of 

the present mvestigation as given in Table 6 does not completelv 

match the searched references. Moreover, the searched X-ray 

data is not indexed and bears a ver> low quality mark. Based on 

these iinditigs the phase gaiwn ui the present invesUgation d̂ ,>cs 

not match completely with any one o f the searched references. 

The authors did not even lind any reference from ihc smgle 

crystal literature (CSD. ISCD and LPF). Therefore, it mav be 

suggested that our material represents a new phase, the stoichio

metric composition o f which is Gd(C4H40 t))(C4HsOo) 3H :0. 

The pinvder diffraction pattern ofGd(C4H40ft)(C4HsO(,) .^H;0 

was indexed with the TREOR program 144], using the 15 most 

intense peaks. A tetragonal unit cell was found w iih cell param

eters <j= 5.955 A. c = 35.855A. u = ;i = }' = 90 , \ = i : 7 l  5 A ' 

Tlie observed (/-values (based on Bragg s law) as provided b\

S.nu </• Values o f fiR i ihree mosi 

in ie n ^  lines

D i (A) n i i \ ) 0 3 ( A ) PD H » Q u jlil>  iiiatK

1 G adolinium  lariratc penl.ih)dralc 

C i :H , . .G d :0 ,h 5 H ;0

4 4400 59100 3 I91K) IX>-023 011‘» 0

G ado liiiian t hsJrogcn Cartr.ilc 

h)dra lc

G d H (iC H O H C O ;> i): 3H jO

4 2-MW 2 3100 5 9UXI IX» 0 -3  IHWO 0

3 Gadolim uni larlratc h>dralc 

C i-H |iG d .O ,f t  2 H ;()

4 l'A)7 n  392 2 s :sh IIW  OS’ y 0

4 PrcMTHl im c^li^a tion 2 217‘W 2 M AHl -S^un it.
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Table 8

Observed and calculated </-values of Cd(C4K406KCUK)06) 3H20

Obim-cd </-values

8.962
5.901
5.351
4.603
4.124
2.317
2.218
1.552

Calculated <f-values

8.962 
5.955 
5.33 
4.581 
4 099 
2.307 
2.218 
1.550

0.000

0.054
- 0 .02 1

- 0 .0 2 2

-0.025
- 0 .01

0.000

- 0.002

Table 9

Assignment of some selected PT-IR wave numben (cm*') of CdfOH. 
06XC4H,04)3H20 crystals '

IR bands(cm’ ') Assigimtents of pcaki/baads

3269.70
1719.60
1586.39
1409.02
1138.98
1066.05
839.50

v(OH) of water tnd acid
v(00 ). unionized COOH groups
v»,(COO-)
v„(COO-)
vC{OH)
«(C-H)
SiO-OO)

V ^ ^ v e n u m b e r  c r r v i

Fig.5. FMRspecmjmorGd(C4H406)(C4H30i)-3H20aysUls grown insilica 
gel.

the  autom ated pow der d iffractom eter (Bruker D 8  advance) and 

the  calculated </-valucs are show n in Table 8 .

FT-IR spectrum  o f  G d(C 4H4 0 6 )(C 4H50 6 )-3H2 0  crystals 

grown in silica gel is shown in Fig. S. T he infrared spectrum  

in the range 4 00-4000cm ~ * show s a strong band centered at 

about 3269.7 cm~^ due to  OH  stretching vibration o f  water 

and OH  o f  the acid group. T he strong peak at 1 7 1 9 .6 cm "’ is

due CO free carbonyl stretch v ( 0 0 ) ,  which shows that besides 

ionized C O O " groups there is also presence of unionized car

boxyl groups (COO H) in the compound [45]. A band centered 

at approxim ately 1586cm ~ ' is due to C K )  asymmetric stretch 

o f  coordinated carbonyl group. The absorption at I409.4cm~' 

is attributed to C = 0  symm etric vibration. FT-IR specora of 

agar-agar gel grown Gd(C4H4 0 6 )(C4H50 6 )-3H2 0  crystals is 

identical to that o f  silica gel grown crystals. The assignment 

o f  som e selected absorption band/peaks observed in the FT-IR 

spectrum  o f  Gd(C4H4 0 6 )(C4H s0 6 )-3H2 0  is shown in Table 9.

3.3. Thermal stability

Fig. 6  shows a therm ogram  o f  Gd(C4H4 0 6 )(C4H50 6 )-3H20  

crystals grown in silica gel, recorded in the temperature range 

o f  2 0 -500  °C. From  the T O  curve, it is observed that the mate

rial rem ains stable up to  a  tem perature o f  about 205 ®C. It is 

clear from  the DTG curve that the first stage o f dehydration 

(210-280® C) actually consists o f  three sub-stages (210-230, 

2 3 0 -2 5 0  and 2 5 0 -2 7 6  ̂ C). T he firel sub-stage (210-230®Q is 

due to  loss o f  one H 2O  m olecule (observed loss: 3.33%; cal

culated: 3.52%), T he second sub-stage (230-250®C) results 

in the elim ination o f  two water m olecules from the mate-

Fig. 6. TO. DTO and DTA curvet for ilHco gel grown g c ciysttU.



pjI (obser\ed loss: 6.93‘>; c jIlu Ijic J  7<i), In itic ihird sub- 

ijfs (‘’ ^0-276 C), there h loss ot uso (iiUr.unolci.uLir) \s.iior 

molecules (observed loss. 7 14‘ <. calculaled 7 ^ ) The loial 

jn<asijredtteightk>s.sinlhesiage(2l(>-280 C iis jbout I7 65'< 

(CilcuIJl'-'J loss: t7,7‘7( ). rcsullmg in the cliininatiun ol live 

water molecules {two from mtrainolecular and three from ciku- 

djnaied water). Corresponding lo these deh>draiion steps there 

a/e three endothemis m DTA. at 216. 241 and 253 C, respec- 

ineh. The ihemial behavior o f crystals gnmn m agar-agar gel 

15 observed to be the same.

4. C on c lus ion s

The use of gadolinium nitrate as upper reactant and l-  

tanaric acid as lower reactant results in the growth of 

Gd(C4Hj06)(C4H506) 3H :0  cr>sials in silica and agar-agar 

gel. The pH of the gel medium has a profound elTect on super- 

saturation and hence on the growth and morphology of crys

tals. Spheruliies of Gd(CjH406)(C4M506) 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 lo single crystal growth at 

much lower value of pH = 2. The morphology of single crystals 

tn both media of growth is dipyramidal with the major habit 

faces as (I I 1} and {001}. CHN, gravimetric and thermo- 

gravimetric analyses suggest that the grown crystals bear the 

chemical formula Gd-^*(C4H40(,)-"(C4H50(,)‘ “  3H:0. X-ray 

powder diffraction studies reveal the degree o f crystallmity of 

the grown material. FT-IR spectrum shows the presence of tar

trate ligands and establishes that one o f the tartrate tons is singly 

ionized. Thermogravimetric analysis suggests that the material 

is thermally stable up to 205 C.
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PACS 81.10Dn.61 10 Nz, 67 80 Gb. "JS 30-j. 68 Hk

Single crystals ol ytterbium tartrate irih>drate have been grown by gel method using silica and agar-agar gels 
as media o f grow th. The medium o f grow th influences the morphology of grown crystals, silica gel yielding 
single and polycr>sialline in the form o f spherxilites whereas agar-agar gel leading to grovsih of single and 
twinned crystals. Macenals grown as single crystals have been characterized by using optical and scanning 
electron microscopy (SEM). tD A X . XRD. FT-IR. CHN and ihermogravimetnc techniques The 
stoichiometry o f the grown single crystals is suggested to be YblCaHjO^) iCjHsO^) 3H:0. The FT-IR 
spectr\jm shows the presence o f singly as well as doubly ionized tartrate ligands Results o f thennal anaWsis 
indicate that the maienal ts thermally stable up to a temperature o f 200^C.

C  2006 W IL E V -V C H  V e rla g  G m b H  &  C o. K G a .\ ,  W e inh c im

1 Introduction

Most lartrdlc com pounds have in teresting  physical properties such as fcrroeleclriciiy . p iezoelectric ity  and 

optical second harm onic  generation  [1-6]. C onsequently , they are used  in tnm sd u cers  and  several linear and 

nonlinear m echanical devices (1 .2 .4], M any investigators have grow n  and s tud ied  ch arac te ristics  o f  single  

crystals o f  tartrate co m pounds by gel m ethod using  silica gel [7-9]. Rare earth  tartra tes b earin g  the general 

formula R :(C4H4 0 ft)).xH : 0  (R  = N d. D y, G d. La. Di. Pr, Sm  and Y ) have a lso  been  grow n by  gel m ethod  using  

silica gel as a m edium  o f  g row th [10-16]. H ow ever, there is scanty inform ation  in the literatu re  o n  the grow th 

and characteristics o f  single crysta ls  o f  ytterb ium  tartrate. A lso, to the  best o f  a u th o r 's  know ledge gels other 

than that o f  sodium  m elasilicate  have hardly been tried for the grow th  o f  rare earth  tartra tes  in general and 

ytterbium  tartrate in particular. T he authors used tw o d iflerent types o f  gels for the grow th o f  y tte rb ium  tartnitc 

crystals and the present paper reports on the grow th o f  these c rysta ls  by gel m ethod  usin g  both  silica  ( 
inorganic ) and agar-agar ( o rgan ic) gels as m edia  o f  grow th.

2 Experimental procedure

Y tterbiuni tartrate show s poor so lubility  in w ater; it decom poses befo re  m elting , and  d o cs  not vaporize  or 

sublim e. C onsequently , the only a lternative to grow  single c rysta ls  o f  this k ind  o f  m ateria l is bv chem ical 

reaction at a controlled rate using  gel m ethod. T herefore , c rysta llization  o f  y tte rb ium  tartra te  w as accom plished  

using the sm gle gel d iffusion technique ( 17. 18). T he c rysta ls  w ere  grow n in a c ry sta llizc r  c o n sis tin g  o f  a single 

g “  r P  d iam eter 2.5 cm. Silica gel w as p repared  by  ad d in g  a  so lu tion  o f  SLxlium

m ctasilicate (O.S M -I.5  M ) to L -tartaric acid (0.25 M -l M ), drop  by  d ro p  w ith  c o n tin u o u s s tirring  to  avoid

•  C ofTcspondtng author- c -m a il: p n _ k o tr \ j@ y a h o o  c o m

•f»in
\^,lnterScience’
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1 al.: G ro w lh  o f  y llerb iun i la n ra le  m h y d ra le  c ty sla ls  in s ilica and aear.agar

ex cessiv e  local ion  co n c en lra tio n . w h ich  m ay cau se  p rem atu re  local g e llin g  an d  m ake the final solution 

in h o m o g en eo u s. T he pH  o f  the  gel m ed iu m  w as ad ju sted  be tw een  a  v a lu e  o f  2.5 an d  6  (i.e ., 2.5 <  pH <  6 ) The 

so lu tio n  w ith  the  d e s ire d  v a lu e  o f  p H  w as then  tran sfe rred  to  sev era l g lass  tubes. O n ce  gelled  an aaucous 

so lu tio n  o f  y t te rb iu m  n itra te  (0 .5  M -2  M ) w as carefu lly  p o u red  w ith  the  h e lp  o f  a  p ip ette  o v er tiic set eel in 

o rd e r  to  av o id  an y  ge l b reak ag e . T h e  Y b '*  ions difTuse s lo w ly  th ro u g h  the  n a rro w  p o res  o f  the gel to  react with 

the  lartra le  io n s, g iv in g  r ise  to  th e  fo rm atio n  o f  y tte rb iu m  ta rtra te  c rysta ls .

A g a r-ag a r gel w as p rep a red  by  d isso lv in g  (0 .8  - 1.6%  w /v ) o f  a g a r-a g a r in w a te r  th a t w as preheated to a 

tem p era tu re  o f  60®C. T h e  a g a r-a g a r  so lu tio n  w as then  m ix ed  w ith  L -ta rta ric  ac id  (0 .25 -2  M ) in various 

p ro p o rtio n s  by  v o lu m e . T h e  p H  o f  the  a g a r-a g a r m ed iu m  w as ad ju sted  to  a  v a lu e  o f  2 . T h e  m ixed  solution was 

then  tran sfe rred  to  sev era l g la s s  tu b es . A fte r  th e  se ttin g  o f  g e l. an  a q u eo u s so lu tio n  o f  y tte rb ium  n itrate (0  5 M-

2 M ) w as ca re fu lly  p o u red  o v e r  it. A fte r  a  p e rio d  o f  a b o u t four w eek s, v e ry  sm all s in g le  crysta ls  o f  ytterbium  

tartra te  s ta rt a p p e a r in g  b e lo w  the g e l/so lu tio n  in te rface  and  a fte r  a b o u t tw o  m o n th s , th e  w h o le  gel colum n gets 

im p reg n ated  w ith  w e ll-sh a p ed  c ry s ta ls . A ll the  ex p e rim en ts  w ere  c a rried  o u t at a  tem p era tu re  o f  35®C.

T h e  p o w d e r  X R D  p a tte rn  o f  g ro w n  c ry s ta ls  w as o b ta in e d  u s in g  a B ru k e r A X S  D 8  A dvance X-ray 

d iffra c to m e te r w ith  C u  K a  rad ia tio n . T h e  C  an d  H co n ten ts  in the  o b ta in e d  c ry s ta ls  w ere  d e te rm ined  by  using 

V ario -E L  III C H N S -a n a ly z e r .  A n  e n e rg y  d isp e rs iv e  sp e c tro m e te r  (O X F O R D  IS lS -3 0 0  system ) attached  to a 

sc an n in g  e le c tro n  m ic ro sc o p e  JE O L  JS M -5 8 0 0  w a s  u sed  to  id en tify  the  p resen ce  o f  ytterb ium . T he FT-IR 

sp e c tra  o f  the  m ate ria l in  th e  w a v e  n u m b er  ran g e  o f  4 0 0 -4 0 0 0  cm  ' w e re  reco rd ed  on  a  B ruker V ector 22 

sp e c tro m e te r  u s in g  K B r  p e lle t tec h n iq u e . T h e  th erm al b e h a v io r (T G A , D T G  an d  D T A ) o f  the  crysta ls was 

reco rd ed  o n  a P e rk in -E lm e r  th erm al a n a ly z e r  in  N 2 a tm o sp h e re  a t  a h ea lin g  ra te  o f  lO K /m in. T he m orphology 

o f  g ro w n  c ry s ta ls  w as e x a m in e d  u s in g  an op tica l m ic ro sco p e  (E p ig n o s t o f  C arl Z e iss , G erm any), a large 

in cid en t lig h t m ic ro sc o p e  (N e o p h o t-2  o f  C arl Z e iss , G e rm a n y ) an d  a  sc an n in g  e lec tro n  m icroscope  (HITACHI 

S -3 0 0 0 H ).

3 R esu lts and discussion

G r o w th  o f  c ry s ta ls  f ro m  s il ic a  g e l T ab le  I g iv es  a d e ta ile d  su m m ary  o f  the  ex p e rim en ts  and results on 

m o rp h o lo g y , n u c le a tio n  d e n s ity  a n d  s iz e  o f  y tte rb iu m  tartra te  c ry s ta ls  g ro w n  in s ilica  ge l. T h e  resu lts  in table 1 

sh o w  th a t s in g le  c ry s ta ls  o f  y tte rb iu m  tartra te  g ro w  a t a ge l pH  o f  2 .5 , 3 an d  3 .5 ; an d  fo r  a  ge l pH  >  3.5, the 

c ry s ta ls  a tta in  sp h e ru litic  m o rp h o lo g y . H ere  w e sha ll d escrib e  re su lts  o n  s in g le  c ry s ta ls  o f  y tterb ium  tartrate 

w h ich  a re  fo u n d  to  h a v e  c r y s t a l l i z ^  as  tr ih y d ra te s  w ith  th e  c h em ica l fo rm u la  [Y b  (C 4H4O 6) (C 4Hs0 6 ) - 3 

(H 2O )]. T h e  re su lts  o n  sp h e ru lite s  o f  y tte rb iu m  ta rtra te  a re  in th e  p ro cess  o f  in v estig a tio n  and  w ould be 

d isc u ssc d  e lsew h ere .

A s  so o n  as  th e  u p p e r  rea c tan t (y tte rb iu m  n itra te )  is p o u red  o v e r  the  se t ge l co n ta in in g  tartra te  ions, there is 

an in sta n ta n e o u s  rea c tio n  b e tw e en  th e  y tte rb iu m  an d  tartra te  io n s  resu ltin g  in the  sp o n tan eo u s form ation o f  a 

p rec ip ita te . It is  o b se rv e d  th at the  s tre n g th  o f  p rec ip ita tio n  d ep en d s  p ro fo u n d ly  o n  the  ge l pH , h ig h er the pH 

s tro n g e r  is  th e  p rec ip ita tio n  (o th e r  p a ra m e te rs  o f  g ro w lh  lik e  u p p e r an d  lo w er rca c tan t co n cen tra tio n s, gel age 

an d  gel c o n c en tra tio n  r e m a in in g  ih e  sam e). F o r gel pH  >  3 .5 , a  s tro n g  p rec ip ita te  is o b se rv ed  to  form  a l the 

g e l/so lu tio n  in te rfa c e . D u e  to  th is , th e  su p e rsa tu ra tio n  a v a ila b le  for th ree -d im en s io n a l su rface  nucleation  and 

^ o w t h  b e c o m e s  v e ry  h ig h  w h ic h  resu lts  in the  fo rm a tio n  o f  sp h e ru lite s . H o w ev er, a t  lo w er va lu es  o f  gel pH  (

2 .5 , 3  an d  3 .5 ), n e g lig ib le  p re c ip ita tio n  o c c u rs  a t  the  g e l/so lu tio n  in te rface  u p o n  p o u r in g  o f  u p p e r rcactant

a fte r  a  p e rio d  o f  a b o u t  10 d a y s , v e ry  sm all s in g le  c ry s ta ls  o f  y tte rb iu m  ta rtra te  trih y d ra tc  (Y bT T ) start 

ap p e a r in g  a t d ifT crent s ite s  n e a r  th e  g e l/so lu tio n  in te rface . T h e  fo rm a tio n  o f  s in g le  c ry s ta ls  a t pH  values <  3.5 

m ay  b e  e x p la in e d  a s  fo llo w s . F irs tly , th e  c o n cen tra tio n  o f  th e  p rec ip ita n t io n s  C 4H 4O 6 ',  w h ich  arc  an ions o f  

ta rta ric  a c id , d e p e n d s  o n  th e  H* ion  c o n c en tra tio n . T h e  co n cen tra tio n  o f  p rec ip ita n t io n s  d ecreases  w i t h ^ e  

de c re a se  in pH  [1 9 ]. T h e re fo re , th e  d e g re e  o f  p rec ip ita tio n  d e p e n d s  s tro n g ly  o n  p H  o f  th e  m ed ium . Secondly, 

in  a  lo w  p H  m ed iu m  th e  so lu b ility  o f  y tte rb iu m  ta rtra te  g e ls  ra ise d  w ith  th e  resu lt th a t the  \oca\ concentration 

p ro d u c t [Y b  ’*^][C4H 4 0 6 ^‘] b e c o m e s  less  th an  th e  so lu b ility  p ro d u c t K,p [20). D u e  to  th is , the  value o 

su p e rsa tu ra tio n  d e v e lo p e d  a t  d if ie re n t  s ite s  in s id e  the  gel c h an g es  an d  b eco m es  a s  lo w  a s  m ay  be appropna e 

fo r  th e  g ro w th  o f  s in g le  c ry s ta ls . H o w ev er, it w a s  a lso  o b se rv e d  th a t a l  low  pH  v a lu e s  the  nucleation  density 

b ecam e  v e ry  h ig h  w h ic h  p u ts  a  lim it to  the  s iz e  o f  c rysta ls .

It w as fu rth e r o b se rv e d  th a t  ev en  few  s in g le  c ry s ta ls  g rew  n e a r  th e  b o tto m  o f  so m e  tubes, w h ich  wc 

in itia lly  se t a t g e l pH  =  5 a n d  w e re  k ep t for a b o u t six  m o n th s . It c o u ld  be  b e c au se  o f  the  fac t th a t a s  the i w  1 

p ro ce e d s  fo r  th e  fo rm a tio n  o f  a  s ta b le  p ro d u c t (y tte rb iu m  ta rtra te );  th ere  is  re lease  o f  H N O 3 as  a  by-p  u
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which further rcduccs ihc pH o f  the gel medium This observation \vai> continued b> measuring the pH ot the 

gel medium al the tm ic o f'ge lhng  and at the time o f  taking out the cr> itaU  trom the gel It wa^ obsen.ed that 

after such a long period, the pH o fth e  medium was reduced to a much lower \a lue  o f  2 Figure la  shows iom e 

single cr>’sials o f  ytterbium  tartrate tnhydarte (Y bT T ) grow ing in a crysta llizer containmg gel o f  in itia l pH 

value 3.5. Optical m icrograph o f  some typical single cr>stals is shovsn m figure lb  Single crystals ol 'i bTT 

have morphology o f  a dip>ramidal class and the crystals are bound by 1111} and } 0 0 l} habit facei>, {001 ! 

faces being more dominant than {111 J.This shows that the faces {001 ) gro\\ at a relatisel> slower rate 

compared to {111}.

Table I Detailed sumnian, o f experiments * for the grouth of >tierbium tartrate cr>stal> in silica gel. ’ UR = upper 
reactant (ytterbium nitrate) * LR ■= Lower reactant (L • tartanc acid). • The time interval beivseen setting o f gel and pouring 
o f upper reactant.

Expenment Constant parameters Variable parameters________________________ Results ___ ______

I.

Vanation o f 
Gel pH

Variation o f 

UR Cone,

Variation o f 

LR Cone.

4.

Variation o f 
Gel Cone.

5.

Variation o f 
Gel age

Gel Cone 0.5M 
UR’ Cone. 1 M. 

LR’ Conc.: 0.5M 
Gel age*: 72hrs.

Get Cone.:0.5M 

LRConc.O.SM 
Gel pH; 3.5 

Gel age: 72hrs.

Gel Cone,0.5M 
UR Cone,: 1 M 

Gel pH; 3.5 

Gel age; 72hrs.

LR Cone.: 0.5M 
UR Cone.: IM  

Gel pH: 3.5 

Gel age: 72hrs.

Gel Cone.: 0.5M 

UR Cone.: I M 
LRConc.:0.5M 

Gel pH; 3.5

Gel pH

2.5.3, 3 5.4,
5 and 6.

Upper reaciani 

concenlranon:

0.5 M.0.75 M.
I M. 2 M.

Lower reaciaru 

conccniraiion: 

0.25 M,0.5 M. 

0.75 M and I M.

Gel

concentration:

0.5 M.0.75 M, 
IM  and 1.5M

C el age: 

48hrs, 72hre. 
120 hrs, I44hrs.

M o r p h o lo ^ -  ( I )  Single crystals u ith  vsell developed faces at pH
2.5, 3 and 3.5 (lO Normal and coalesced spherulites for t’el pH 
>3.5.

S/Jt’;(i)MaMmum size o f single crystals at gel pH 3.5 (-1 mm '
I mm » 0 .5 mm), (n) Maximum size o f spherulites at pH 4 
6 mm diameter).

Nuclcation density-. Ma.ximum at pH 2.5 and minimum at pH 6. 
Morpholos\' {\) Single cr>stals with well developed {001} and 

{ I I I }  faces and ( ii) twinned crystals.

Size. Maximum size o f single crystals at UR Cone, o f 1 M 
(-Im m  * 1 mm * 0 .5 mm).
Nudeotton Jensiiy Ntmimum at the UR Cone, o f 0.5 M and 
ma.\imum at 2M.

Morpholog\':(\) Single crysuls with well developed {001} and 
{111} faces and ( ii) twinned crystals 

Size: Ma.ximum size o f cr>stals at LR Cone, o f  0.5M (size 
-1mm * 1 mm * 0 .5 mm )

Nucleation density: Minimum at 0.25 M and ma.ximum at IM. 

Morphology: (I) Single crystals with well developed (001} and 
{ l i t }  faces and ( ii) twinned crystals

Size: Maximum size o f single crystals at gel concentration o f
0.5M (size -  I mm * 1 mm * 0 .5 mm ).

Nucleation density: Minimum at I M and ma.ximum at 0.5 M. 
Gel Cone, o f 1.5 M not suitable for growth.

Morphology: ( i) Single crystals with well developed {001) and 
{ t i l l  faces ( ii) twinned crystals

Size: Ma.ximum size o f cr>’stals at a gel age o f  72 hrs ( Imm » I 
mm » 0 .5 mm)

Nucleation density: Minimum at gel age o f 144hrs and 
maximum at 48 hrs.

Fig. I a) Photograph showing single 

crystals o f ytterbium tartrate irihydrate 
growing in a crystallizer in silica gel, b) 

Optical micrograph o f some typical sincle 
crystals o f YbTT.

www.cre-Joum*Lorg
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1 170 H W ant ei al G ro w th  o f  ytterb ium  tan ra ie  tn h y d ra te  crysta ls in silica and agar-agar gels

Table 2 Detailed summary o f expcnments for the growth o f ytterbium tanratc crystals in agar-agar gel. 
concenlnition in % vv/v. '  AA  ; TA -  Ratio o f agar-agar : tartanc acid solutions.

Agar-agar gel

Experiment Constant parameters Variable parameters

Vanaiion o f 
Cel ConcT

2 .

Vanation o f

LR Cone IM  
UR Cone 2 M 
AA TA  * = 4 I

LR Cone. : IM  
UR Cone. 2 M

Results

AA: TA ratio. Gel Cone.: 1.2%w/v.

3.
Variation of 
LR Cone.

URConc..2 M. 
A A : TA= 4 ]

Gel Cone.: I.2% w /v

4. LR C one .:lM .
Variation o f AA :TA =4:1 .
UR Cone. Gel Cone.; 1.2 %w/v

Agar-agar 

gel conceturalion 

{Vo w/v)
0.8, 1, 1.2. 14 and 

1.6

AA. TA ratio 

1 1 .2 :1 .3 .1 .41, 
and 5:1

Loy\ er  readatu  

concentralton 

0.25 M. 0.5 M. 
1 M. 2 M

Upper reaclani 

concentration 

0.5 M .l M. 
1.5M.2 M

Morphology.i\) Single crystal o f dipyramidal class with 
{111} and {001} as dominant faces in all cases and (ii) 
Twinned crystals.

Size Maximum size o f single crystals at gel concentration 
o f 1 2 % w/v (size -  1.5 mm * 1.5 mm * 2 mm ),

Nucleaiion density Minimum at gel concentration 1.6 % 
w/v and maximum at 0.8 % w/v.

Morphohg^:{i) Single crystal o f dipyramidal class with 
well developed faces in all cases and (ii) Twinned crystals. 
Size: Maximum size o f single crystals at AA; TA ratio of 
4:1 (size -  1.5 mm * 1.5 mm « 2 mm ).

NudeaHott density Minimum a t5 :l and maximum at 11. 
Morphology, (i) Single crystal o f dipyramidal class with 
well developed faces in all cases (ii) Twinned crystals and 
aggregation o f single crystals.
Size. Maximum size o f single crystals at a lower reactant 
concentration o f IM  (size ~ 1 mm * 1 mm * 2 mm ) 
Nucleaiion density. Minimum at 0.5 M and max. at 2M. 
Morphology: (i) Single crystal o f  dipyramidal class with 
well developed faces in all cases, ( ii) twinned crystals.
Size: Maximum size o f single crystals at an upper reactant 
concentration o f 1.5 M (size ~ 1.5 mm » 1.5 mm « 2 mm ), 
Nucleaiion density Mmimum at 0,5 M and max. at 2M.____

■ ' l i  ^  : -A

Fig. 2 a) Photograph showing single crystals o f ytterbium lartt^te growing in agar-agar gel. b) Optical photograph of 
some typical single crystals o f ytterbium tartrate from agar-agar gel. c) An optical micrograph o f  a typical single crystal of 

YbTT, d) SEM micrograph o f  a typical single crystal o f YbTT grown from agar-agar gel.

G r o w th  o f  V b T  c ry s ta ls  f ro m  a g a r - a g a r  gel T h e  g ro w th  o f  s in g le  c ry s ta ls  al pH  v a lu es  o f  2 .5 , 3 and 3.5 

in s ilic a  gel led  us to  c a rry  o u t  fu rth e r e x p e rim en ts  a t m u ch  lo w er v a lu es  o f  pH . H o w ev er, experim en ts on 

g e la tio n  o f  s ilic a  ge l sh o w e d  th a t a t a  pH  o f  1.5 th e  ge l d id  n o t se t a t a ll, w h e re a s  a t a pH  o f  2 the  gel was so 

lo o se ly  se t th a t it c o u ld  n o t su p p o rt  th e  u p p e r reac tan t. T h e refo re , to  grow  s in g le  c ry s ta ls  o f  y tterb ium  tartrate 

a t lo w  v a lu e s  o f  p H , a g a r-a g a r  ge l w as u sed . B e in g  a  p h y sica l gel it can  b e  m ad e  to  se t al m uch low er values o 

p H . In the  p re se n t c a se , th e  pH  o f  the  a g a r-a g a r  ge l w as ad ju sted  to  a  v a lu e  o f  2 by  ad d in g  few  drops o f  nitnc 

a c id  to  th e  a g a r-a g a r- ta r ta r ic  ac id  so lu tio n . A t th is  co n d itio n  o f  g ro w th , no  p rec ip ita tio n  occurred  at tne 

g e l/so iu tio n  in te rfa c e  u p o n  p o u r in g  o f  u p p e r rea c tan t an d  a fle r  a  p e rio d  o f  a b o u t tw o  m onths, the w hole gc 

c o lu m n  g o t full o f  s in g le  a n d  tw in n ed  c ry s ta ls  o f  Y bT T . T a b le  2 g iv es  a d e ta iled  su m m ary  o f  the expenm cnts 

and  re su lts  o n  m o rp h o lo g y , n u c lc a tio n  d e n s ity  an d  s ize  o f  c ry s ta ls  g ro w n  in a g a r-a g a r gel. T he resu lts s ow 

th at th e  u se  o f  a g a r-a g a r  gel lead s  to  o n ly  s in g le  an d  tw in n ed  c ry s ta ls  o f  Y b T T  u n d er all co n d itio n s  8™ ,

F ig u re  2a  sh o w s  s in g le  c ry s ta ls  g ro w in g  in a g a r-a g a r  ge l in a c ry s ta llize r . F ig u re  2b  is a  pho tograp  * 

sh o w s so m e  s in g le  c ry s ta ls  o f  Y b T T . F ig u re  2c is  an  op tica l m ic ro g rap h  sh o w in g  a  s in g le  crysta l o M fo  

g ro w n  in  a g a r-a g a r  ge l an d  f ig u re  2 d  illu s tra te s  a n  S E M  m ic ro g rap h  o f  a  ty p ica l s in g le  c rysta l o  y

w w w .c rt'loum aLors
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lariraic tnhydratc- U is dear from figure 2d that the buiglc crvstals base a \scll-dcvcloped morphologv ol 

dipyramidal class \Mlh {001} and { I I I }  a^ habit tacc i The m orphology ib i.amc as ihat ot single er>stals 

grown in silica gel. except that {111) Ibices arc more dominant than |001}.T h is  could be attributed to 

dilTerences in the rxjte o f  growth o f  laces in two dilYerent gels M oreo\e r. the agar-agar gel grown cr>stals are. 

in general, found to be more pcrl'cct than those grown in silica gel. The surface o f  the former are smoother and 

crystals have less inclusions incorporated in them.

4 Characterization

Elem ental analysis The percentage composition o f  carbon and hydrogen along w ith  the nomial 

gravimetric analysis suggests the em pirica l formula o f  the compound to be YbCsH isO ^. A  literature sur\ey ot 

isomorphous compounds (21-23). suggests the chemical fom iu la o l gel grown ytterbium  tartrate tnhydrate to 

be (Yb (CaHjOh) (CjH^Of.). 3 lM :0 )J The coordination o f  three water molecules w ith  ytterbium  is further 

supported by the TG analysis, which shows weight loss m the first dehydration step corresponding to f i\e  

water molecules (three coordinated and two intramolecular water moleculcs) The fact that one ot the tartrate 

ions is singly ionized is supported by the presence o f  absorption peaks at 1718 cm in the FT-IR  spectrum ot 

YbTT. Table 3 shows ihc results o f  chemical analysis o f  single ci^'stals o f  Y bTT  grown in agar-agar gel. 

Chemical analysis was also performed on the single crystals grown in s ilica gel .The results are shown in table

4. It is dear that the chemical com position o f  the two crystals is same.

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

Element Experimental {%) Theoretical

C 18.39 18.33

H 3.15 2 88

O 45.4 45-78

Yb 30.2 33

Table 4 Chemical composition o f YbTT single crystals from

Element Expenmental (“-o) Theoretical (*o)

C 18.43 18.33

H 2.69 2.88

O 45.3 45,78

Yb 3t.2 33

j[

Fig. 3 EDAX spectrum o f ytterbium tartrate 
tnhydrate showing ytterbium peaks.

w it vV

2-lh«u ScM

Fig. 4 Pow der X-ray diffractogram o f  YbTT.

E D A X  results The E D A X  speclrum o f  Y bTT  trom  agar-agar gel is show n in (Igurc 3 The presence o f  

ytterbium  is dea rly  seen in the E D A X  trace. The Au peaks shown in the spectrum are due to gold co»iting o f  

the sample. It is conritm cd that the E D A X  analysis o f  crystals grown Irom  silica gel also shows the presence o l 
ytterbium.

w>vw.crt-joun>aLor8 O :oOti W lL b Y  VC H V c iU gO m b H  &  t o  W cmhcim



P o w d e r  X - ra y  d ifT ra c tio n  r e s u l ts  T h e  p o w d er X R D  d in ra c to g ra m  o f  Y b T T  c ry sta ls  is show n in fig u it 4 

T ab ic  5 p ro v id es  the c o rre sp o n d in g  d -sp ac in g s  o f  the  o b se rv ed  lines  to g e th e r w ith  th eir  rela tive  inlensities. The 

o ccu rren ce  o f  in tense  p eak s  at sp ec if ic  B rag g  a n g les  20 ind ica tes the  c ty s la llin ity  o f  the grov™ material. In 

o rd er to  id en tify  the  g ro w n  p h ase , ino rg an ic  and  o rg an ic  d a tab ase  p ro v id ed  b y  International Centre for 

D iffrac tion  D ata  ( IC D D ) in Ihe e le c tro n ic  fo rm  (P D F -4 ) w as search ed . T h e  search  d id  n o t find any references 

from  the  p o w d e r d iffrac tio n  d a ta . B ased  on  these findings it m ay  be  su g g ested  th at o u r  m aterial represents a 

new  phase, th e  s to ic h io m e tric  co m p o s itio n  o f  w h ich  is  Y b (CaH ^O t) (C 4H JO 6). 3 (H iO ).

Table S Powder X-ray diffraclian data o f YbTT crystals.

1 ______________________________B. W arn c l al.: G row th  o f  y llcrb ium  la n ra le  Ir ih y d ra lt c iy s la ls  in s ilica and agar-agar oi-U

d-valucs (A) Relative Intensity d-values(A) Relative Inteitsity

8.95398 86 .2 2.73965 17.6
5.80781 29.5 2.59747 28.3

5.27585 ICO 2.43592 26.7

4.55366 43.2 2.28893 44.4

4.20172 28.3 2.23648 28.5
3.87973 47.8 2.20151 26.3

3.80559 19 1.95265 84.2

3.07776 22 .8 1.81685 37.9

2.8723 20 .2 1.74252 22 .6

2.81986 18.7

F T - IR  r e s u l ts  F ig u re  5 sh o w s  F T -IR  sp ectru m  o f  Y b T T  c ry s ta ls  g ro w n  in ag a r-ag a r gel. T he inftared 

sp ectru m  in the ran g e  4 0 0 -4 0 0 0 cm  ‘ sh o w s a  s tro n g  b an d  cen te red  a t a b o u t 3 2 6 5  cm  ' due  to  OH  stretching 

v ib ra tio n  o f  w a te r  an d  O H  o f  th e  ac id  g ro u p . T h e  s tro n g  p eak  a t  1718 c m  ' is d u e  to  free  carbonyl stretch v 

( C =  O ), w h ich  sh o w s  th a t b es id es  io n ized  C O D ' g ro u p s th ere  is a lso  p resen ce  o f  un io n ized  carboxyl groups 

(C O O H ) in  the  co m p o u n d  (2 4 ]. A  b an d  c e n te red  a t a p p ro x im ate ly  1587 cm "' is due  to  C = 0  asym m etric 

stre tch  o f  co o rd in a te d  ca rb o n y l g ro u p . T h e  a b so rp tio n  a t  1410 cm  ' is a ttr ib u ted  to  C = = 0  sym m etric  vibration. 

F T -IR  sp e c tru m  o f  s ilic a  g e l g ro w n  y tte rb iu m  ta rtra te  c ry s ta ls  is fo u n d  to  b e  iden tica l to  that o f  agar-agar gel 

g ro w n  c ry s ta ls . T h e  a s s ig n m en t o f  so m e  sc lcc ted  ab so rp tio n  b an d /p eak s  o b se rv ed  in  the FT -IR  spectrum  o f  

Y b T T  is sh o w n  in tab le  6 .

T ab le  6 Assignment o f  some selected IR wave numbers (cm ')  o f  YbTT crystals.

IR b a n d s /c m  ' Assignments o f  oeaks/bands

3265.54 V (OH) o f  water and acid

1718.65 V (C=0),unionized COOH groups

1587.40 v « ,(C O O )

1410.86 v ^ (C O O )

1140.84 V C( 0  H)

1067.21 8 < C .H )

840.45 6 ( 0 _ C = 0 )

f \

\ ! . H

* * " ’* * * * *  W iv « n u tn b e ? e fn '

Fig. 5 FT*ITR spcclnim  o f  YbTT grown In agar-gar gel.

O  2006 WILEY VCH Verlig GmbH &  Co. KO tA. Weinheim

Fig. 6  TGA, DTG, DTA curves for ytterbium twinite 

Irihydrate cry su ls  grown in agar-agar gel.
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Therm al s !iib ilit>  results higurc sho\\:> a ihcrinourani ol bTT eroun u» aejr-ayar gel. rcct>rdcd m ihc 

temperature ranging I'rom 40 to I l()()°C From the TCi cu r\c . it is ob>cr\cd that the material remain^ stable up 

to a leniperaturc o fabou t 200 C It is dear lorm  the DTCi curse that the first stage ot deeomposiiion actuallv 

consists o f i\s o  sub stages (2 0 0 -8 5  C  and 285-354 C) The iirst sub stage (200-2S5 C ) is due to dehvdraiion 

resulting in the e lim ination o! water molecules from the material The measured \\e ight los^ in this stage is 

about 174%  (calculated loss. 17 15®o). resulting in the e lim ination ot fise \sater molecules (two from 

intramolecular and three from  coordinated water) Lorrespondmg to this dehvdration step there is an 

cndotherm in D TA. at 283 C The tnhsdration o f  the vtterbium tartrate is further supported b> the tact that 

after an obser\ed mass loss ^>f f>2 26“ o, >tterbium ovide is fi>mied. which is clear Irom  the saturation ot TG 

curve from 700^C onwards The calculatcd mass loss for the t'onnation ot stterb iu in oxide lri>m the starting 

composition Y b (C jH 40n) (C jM sO o) 3 (H ;0 ) is 62 2‘)®o This result c le a rlj indicates that there are three water 

molecules o f  hydration associated w ith  the grown material The thermal behavior o f  ct^stals grt>wn in silica gel 

is obser\ ed to be the same.

5 C onclusions

The use o f  ytterbium  nitrate as upper reactant and L-tartanc acid as lower reactant results m the growth o f 

yttcrbiun^ tartrate single crystals in silica gel at gel pH ^ 2 5. 3, 3.5 and in aear-agar at gel pH = 2. Sphenihtes 

o f  ytterbium tartrate are also fom ied m silica gel for gel pH > 3.5. The single crystals o f  ytterbium  tartrate are 

found to have cr>'stallized as tnh)drates both in silica and agar-agar gels. The m orphological form  o f  single 

crystals is d ipyram idal w ith  the major habit faces as { I I I }  and |001}. E D A X  contlrm s the presence o f  

ytterbium. FTIR spectrum shows the presence o f  tartrate ligands and establishes that one o f  the tartrate ions is 

singly ionized. C H N analysis combined w ith  them iogravinietnc analysis suggests that the grown crystals o f  

ytterbium tartrate bear the form ula Y b (C4H406)(C4H<0^) 3(H.>0). Them tograM m elnc analysis re\eals that the 

material is therm ally stable up to 200®C.

A c k n o M lc d g tn ie n U  O ne o f ih e  au thors  tB a&hara t W an t) is thanl^^lul tu  the U G C . N ew  D e lh i and the D ep artm en t o f  H ig h e r td u c a t io n .

G ovem m em  o f  J &  K  fo r  p ro N id in g  the teacher fe llo w s h ip  The co rresp on d in g  au th o r ( P N K )  i» ih a n k iu l to  the .M l In d ia  C o u n c il o f

Technica l K d uca tion  ( A lC T E ) .  N ew  D e lh i fo r  the j« a r d  o f  E m en tus F e llo w sh ip
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ŝtracl

ci>slals o f gadolinium liirtn itc mhydratc have been grown by gel diffusion technique Single cryNlal X ray d ilfraciion analy^i'. shows 

ihecrystal:, belong 10  ihe lelragonal iystem w ith  non-ecniroiymnietnc space group. The dielectric constant, dielectnc loss and ac conductivity 

ebccn measured as a function o f  frequency in the range I kH z-5 MHz and temperature range 20-3(X) C The dielectric constant increases w ith 

^ra iu tt. attains a peak around 240 C and then decreases as the temperature exceeds 240 C. The dielectric anomaly at 240 C is suggested to 

Jueto phaic transition brought about in the matenal, which is further supported by ihe thermal studies. The vanation o f ac conductsuy w ith 

perarurc ha* been measured and the matenal is suggested to show protonic conductivity.

IX)6 Published by Elsevier B V

r>i>n/j Gjdolinium lunraie irih yd rjie  crystals. Phase irunsiiion. F<m )cleciric ii). Pruionic conduciion

Introduction

Tic salts of taitaric acid are found to exhibit a range of 

iresiing physical properties such as ferroeleciricity, piezo- 

.tncity and optica! second hamionic genet^lion (SHG) (1-7). 

asequently. ihey are used in transducers and several linear 

I non-linear mechanical devices 11.2,4). The unusual dielec- 

properties of Rochclle salt (NaKC4H40b 4H2O) hrst led to 

notion of ferroeleciricity in the double salt o f tartaric acid 

Subsequently, dielectric studies were carried out on iso- 

rphous lithium tantalum tartrates (9) and lithium arimionium 

rate (101 to search for ferroelectricity in these compounds, 

ny investigators have exatnined the dielectric properties of 

rate salts with monovalent cations such as lithium thallium 

rate (11). nibidium hydrogen tartrate (12], ammonium tar- 

e 113) and sodium tartrate [14]. The dielectric properties of 

rate salts with divalent cations such as calcium (151. cad- 

im (11. manganese [16). zinc [ 171 and strontium tartrate [ 18] 

c aJso been investigated. Some of them have been shown to 

ibit ferroelectric property (1.8-11.15) while others are non-

ferroelectric (13.141. Literature sur\ey reveals that the dielectric 

behaviour o f trivalent metal tartrates (particularly rare earth tar- 

u-ates) has hardly been investigated. In this paper, we describe 

the investigations based on measurements o f the dependence 

of dielectric constant, dielectric loss as well as ac conductiv

ity on applied frequencies and temperature o f gadolinium tar

trate irihydrate Gd(C4H406)(C4H50f,)-3H:0 crystals, which is 

a trivalent tartrate salt. Single crystal X-ray diffraction analysts 

(the details o f which would be published elsewhere) has shown 

that Gd(C4H406)(C4H50(,)-3H;0 belongs to tetragonal sys

tem with cell parameters a = 6.021 A. c = 36,37 A. V' = 1318.5 A ’ 

and beanng the non-centrosymmetric space group. The powder 

difTraction data of gadolinium tartrate trihydrate has also yielded 

almost the same cell parameters [19). Therefore, we may expect 

it to exhibit various polar effects such as piezi>electricity. pyro

electricity and ferroeleciricity. In this paper, we report only the 

dielectric characteristics o f the matenal. The results obtained 

on dielectric studies have been correlated with thermal studies 

viz.. differential thermal analysis (DTA) and themiogravimetnc 

analysis (TGA) o f the crystals.

Corresponding auihor, T e l; +91 191 2450939; fax: +91 19 1 245.W 9.

E matJaddres s: pn.koiru(if>uh»)o com (RN, Koiru),

Presently working al Crystal C fow ih  and M uicnaK Rcseun.h U btira io ry. 

^ m c n i  o f Physics and Electronics. U n iv trs iiy  o f  Jammu. Jammu 180006.

'-5093/S -  see front matter O 2006 Published by Elsevier B V, 

lf,10IWj,nwcu.2006,09,017

2. Experim ental procedure

Single crystals of gadollniunt tartrate tnhsdrate were grown 

by single gel diffusion method (20.211 using two types of gels an 

inorganic (silica) gel and an organic (agar-agar) gel The details
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Fig. 1 Variauon o f diclcciric constani with temperature al different frequencies. The inset of figure shows the variation o f inverse real dielectric consuni wicJ 
temperature at 1 kHz.

o f various experiments on the growth o f these crystals have been 

published elsewhere [ 19J. The crystals obuined from all experi

ments were o f 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 samples, 

the single crystals were finely ground and the resulting powder 

was compressed into a die 13 mm In diameter and 0.8-1 .2 mm in 

thickness under a pressure o f 5 tonnes/cm^ using a hand operated 

hydraulic p i^ s .  The samples were silver electroded by using a 

fine paintbrush to coat both faces o f the pellets with a thin layer 

o f silver pain t The samples were then placed in ad iy  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 I kH z-5 MHz and over the temperature 

range 2 0 -3 0 0 '^C using a Hewlett-Packard impedance analyzer 

LF 4 192A and further automated by using a computer for data 

recording, storage and analysis. A microprocessor based furnace 

fitted with a temperature cuntruller and a specially designed two- 

terminal sample holder was used to heal the sample at a healing 

rate o f 2 ®C/min. The impedance analyzer directly provides the 

values o f capacitance (C) and dielectric loss (tan j) .  Other param

eters such as dielectric constant (£') and conductivity (9ac) were 

computed using the relations;

f. -  — -  and 
foA

Oac = Infe.QF tan 5;

where C is the capacitance (F), t the thickness (m), A the area 

(m^). fo = 8.854 x  IO“ '^ F m “ ' a n d / i s  the frequency (Hz) of 

the applied electric lield.

Single crystal X-ray diffraction analysis o f Gd(C4H406) 

(C4H506)'3H20 was carried out using Enraf-Nonius CAD4

diffractometer using Cu K a radiation. Themial behaviour (Ihc^ 

mogravimetric analysis and differential thermal analysis) of th^ 

material was investigated using a Shimazdu DTG 60 thermt, 

analyzer.

3. Results and  discussion

The dependence o f dielectric constant (e'), dielectric lô j 

(tan j )  and ac conductivity (a^c) on temperature and fitquenq 

o f the applied ac field is studied in the temperature range 

20-300 °C and frequency range o f  1 kHz-5 MHz. The resulli 

are described as follows.

Fig. 1 shows the variation o f real dielectric constant (ej 

with temperature at four frequencies ( 1 .10,100and lOOOkH^ 

o f applied ac field. The inset of Fig. 1 shows the variation 

inveree dielectric constant with temperature at 1 kHz. It is cleJk 

from Fig. 1 that in the temperature range 2 0 < f <  160®C, thj 

dielectric constani o f gadolinium tartrate trihydrate is practicaHii 

temperature independent. Other tartrate salts [ 1, 14 ,15 ] also shff 

this type o f behaviour. Beyond 160'’C, the dielecuic conslai 

increases almost exponentially with temperature, attains a pea 

around 240 “C and then decreases as the temperature exceec, 

240 °C. This peak may suggest a phase irnnsiUon in the 

rial. To account for this behaviour, we have iwo possibililies. Tiii 

first possibility is that on healing the sample up to 250 "C, there, 

a loss o f three water molecules lhat ore associated with gadom, 

ium tartraie trihydrate and because o f dehydration, a transiua 

occurs at about 240 ‘>C. This possibility is ruled out by ihe w u lj
o fih erm al behaviour. Fig.2showsihermogravimetricand̂ n«,

ential thermal analyUc curves of gadolinium tartrate tnhydnij, 

The material loses one water molecule in the temperature rw i 

2I0-230<’C (observed loss: 3.33%. calculated loss:



:•( (j/. /  S(u I’ll! t.'iifiiwt'nni’

Y=13

1 kHz

I Simulianeous TG and DTA curvosof gaJolinmm lartmie inhydralc.

[WO H2O molecules in ihe temperature range 230-250’ C 

t>cned loss: 6.93%. calculaied loss: 1%). Thus, dehydration 

.ater occurs in two stages; first from 210 to 230 "C and second 

kn230to 250 C. Therefore, it may appear that there should 

two trdnbitions; hnst In the temperature range 210-230 

second in the temperature range 230-250 "’C. Torres el al. 

have observed two phase transitions in the cadmium tartrate 

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

Mter. However, in the present case the only transition that 

been observed is around 240 -C. Therefore, the possibility 

tic material showing the dielectric anomaly exclusively due 

css of water molecules may be ruled out in the present case, 

second possibility is that the material is ferroelectric 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, 

ch is very close to the transition temperature observed around 

‘ C in the dielectric versus temperature curve (Fig. 1). Thus, 

suggested that a crystallographic change due 10 polymorphic 

Be transition may have occurred in the material (including 

10 loss of coordinated water molecules) which led to the 

Icctric 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 < ?■< 240 ̂ C. 

kphase transition in gadolinium tartrate trihydrate is observed 

K of diffused type and does not follow Curie-Weiss law, but 

pbits the following type of temperature dependence:

. - ^  = A(T-Tcy

‘S the peak value of Ihe dielectric constant and y  

critical exponent which lies in the range I < )- < 2. For 

1 represents an ideal Curie-Weiss behaviour while a value 

*een 1 and 2 indicates a diffuse behaviour. Fig. 3 shows 

variation of ln ( ( ! / f ')  -  ( l / t ; „ J )  with ln (7 '-  r ^ a t  I kHz. 

graph shows almost linear behaviour as the temperature 

■ges. The value o f exponent y, was calculated from the 

'  of the curve which comes out to be equal to 1.3 at a 

ucncy o f I kHz, which implies a diffu.sed phase transition.

1 suggests a microscopic inhomogeneity in Ihe material 

tr study, with different local Curie points. Such a type

F l j !, .V ln ( ( l / f ' )  -  ’

applied jc .

In( r  -  T j  cur%e j i  j  frequency o f I kH z o f

o f behaviour has also been found in many cenmuc materials 

(22.23). The variation in the value of diffusivity parameter y 

with frequency has not been studied in the present investigation.

Fig. 4 shows the variaUon o f dielectric loss versus temperature 

at three frequencies ( I,  10 and 100kHz). The dieleciric loss 

curves also show a peak around 240 C. It is clear from the 

graph that dielectric loss peak is frequency independent. The 

behaviour of dielectric loss with temperature shown in Fig. 4 

is typical o f polar dielectrics, where apart from dipole losses, 

losses due to electrical conduction also occur [24].

The variation o f ac conductivity with temperature al four fre- 

quenciesd, 10, 100 and 1000 kHz) is shown in Fig. 5, It is clear 

from the figure that in the temperature range 20 < 7<  200 C, the 

ac conductivity of gadolinium tartrate trihydrate is practically 

almost temperature independent. Above 200 C ac conductivity 

approaches a maximum value at about 240 and decreases 

above this temperature. The large increase in conductivity in the

T ‘ C

Fig. 4. Vuriuiion o f d ie leviric li>s.s w ith  leinpcraiurc m frvqucnvics I. 10 m ij 

lOUkHz.
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Fig. 5. Varialion o f ac  conductiv ity  wiih temperature al frequencies 1 

a n d  lOOOlcHz.

temperature range 2 00<  T< 240 '"C can be understood as due to 

a large increase in the concentration o f  mobile charge carriers in 

the material. The material under investigation contains tartrate 

ligands (a dicarboxylic acid), besides three water molecules, 

coordinated to gadolinium. Therefore, the large increase in the 

conductivity may be due the dissociation o f water molecules 

into H'*' and O H " ions [25]. The activation energy (£3) was 

calculated before and after the transition temperature by using 

the Arrhenius equation a = a o  tx^{E^lkT). R g . 6  shows the plot 

o f  Inaac versus 1000 /r at 1 kHz. In the inset o f  Fig. 6  is shown 

the graphical plot o f  In <Tac versus 1 0 0 0 /ra t 1 kH zjust before the

transition. The variaUon o f In with reciprocal of tcmperaiim 

shows the change in slope exacUy at the transiUon tcraperatun 

o f  the malenal. Such type of anomaly has been obseived ii 

ferroelectric materials 125]. H iis is due to the difference in aai 

vaUon energy in the paraelectric and fenoeleciric phases. Thi 

difference in the activation energy between the paraelectric ant 

ferroelectric phases may be due to the grain boundary effect, ’nii 

activation energy in ferroelectric (Ef) and paraelectric (£ ,) phaa 

at a frequency of 1 kHz has been estimated to be 1.71 and 1.74 eV 

respectively. The activaUon energy of this order has also beei 

reported in the imidazolium salts o f  dicarboxylic acids, when 

electrical conductivity has been explained as due to proton trans 

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

case that £p (=1.74 eV) is higher than Ef (=1.71 eV). This couli 

be attributed to the ordered state in the ferroelectric phase and ih' 

disordeted state in the paraelectric region, where the charge car 

rier needs more activation enei;gy to jump between adjacent sitet 

The electrical conductivity in gadolinium tartrate trihydrate raa; 

be explained as mainly due to proton transfer through hydroge 

bonds. Many hydrogen bonded solids show conductivity via pro 

ton transfer through H-bonds (2 7 -3 1J. The characteristic featur 

o f  rare earth tartrate salts is that in all these crystal structure,* 

rate earth cations and hydrogen bonds of 0 -H --O  type involv 

ing water ligands, hydroxyl O and the carboxylate 0  atoms 

link the tartrate anions into layers parallel to ( 0  0 1): these layer 

are linked together by hydrogen bonding between adjacen 

tartrate molecule [32-34], In these hydrogen bonded syslen 

the positively charged rare eaith cations and negatively chaigei 

carboxylate anions may serve as channels for proton transpori 

This renders the gadolinium tartrate trihydarte as a protonU 

conductor.

1000/T(K')

Fig. 6. P lo to f ln o ,  VI. lOOtVT-at I kHz. Tire inset or figure ihows plot o f t n j«  vs. l(XX)/rln llie

energy.

lemi*nitiire200<r<J40”C used for alcuWng tire
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The variation o f dielectric consiani and dielectric loss as a 

clion of frequency is shown in Figs. 7 and 8. respectively, 

inset of Fig. 7 shows the variation of dielectric constant 

b frequency at 20 •’C. It is clear from Figs. 7 and 8 dial 

J dielectric constant and dielectric loss of gadolinium tartrate 

i)'drate decreases gradually with increasing frequency. The 

rease of dielectric constant with increase o f frequency is a

normal dielectric behaviour and can be explained on the basis of 

polarization mechanism. There are four primar)' mechanisms of 

polarization in materials, i.e., electronic, ionic or atomic, dipolar 

or orientational and space charge or interfacial polarization. A i 

low frequencies, all the mechanisms of polarization contribute 

to the dielectric constant and with the increase in frequency, 

the contributions from difTerent polarizations start decreasing.

M 'O T iilio n  o f d « la m c  loss . i.1 , fn»,ucnc, al J iflc re n , .c inperauivs. T lic  l„sc l o ir ie u re  sho»s v«ri« l,o „ o l J i d c c u  loss » , lh  i to u n j  >hc I.
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Fig. 9. Variation o f In with tn w  al dilTca'iii (cmpcialufcs. The inset o f ihc figurv shows a rcpicscniaiivc eurvc o f In a  

exponent j  in the equation o (m ) = A  x  ctf*.
; vs. Inu»8t 200 used to calculate [l

For example, at very high frequencies (10*^ Hz), only electronic 

polarizalion contributes to the dielectric constant, while ionic 

polarization takes place al IR frequencies Hz). The high 

rise o f dielectric constant at lower frequencies m ay be attrilHited 

to space charge polarization due to crystal lattice defects. The 

gradual decrease in dielectric constant and dielectric loss with 

frequency suggests that gadolinium taitrale trihydrate crystals 

have domains o f different sizes and hence vaiying relaxation 

times.

The variation of ac conductivity with frequency at different 

temperatures is shown in Fig. 9. It is d e a r  from the figure that 

conductivity increases with frequency and can be expressed as: 

a((o)=A X w \  where (o = 2nf. TTjc value o f  exponent 's' is found 

by calculating the slope o f  the plot o f  In a*c versus In w. A repre

sentative sample curve corresponding to temperature o f  200 

is shown in the inset o f Fig. 9, where s= 0 .8 . It is observed that 

at a  given temperature, the magnitude o f  conductivity 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) form ing a quasi-particle like polaron. 

At higher frequencies u f applied ac field, this quasi-particle dis

perses. W hen the cloud o f  phonons disperses, protons move and 

contribute to conductivity.

4. Concltisions

The study o f the dielectric behaviour o f gadolinium tartrate 

trihydrate crystals shows the strong dependence o f dielectric 

constant un both tcjnpcrature and frequency o f  the applied licld. 

The dielectric constant {e') varies with the temperature and 

attains a peak value around 2 4 0 '’C  after which it decreases,

thus, establishing this temperature as the transition tempcn 

ture o f  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 o f  different sizes and of varying relaxation times. Th 

anomalous behaviour o f the dielectric constant near the trans 

tion temperature suggests the possibility o f this material as bein 

ferroelectric. The conductivity o f the material is suggested to b 

due to protons transferring through hydrogen bonds, thus rer 

dering the material as a protonic conductor.
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Abstract

Magnetic moment and susceptibility o f  single crystals o f rare eanh lanraics o f the i>pe R(C4H j06)(C jH 506) 3H jO  (when; R = Gd. Ho. and 

Yb). using a vibration sample magnetomeier are reported. The expcnmcnlal values o f molar suscepdbihiics for G d(C iH 40sK C *H )06)-3H ;0 . 

Ho(C4H406)(C4H,0^)-3H:0. and Y b (C ,R ,06 )(C 4H 50e)3H :0  arc 2.58 X I 0 \ 4 . 6 6 x  10 \a n d 8 .0 3  x 1 0 *  on cgsem units), respectively. The 

calculated effective magnetic moments are in good agreement w ith the theoretical predictions on rare earth ions,

© 2007 Published by  E lsev ie r B.V.

Kfy»ords : Rare c jith  compounds; Magnetic mcAsuremenLs

The magnetic properties o f solids are very important, and 

attempts to understand them have led to a deep insight into 

the fundamental structure of many solids, both metallic and 

non-metailic. Rare earth compounds are interesting because of 

iheir magnetic properties. There is a vast amount of literature 

that repons the magnetic behavior o f metallic compounds of 

rare earth elements ( l-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 

(6-71. The magnetic susceptibilities of neodymium, samarium, 

and gadolinium ultra phosphates as a function o f temperature 

are also reported in the literature. A ll these compounds exhibit 

a paramagnetic response following Curie’s law [8). In general 

most compounds o f tartaric acid have shown to exhibit interest

ing physical propenies 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 

alternative to grow single crystals o f these materials is by chem

ical reaction at a controlled rate using gel diffusion method.
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Therefore, crystallization o f gadolinium, holmium. and ytter

bium tartrate trihydrate was accomplished using the gel diffusion 

technique. The details of various experiments on the growth 

and characterization o f these crystals are reported elsewhere 

(15-171. The stoichiometry o f these crj stals is established as 

GdcCaHAOfejlCjMsOft) 3H ;0, Ho(C4H406KC4H506)-3H:0, 

and Yb(C4H406)lC4H506) 3H2O. This letter repons 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 o f 5 kOc 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-2 0  X 10"'*(I8 ).-63.5 x 10"'’ . and 

-0.722 X 10“  ̂ (19), respectively. The molar susceptibility was 

calculated by using the equation

X M  = n

where M is the molecular weight of the sample, n is the number 

of rare earth ions per molecule, and xg is the gram susceptibility. 

The eft'ective magnetic moment in Bohr magnetons of rare earth 

ions is calculated by using the relation

/icfr = 2.8:8(xS'’ nb.M .

PleoM cite this oiticle in press os: B. Want ct al., J. AUoys Compd. (2007), doi; IO.IOI6/j jallcom.2007.01.003
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Magneuc susceptibility and magnetic moment meusuremenU of M>me rare eonh urtrates of the type R(C4H406KC4H50«)'3H20 (where RsQd, Ho uid Yb)

Hiegrelical effective magnetic moraew ofRare eaith compound Experimental molar Corrected { for diamagnetism Observed magnetic i  nwicuwu wiecuve magneoc moraew o 

susceptibility. x«  o f corsd.uent a t ^ )  molar moment, pw, ^  ̂  , M
(in cgs cm units) «n^i»wiKiHiv i v • J

G d (O H ,0 6 )(  C4H 5O6 ) 3H 2O 2.58 X lO"^

H olC uH jO ftK  C ^ H jO j)  3H 2O 4.66 x 10‘ ^

Yb(C 4H i06)( C4HJO6 ) 3H2O 8,03 X lO '^

susceptibility,

2.60 X 10-2

4.68 X I0 - *  

8 .19X  10-^

7.89

10.59

4,43

7.94

10.61

4.54

«  where =  Xm  +  (total diamagnetic correclion), 7 is  ihe 

«  temf)eratur€ (K) at which the measurements are made. Table I

*7 gives the observed values o f molar susceptibilities, and effec

ts tive magnetic moments o f the rare earth tartrates. The observed

*9 values of the effective magnetic moments are compared with

»  the theoretical values for respective rare earth ions. The results

si obtained reveal a good agreement between the observed, and

a the theoretical values o f effective magnetic moments of free

53 rare earth tripositive ions.
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Xbslracl

The gfovMh o f  h o lm iu m  t. ir ir .n o  tn lu d r . t ic  i l l  m  single cr>slaU  K lu cvcd  i i i  o f u j i i t c  ( . i ii . ir  .aMr» .in «o II . I 'm  in o r t i. ii iK  tM lK .it e d ' 

t>> single gel d ilTuM on m cih*H l R eM itiM >f (he »tud> on nuc lea tion  kn K iK >  o t «.r\M .iU  gro w n  in M l ic j  g d  .irc  dcM .riK .\l 1 he t r \N i. iK  e vh ih ii 

ihc m o rp h o lo g itu l fo rtn  o f  j  ietr.»gonal «J ip > rjn m l.il class \v ilh  |iM i I ; .u iJ  11 1 1 ; .l^ do m in a n t l.ue> F Icm e iit.il . in J  ihc fn u 'i:r. iM n K in » . 

jnj|)N i%  tT G A )  supplementcvl Sy energv J ispe rs jvc  a n jly s is  o f  \  r .u v  ( l  l V W l  sup po ri the suggcMed chcn iiL .tl lo r im il . .  o l ilu- gr.nM i 

c rys iah  lo  be |H o  (C 4M 4O J  3 H :0 |  Single c rys ta l \  t .v d if f r . ic t io n  | \ R D |  >tudiCN in d ic .iic  th .it the  *.r>Ni.tl> Iv lo i ig  i.>

te tragom il s>stcni « i th  ihe  c d l p.iM m elcrN  </ =  5*^7 A , r  =  3 6 l) ‘ » \  be .in n c  (he Np.icc gro up  P4. h o u t ie r  ir . ii is lo rm  in lra re d  i l  l IK i  

speciros*.opic -^luJy i tu lic jle s  the prcM.-ncc o f  ta r ira le  ligands a iu l Mi-jgcxiN ih a i one o l the ta rtra te  ion% m h u K  ivMiwed H .  \  M ig g e 't ' 

that ihc material is thermally slable up to 220 C 

« 2007 tlscvier B.V. A ll nghts reserved
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1. Introduction

The sails o f tartaric acid arc found lo c iliib it a range ol 

intercsltng physical properties such as rorrocla*lricit>. 

piezoelectricity and optical stx'ond harmonic generation 

(SHG) (I -7], Consequently, they arc used in tninsducer> 

and several linear and nonlinear mcchanical 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 R j - H>0 (R = Nd. Dy, Gd,

La. Di. Pr. Sm and Y) by gel methqd (12 18). Howescr. 

there is no information in the literature on the growth a iu l

’ Corresponding au lho f Tel : ♦ VI OI'>l245t»W. 

fj»  -'J|l)|VU45.107<J

K m o il a,Uri >, pn_koiru iJ yahoo com iP  N ko icu l 

I’ rescnil) wiofking .11 Cryslal ( iro w ih  and M a lc ru l^  Rc»carch 

L a K .fa i..rv  I>cp..ritni,nl o f PKvmcs .ind lik -e iro n kv  U ni^crsm  ..l 

J-iinmu J.iinmu IXiKNih. in ilu

ilii22-tl’ 4K S .« .-c in ,„ t m jiic r  . :tKl7 I.K cv ia  H V A ll roM.-fval
doi III jn lh  I 11

sIikK ol niicleation kinetics of rare earth I.trir.itc' in 

general aiul holnuum tartrate tnh\i.tra(c cr\NiaK 111 
p.triKular In this paper, the authors describe the ^nusih 

o f single crystals o f holnmim tartrate in indr.tic (H F l 1 iti 

silicM and agar agar gels. The results obt.iincd b> sineic 

and powder X-ray diffraction (XRH) studies, cnorg\ 

dispersive analysis o f X-rays (EDAX). Fourier transform 

infra red spcctroscopv (FT-IR). c.trK'n and hvdro^’cn 

analysts (C'MN). and thermograMnictnc an.iKsis ilX iV  

and DTA) of HTT crystals arc dcscnbovl

2. K\pcrlmenlal procedure

The crystalhzatjon o f HTT was accomplished usitie 

single gel diffusion ta'hniquc |W..'’l») The crvstaK weic 

grown in a single glass tube ol leneth AHl mni and diaiiKtei 

25inin Silica gel was propaicd adding .1 solution oi 

sodium metasilicate ol molaniv I '^Ml lo t-t. iii. iik  

acid of a particular niol.iniv (D ’ M) diop hv diop with
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foniinuous slirnnj: The solution \snh Ihc desired \aluc of 

pH (3 6) wii^ then transferred lo several glass tubes Once 

gelled, an aqueous solution of holmium nitrate (upper 

rcactanl) of desired molarity (0 25 2 M) was carcfully 

poured with the help of a pipette alonji the walls of the 

lubes o\er the set gel.

Experiments were also carried out to grow single crystals 

o f HTT in organic agar-agar medium. Agar-agar gel was 

prepared b> dissoKing desired concentration (% w,v) of 

agar agar in water The agar agar solution was then mixed 

wiih desired concentration of L*tartaric acid in various 

proportions b> \olume The mixed solution was Irans- 

fcrrcd to several glass lubes After seumg of the gel. an 

aqueous solution o f holmium nitrate o f desired concentra

tion vNas carcfulK poured over i l  All the experiments in 

sihca as well as agar agar gels were carried out at an 

ambient temperature o f .16 C

The carbon and hydrogen contents in the obiained 

crystals were determined by using Elementar Vario-EL III 

CHNS analyzer An energy dispersive spectrometer 

(OXFORD ISIS-.lOO system) attached to a scanning 

electron microscope JEOL JSM-5800 was used lo deter

mine the atomic as well as weight percentage of Ho and 0  

in the compound. Single crystal XRD analysis of HTT was 

carried out using Enraf-Nonius CAD4 difTractomeier with 

C'u Ka radiation The powder XRD patterns o f the grown 

crystals were obtained using a Bruker AXS D8 advance 

XRD with Cu Ktf radiation (/ = I.5406A) The FT-IR 

spectrum of the material in the wave number range of 

400 40(10cm ' was recorded on a Bruker Vector 22 

speciromctcr using KBr pellet technique The thermal 

behavior (TOA and DTA) of the HTT crystals was 

recorded on a Shima/du DTG 60 thermal analy/er in N ; 

.ilmosphcre at a heating rate of H* C nun

Kesiills and discassion

.V /  ( j n i i t f h  j m m  s t h c u  </t7

In Mlita gel. a gel pH of }. 3,5. and .1.75 yields single 

crystals o f HTT and for a pH ^4 . two distinct types of 

NplierulitCN. one just below the gel/solution interface and 

tlie other in the lower half o f the gel column were formed 

riie sphcrulitcs grown just below the gel/solution interface 

were recogni/ed as holmium niUo-larlrate hydrate, while 

ihuse III the lower half as HTT For gel pH ?4. a strong 

pretip ii.iiiiiri was c>bscr\c<l to occur at the gel,solution 

iiiieflace |iist .liter ptiuring of upper rcactanl This initial 

preLipiiaiiiHi results due to insianlaneous reaction between 

(he lioliim im and tartrate ions. Due lo this, the local 

supeisatiiiaiion available for three-dimensional nucleation 

and gtDwlh becomes very high which results in the 

l<iiniatii>ii «»l spheiulites However, our study here refers 

to (iril> single crystals o f HTT, which (brm at gel pH 5 .V75 

Ihe single irvstals forniation at pH values 5̂ 3 ?S nmy be 

esplanicd as lt>ll..ws I iistlv. in the silica gel (containing

i.u la iu  a iid i ul pa iiK iila i pH the n>nieniiaiuin ol the

precipitani ions C jH jO ; . uhich ;trc anions of tartaric 

acid, depends on the H ‘ ion concentration The concen- 

tralion of precipitant ions decreases with the decrease in 

pH [21) Secondly, in a low pH medium the solubility of 

holmium tartrate gets raised with the result that the local 

concentration product |H o '‘ ) lO H ^ O r) decreases and 

becomes less than the solubility product A\p. Otherwise, if 

local concentration, product is greater than a strong 

prc'cipHation occurs at Ihe interface |22), which often leads 

to the formalion of sphcrulitcs as well as amorphous 

precipitaies- Thus, in a low pH medium, the v.ilue of local 

supersaturalion w ith respect (o HTT developed at dilTercnt 

sites inside the gel changes and becomes as lo« as maj be 

appropriate for the growth of single crystals. Fig 1(a) 

shows some single crystals o f HTT growing in a crystal- 

lizer Fig. Kb) shows an optical micrograph of a typical 

single crystal o f HTT. Il is clear from Fig. 1(b) that single

I „  I ..............
MU-. M. s.iK . •̂cl 111 .1 UVMJJIIAI th> A ll ..piical m uro^rjp h  o l .• >P

................ ............... .....
.U-uli'pllKlll
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^l.ixN T h e  i .T \ '( . i In .»rc h i iu n J c J  h \  I I l l  .inv i h . th n

r.icc>. !*•!' 11 tnorc iloimii.mi th .m  : I I I .

\ 'iit It ' iiiit ' ii k i i i i  t ii '

The clTcct o f  \. tn o u N  L’ r o w ih  p . i r . i i n c t c r '  M ich  .is 

v .o nccn ir.iH on  o l u p p e r  i c . K i . i n i ,  c o n c o n ir . t l io n ,  iic l 

.ICC .in d  jrc l p H  o n  ih c  n u t le .U io n  i lc i iM ts .  .is  n ic . is u rc J  b \  

ihc  to la l n u m b e r  o f c r s s t . iU  ih . t f  . ip p c . t r  in  th e  u c l • .o Iu iiim  

were in v e N lic .i ie d  h \  e o n d u e l in j i  ih e  o \p e n n ie n J N  .tt . in  

.im h ic n l lo m p e r . i l i i r e  o f  }(■> C

(1) E f / a i  o /  i i p / h r  r c o < ii i i i i  t o i i i C i i i r a i i i i i i  Ciel NNsionu ol

pH ,V5 vverc prepared  w ilh  tl 5 M  \o d iu m  m etasilieate 

and 0 5 M  i- t . i r ta r ie  ac id  and  a llow ed  lo  set in  a

num ber o f  ^o^t tubes. A fte r  a gel age o f  72 h, 20 m L  o l

h o lm iiim  n i t r j te  o f  d in ’e rcn t e o n ce n ira iio n  fro m  I) 25 lo  

2 M  was pou red  o \e r  the set gel and  the trv s ta l coun t

w js  recorded It «as observed (hat the c rys ta l count

mcreased w ith  ihe co n c e n tra tio n  o f  upper rcactan t . i '  

shown in F ig  2 .  as has been re po rted  in  the lite ra tu re  

fo r  K C IO 4  c rss la ls  [2.''1 B \ increas ing  uppe r reactan i 

co ncen tra tion  b c \o n d  2 M . spheruhtes were fo rm e d

(2) E l h r i  o f  <icl < o i n \ i u r a i i o n  G els o f  d itTerent co rice n ti.i-  

tions  were prepared  b \  in i \ in g  sod ium  m e ta ''ilica te  o i 

m o la ritv  \ .« r \ in g  fro m  (1 to  I .5 M  w ith  0 5 M  

L -ta rta n c  acid The p H  o f  the gel m ed ium  was 

m jin ta in e d  at .V5 b> v a r \ in g  the a m o u n t o f  L - ta r t a n c  

acid- A f te r  a gel age o f  72 h .  20 m L  o f  upp e r r c a c ta n t  ot 

m o l. ir ity  0.5 M  was pou red  o \e r  the set gel. I t  w.is 

observed th a t  the h igh  co n c e n tra tio n  gels take  lesser 

tim e fo r  se tting  and  are m e chan ica lly  s tro n g e r; h o w 

ever, they co n ta m in a te  the g ro w in g  c rys ta ls  w ith  silica 

The v a r ia t io n  o f  crys ta l co u n t w ith  gel co tic e n tra tio n  i '  

show n m F ig  .V

(3» E f i e c i  o f  i i c l  a< inui. G e ls  o f  fixed  p H  .V5 w e re  p re p a re d  

w i t h  0.5 M  s o d iu m  m c ta s i l ic a te  a n d  0.5 M  L - ta r t a n c

'O lulul

M oianiy Ot soO'um m eiasiticate 

r>\(.il couni vMih m o ljrii>  o f  -.odiui

300

200

0 2  0 4  0 6  0 8  1 0  1 2  1 4  1 6  1 8  2 0

UR Solution M olarity

i.i>uiil w iih  iiio i.tn is  ol U pper rc .K i.n ii m

a cid  and  a llo w e d  to  bci in  a n u m b e r o f  test lu b e s  The 

gels were a llo w e d  lo  .ige fo r  d ilT e ren t p e r io d ' 

(24 1 44h rs ) b e fo re  p o u r in g  a fived  a m o u n t 2 0 m L  ol 

uppe r reac tan t o f  m o la r itv  0 5 M  T h e  v a r ia t io n  >'l 

c rv s ta l c o u n t w ith  gel age is sh o w n  g ra p h ic a lU  in  F ig  4 

(4 ) E t l c i i  «'/ tn '1  p H  In  o rd e r to  s tudv the p H  dependence 

on  the  c rv s ta l c o u n t, gels w ith  d ilTeren t p H  v.ilues 

\a rv m g  fro m  }  lo  6 were p repa red  b> .u liu s t in g  the 

a m o u n i o fO  5 M  L - ta r ia r ic  ac id  in c o rp o ra te d  in the gel 

A l l  o th e r p a ram e te rs  e g gel c o n c e n tra t io n  »0 5 M  1 . gel 

age (72 h ) c o n c e n tra iio t^  o f  u p p e r reac tan t (0  5 M I  w c ic  

kep t co n s ta n t T he  obse rved  change m the  c rs s t.il coun t 

w ith  gel p H  IS g r . ip h ic a lK  ilh is tr .u e d  in  h ig

T h e  e xp e rim e n ta l re su lts  as described  a b o \e  reveal ih . it  

the n u m b e r o f  c rv s ta ls  m crc.ises e x p o n e n ti. ilK  in  sonic 

eases (F ig . 2), v\hereas it decreases Im e .ir lv  o r c x p o n c n ti.d K  

in  som e o th e r cases (F ig s  >» A ro r . i  e> a l |10 | .»lso
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Gel pH

Fit: 5 V jr i . t i io n  orcr>'^i'<1 count u-iih  si!ic<« gel pH

observed such tvpcs o f (rends on the depcndcnce o f number 

of crysujK on various growth parameters. According lo 

them, the trends urc consequences o f (i) three-dimensional 

nuclcation rale, (ii) diffusion rate in the gel due to variation 

in the gel structure which may includc pore size, cross 

linkage o f cell boundaries, ctc. and (iii) difTusion rate in the 

gel due to changes in the hydrostatic pressure resulting 

from the hcjghi o f upper rcaclant solution. According lo 

ihese authors, ihe equation giMng the variation o f 

nuclcation rate J  with supersaturation S is found to be 

applicable for explanation o f the observed trends i.e. 

J  =  y„exp (In 5 ) ’ ), where rt is a shape factor.

V is the nucleus solution interfacial tension. Q is (he volume 

o f one grow th unit in the nucleus, k is Boltzmann constant. 

T  IS the icmperalurc in Kelvin and S =  is the

supersaturation ratio (Co is the equilibrium solution 

concentration which is related to solubility product, while 

(  IS actual solution concentration). The equation is 

reported to be applicable to a non-clectrolyte (24,251. 

According to nuclcation theory, the amount o f work which 

must be done (o form a spherical critical nuclcus is given by 

M' =  \6nQ'-;^lM kT\nS)' (20). The nuclcation probability P 

IS proportional to the Boltzmann factor cxp(-If'/A rD . so 

that P  a e x p ( - ( l n 5 ) ' ) .  Since the growth 

occurs in the same medium, it may be supposed that the 

inicrfacial tension ;• has a negligible influence on the 

probability o f nuclcation. Thus, under isothermal condi

tions. the probability o f nuclcus form alion depends sharply 

on supersaturation S. i.e. P  =  exp (-A>/(ln 5)^1. where /> is a 

constant (20). Now the supersaturation in gel growth is 

determined by concentration o f reactants as well as by the 

diffusion rate o f reactants in the gel column. The factor 

that affects the diffusion processes is the gel structure o f the 

medium. Therefore, il may be argued that the nuclcation 

probability under isothermal conditions o f growth is 

mainly determined by the concentration o f reactants and 

gel structure (which is affccted by gel pH, gel concentration

« d  gel ago. By mcrcasing the moUrity o f upper rcaelam 

(other parameters remaining constant), i h c  probability of 

Ho lons to react with tartrate ions In the gel increases 

Consequently, the supersaturation increases which leads to 

an increase in the probability o f nucleus formation It is 
expected that the number o f crystals will increase with the 

increase in the probability o f nuclcation. Therefore the 

number o f crystals in the gel column increases as shown in 

Fig. 2. Increase in supersaturation leading to an increased 

number o f crystals has also been reported by Judge et al

(26) in case o f tetragonal lysozyme crystals. The increase in 

the gel concentration and the gel age both have the effeci of 

decreasing the average pore size o f the silica gel (27). Due to 

this the supersaturation and hence nuclcation probability 

decreases as many nuclei find themselves in cells of too 

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 

o f cross linkage and becomes more and more hard leading 

to retardation o f free motion o f the ions, which is essential 

for the nuclcation. Therefore, the crystal count decreases as 
the pH o f the gel is increased as shown in Fig. 5.

S.3. Growth from  agar-agar gel

Experiments were also carried out to grow single crystals 

o f holmium tartrate in agar-agar gel. Being a physical gel il 

can be made to set at much lower values o f pH. In the 

present case, the pH o f the agar-agar medium was set at 

equal lo 2. A t this condition o f growth, no precipitation 

occurred al the gel/solution interface upon pouring of 

upp>er reactant and after a period o f 4 weeks, the whole gel 

column becamc impregnated with single and twinned 

crystals o f HTT. In the case o f  agar-agar gel, only single 

and iwinned crystals o f holmium tartrate arc observed 

under all conditions o f growth. The single crystals have a 

well-developed morphology o f dipyramidal class with 
{0 0 1) and ( I I 1} as habit faces. The morphology is same 

as that o f  single crystals grown in silica gel, except that 

{111} faccs are more dominant than {001}. This could be 

attributed to differences in the rate o f growth o f faces in 

two different gels. The agar-agar gel grown crystals are, in 

general, more transparent and perfect than those grown 

in silica gel. The surface o f the former are smoother 

and crystals have lesser inclusions incorporated in them 

Fig. 6(a) shows single crystals o f HTT growing in 

agar-agar gel in a crystallizer. Fig. 6(b) is a photomicro

graph o f a typical single crystal o f HTT, showing the 

dipyramidal morphology.
Twinned crystals o f H TT were also observed to grow in 

agar-agar gel, Fig. 7{u) illustrates penetration twinning in 

the crystals. The plane parallel to a face o f the unit 

dipyramid { I I I } ,  appears to act as the twinning pranĉ  

This type o f pcnclration twinning is commonly o b s e rv e d  in 

dipyramidal crystals o f tetragonal system. A ®

Fig. 7(a) at a higher magnification is shown in hig 

revealing the habit faccs o f the twinned crystals.
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r.ih lc  1 shows Ihc results ol C i i r b o n  iind hvdrtiecn 

.tn.ilvMs ciirncd on single crysiaK o f HTT grown from both 

.ig.ir agar and silica gel. The atomic and weight pcrccntage 

of O and Ho as obtamed by EDAX of the compound are 

shown in Tabic 2 The theoretical values in Table I .ire 

calciilatcd according to the suggested cmpirical formula

HoC*H i<On The pcrccntage composition o f (  . H. () and 

Ho as rc\caled b\ CMN and E D .\X  anaKses comparc well 

with those calculated from the proposed I'ornuila The 

experimental and thcorcticalK dcterinincd values are in 

agreement within the acceptable limits A literature suises 

i^f the isomorphous compounds [2H 31]. suggests the 

chemical formula o f gel grown HTT to be |Ho 
(CjH^O,,) 3(H;.0)1 The formula showN thai one i.irirate
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Table ;

A to m ic  and v^cighl p o rccn i.ifc  o f  Q  ; , „d  H o  o b l.u n cd  by C D A X  ;

t ic m c n l E xp cnm cn id l

A g ;ir - . ig a r  ‘̂ el g ro v.n  cr>N la l\

W eigh t ( % )

61,35

.'K.65

A lo m ic  (% )

<i2 92 

7nR

S iln .t t-cJ g ro w n c ry ila ls

Wc.j:hi (%) A lo m ic  (% )

60 95 

.V> 115
92.24

7.76

Theorclical

59.27

40.73

A tom ic (•/,)

9.V7S

6.25

20  

0 •

T iib ic  3

Poivder X R D  da ta  fo r  H T T

0  5 10  15 20  25  3 0  3 5  4 0  4 5  5 0  55  6 0  6 5  7 0  7 5  8 0  8 5  90  

26

F ig . 8. Pow der X - ra y  d ilT rac log ra tn  o f  H T T

ion is singly ionized and the other doubly ionized. The fact 

that one o f the tartrate ions is singly ionized is supported 

by (he presence o f  absorption peak at 1719.07cm “ ' in the 

F T -IR  spectrum o f H TT. These results suggest that there 

are three water molecules bonded lo holm ium  and the 

ta rlra le  is disordered between a singly and a doubly ionized 

spccies

^ 4 2  X R D  results

The powder X R D  o f  H T T  crystals is shown in Fig. 8. 

Table provides the data fo r observed and calculalcd 

d-spacings as well as the corresponding planes. The 

experimental values were found to correspond w ith the 

calculated r/-values o f unit cell dimensions determined 

from  single crystal X R D  analysis: a  =  5.97 A . r  =  36,09 A. 

7 = / (  =  V =  9 n .  F = 1 2 H 7 1 2 A V  Single crystal X R D

results also confirm  (hat the material grown in the present 

investigation is isomorphous w ith  erbium d ita rtra le  trihy- 

drate j30). y ttrium  tartrate hydrate [.''1) and samarium 

tartrate (rihydrate as reported in Ref. (32). Table 4 gives a 

comparison o f some crystallographic parameters o f  H T T  

w ith those o f reported rare earth tartrates.

J 4 3 FT‘!R sp ed ro scn p y  results

Fig 9 shows the F T -IR  spectrum o f  H T T  crystals grown 

in agar agar gel The in fra rc ii spectrum in the range

2» Observed it 
values (A )

C alcu la ted </• hkl 
vulues (A )

9.939 8.89199 9,023 0 0 4
15.221 S.8I633 5,89 1 0 1 .0 1  1
15 790 5.60787 5.668 0 1 2 . 102
16.696 5.30578 5,348 0 1 3 . 103
19.657 4.51258 4,511 0 0 8
21 164 4.19464 4.193 1 1 1
21.747 4.08335 4.110 i 12
22 SfM 3 89649 3,902 107

30333 2.94429 2,945 20 2
31.608 2.82834 2,834 20 4

35.065 2.55704 2.560 21 4

37.465 2.39854 2.394 2 0 9

39.129 2.30034 2.300 2 0 1 0

40.826 2.20854 2.208 201 1

45.243 2. 00264 2.000 1 0 1 7

48.032 1.89265 1.889 3 0 6

49,835 1.82834 1.826 31 5

63,721 1.45932 1.462 40S

400-4000 cm “ '  s h o w  a S t r o n g  b r o a d band centered at

3267.18 cm ~' due to O H stretching vibration o f water and 

carboxylic acid group. Due to very strong interlinked 

H-bonding. the peak assignment fo r carboxylic acid group 

(O H ), C -H  vibrations and that o f  (O H ) o f water gets 

overlapped. The strong peak at 1719.07c m "‘ is attributed 

to stretching vibration o f  (C =  0 )  bonds, which shows the 

presence o f unionized carboxyl groups in the compound

(32]. A  band centered at approximately 1585.43cm"' isduc 

the C =  0  asymmetric stretch o f coordinated carbonyl 

group. The absorption at 1410.82cm"' is attributed to 

C = 0  symmetric vibration. The value A»- =  174cm . the 

difference between two wavenumbers v.,» (COO ) ;md 

v jC O O ") . indicates the bridging mode o f  the carboxylase 

group |331, The absorption bands around 1066.91cm 

have been assigned to v (C -O H ) stretching vibration 

F T -IR  spectrum o f  silica gel grown H T T  crystals i> 

observed lo  be the same as that o f  agar-agar gel growr 

crystals. The assignment o f some selected absorption band 

peaks observed in the F T -IR  spectrum o f HTT grom 

in both media is given in Table 5. It is thus clear that i  t  

F T-IR  spectroscopic results o f H T T  crystals confirm th>
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B g . 9. F T -IR  spectrum o f  H T T  crystals grown from  agur-agar gel.

Table 5

Atoigm ncni o f  >ome selected F T -IR  wave num bers (cm ) o f  H T T

Assignments o f  peaks/bands

Silica gel grown 

cr>'stals

Agar-agar gel 
grown crystals

2600 3500 2600-34J4 >\ {OH)+v,. (OH) of water and

OH of carboxylic acid

I721.1! 1719.07 V lC = 0 ) ; unionized COOH

groups

I6l4..'t| 1585.43 (C 00-)

1415.74 I4IO.R2 n (C 00-)

1209.15 V... c-c
lfW.7 09. 1140.23 I0669I.IH0.03 v(C-OH)-^«j(C-H) + n(C-H)

942..̂ 9 943.02 V, c-c
K40.45 840.45 A ( COO )

F ig. 10. T C  and D T A  curves o f  H T T  crystals g ro w n  fro m  ag :ir-..ga r gel

to 400 C. From the TG curve, it is observed that the 

material remains stable up to a temperature o f  about 

220 C. In the temperature range 225-336'C, the material 

loses five water moleculcs and two CO : molecules, leading 

to the formation o f holmium acrylate (34] (calctilaied 

weight loss; 34.5%. observed: 35Vo>. The loss o f fwe water 

molecules includes three coordinated and two intramolC' 

cular water molecules. The loss o f two intramolecular 

water molecules results in to the dehydration o f the tartrate, 

thus leading to formation o f holmium fumarate complex. 

Probably this complex can undergo radical induced keto- 

cnol tautomerism. accounting for the relatively weak 

absorption maximum at 936.19cm“ ‘ (belonging to C =  C 

band) in the F T -IR  spectrum o f the intermediate obtained 

at 280 ^C. W ith subsequent loss o f two CO2 molecules, 

the fumarate complex decomposes to holm ium  acrylate. 

The formation o f  acrylate complex was confirmed 

by carrying out C H N  analysis o f the iniermcdiate obtained 

at .-?40'C (calculatcd; C = 2 l.3 % .  W =  1-5%. observai; 

C =  20.96%, W -  1,55%). The thermal analysis o f silica 

gel grown crystals was observed to be the same.

presence o f tartrate ligands and establish that one o f the 

tartrate ions is singly ionized.

3.4.4. Thermal stabiliiy results

Fig. 10 shows the TG A  and D T A  curves o f H T T  crystals 

grown in agar-agar gel. in the temperature range from 26

4. Conclusions

The silica and agar-gar gel growth system involving the 

use o f holm ium  nitrate as upper reactant and L>tartaric 

acid as lower reactant results in the crystallization o f HTT. 

Silica gel system leading to single-crystal growth for gel 

pH <3.75 whereas fo r gel p H > 4  the crystals assume



sphcriiltnc morphology Use o l\ig ;ir agar gel >ickls sinjilc 

and iwinncd crystals. The morphological form of single 
crystals is dipyramidal wiih the major habtt faccs us (1 1 11 
and ;0n I [, The morphological dcvelopmcnl o f the crystals 

grown in silica and agar -agar gels indicates difTercniial rate 

o f growth along certain directions. The experimental 

results obtained for the crystal count on the variation o f 

growth par.imcters suggest that (he crystals grown in silica 
gel follow classical laws o f three-dimensional niicleation 
S»ngle crystal XR D  results show that the crystals belong 

to tetragonal system with cell parameters o =  5.97. 
<' =  36.09 and 1287.12A . bearing a non*ccntrosym- 

metnc space group P4]. Infra red spcctrum shows the 

presence of tartrate ligands and establishes that one o f (he 

tartrate ions is singly ionized. The stiochiometric composi

tion o f the cry.sials is established to be (HoCCjHjO^) 

(C4H<0^) - 3(H;0)]. TG A reveals that the material is 

thermally stable up to 220 C.
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K ey w o rd s  h o lm iu m  u rtra ie  trihydra ie , phase irans iiion , therm al s ia b tliiy . non-iso iherm a l k ine iics .
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M easurements on d ie lec tric  constant o f  ho lm ium  tartrate tnhydra te  crysta ls at frequencies o f  the applied a.c. 

m  the range I kH z  to  1 M H z  and at temperature m the range 30°C  to  330°C  are reported The d ie lectnc 

constant c' m trcascs w ith  tem perature at a ll frequencies, atta ins a peak near 250°C , and then decreases as the 

tem perature goes beyond 250'’ C, The anomalous d ie lectric  behaviour at near about 250®C is a itnbu ted  to  be 

as a result o f  crys ta llog raph ic /po lym orph ic  phase transition b rought about in  the m ateria l. The results on the 

d ie lec tric  behaviour o f  the m ateria l arc supplemented by results o f  therm al analysis v iz ., TG  and D T A , 

T h e rm ograv im e iric  and d iffe re n tia l therm al ana ly tic  techniques have been used to  study therm a l behaviour o f  

the m atenal i t  is shown that the m ateria l is the rm a lly  stable up to  220'®C beyond w h ich  i t  decomposes 

th rough three stages t i l l  the fo rm ation  o f  h o lm ium  oxide at 1200®C. The non-iso iherm a l k in e tic  parameters 

e.g., ac tiva tion  energy and the frequency facto r have been evaluated fo r firs t tw o  stages o f  therm al 

decom position  b y  using the integral m ethod o f  Coats and Redfem .

C 2007 W ILEY-VCH Veriag GmbH &  Co. KGaA. Weinheim

1 Introduction

The salts o f  tartaric ac id  belong to an importai^t class o f  m aterials because o f  their in teresting  physical 

properties such as fcrroclectricity , piezoelectncity  and non-linear optical p roperties (Second Harm onic 

G eneration) [1-7]. T he F eiroelectiic ity  was first d iscovered in 1921 in the double salt o f  tartaric acid i.e., N a K 

C<H406 • 4  H 2O  {8]. Subsequently , o ther types o f  double salts o f  tartaric acid w ere investigated for their 

dielectric behavior (9, 10]. D ielectric and therm al properties o f  m any tartrate salts w ith m onovalen t cations; 

such as rubidium  hydrogen tartrate [ I I ] ,  sodium  tartrate (12) and am m onium  tartrate (13) and divalent cations; 

such as calcium  tartrate (14), cadm ium  tartrate ( I) , m anganese tartrate (15), zinc tartrate (16] and strontium  

tartrate (17, 18) have been investigated. Som e o f  these m aterials have show n to  be ferroelectric ( I ,  8-10,14) 

w hile o thers are  non-ferroelectric (12,13).The rare earth  tartrates bearing  the form ula R2 (C<H4 0 fc)3-.xHi0  

(where R = Y ,Sm ) arc  show n to be therm ally unstable and start decom posing  at a tem perature  o f  about 50®C 

[19). Studies on therm al decom position o f  lanthanum -titanium  tartrate com plex  have been  reported .which 

show s the m aterial to be stable up to 50-60®C (20). Deb (21) has reported therm al decom position  o f  lanthanum  

tartrate decahydrate com pound, w hich starts dehydrating even at room  tem perature . In this paper we describe 

the dielectric and thennal behaviour o f  holm ium  tartrate trihydrate: H o(C4H40 6 )(C4 Hs06>-3 H 2O . w hich  is a 

trivalcnt tartrate salt. T he single crysta ls o f  holm ium  tartrate trihydrate arc  show n to be therm ally stab le up  to  a 

tem perature o f  about 220*C as com pared to m ost d ivalent tartrate salts  that decom pose at m uch lower 

tem peratures (14-17). T he resu lts  obtained on dielectric studies are  correla ted  w ith the therm al studies viz.. 

therm ogravim etric analysis (T G A ), differential therm al analysis (D T A ) o f  the crystals. The m aterial under
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Nphcruhtic morphology Use o f agar agar gel yields single 

and twinned crysials. The morphological form  o f single 

crystals is dipyramidal with the major habit faces as 11 I 11 

.ind [00 )). The morphological development o f the crystals 

grown in silica and aear-agar gels indicates difrercntial rate 

o f growth along ccrlain directions. The experimental 

results obtained for the crystal count on the variation o f 

growth parameters suggest that the crystals grown in silica 

gel follow classical laws o f  three-dimensional nucleation 

Single crystal X R D  results show that the crystals belong 

to tetragonal system with cell parameters o =  5.97.

( =  36.09 and V'=  1287.1 2 A \ bearing a non-ccntrosym- 

metric space group P4|. Infra red spectrum shows the 

presence o f tartrate ligands and establishes that one o f the 

tartrate ions is singly ionized. The stiochiometric composi

tion o f the crystals is established to be (Ho(C4HjOft) 

(CjHsOh) 3 (H ;0 )]. TG A  reveals that the material is 

thermally stable up to 220 C.
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D ie le c tr ic  an d  th e r m a l b e h a v io u r  o f  h o lm iu m  ta r tr a te  tr ih y d r a te  

c r y s ta ls

B. W a n l‘ . F. A hm ad ', and P. N. K o lru **

' D e p a n m e n t o f  P h y s ic s , U n is c r s u y  o t K a s h m ir ,  S rm a g a r-I9 0 0 0 < i J A: K .  In d ia
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M easurements on d ie le c ir ic  constant o f  ho lm ium  tartrate m hydrate  crysta ls at frequencies o f  the applied a c 

in  ihe range I k H z  to  I .MHz and at temperature in  the range 3 0 'C  to  330=C are reponed The d ie lectric  

constant e' increases w ith  tem pcra iurc at a ll frequencies, attains a peak near 2 5 0 'C . and then decreases as the 

tem perature goes beyond 250^C. The anomalous d ie lec tric  behaviour at near about 250°C  is a ttnbu ied  to  be 

as a resu lt o f  crys ta llog raph ic /po lym orph ic  phase trans ition  b rought about in  the m ateria l. The results on the 

d ie lec tric  behav iour o f  the m ateria l are supplemented by results o f  ihe rm a l ana lysis v iz .. T G  and D T A . 

T h e rm o g rtiv im e in c  and d iffe re n n a l therm al ana lytic  techniques have been used to  study therm al behaviour o f  

the m atenal. I i  is  sh o u n  that the m ateria l is the rm a lly  stable up to  220®C beyond w h ich  it decomposes 

th rough three stages t i l l  the fo rm a tion  o f  ho lm m m  oxide at I200 ''C - The non-iso ihe rm a l k in e tic  parameters 

e.g., ac tiva tion  energy and the frequency fac to r have been evaluated fo r  firs t tw o  stages o f  therm al 

decom position  by  using the in tegra l m ethod o f  Coats and Redfem .

C  2007 W IL E Y .V C H  V e rla g  G m b H  &  C o. K G a A , W einheim

1 Introduction

The salts o f  tartaric acid belong to an important class o f  materials because o f  their interesting physical 

properties such as ferroelectricity. piezoelectricity and non-linear optical properties (Second Harmonic 

Generation) [1-7], The Fcrroelectricit)’ was first discovered in 1921 in the double salt o f  tartaric acid i.e., Na K 

CjHaOt • 4 H :0  [8]. Subsequently, other types o f  double salts o f  tartaric acid were investigated for their 

dielectric behavior [9. 10). D ielectric and thermal properties o f  many tartrate salts w ith  monovalent cations; 

such as rubidium hydrogen tartrate (M ). sodium tartrate (12) and ammonium tanrate [13] and divalent cations; 

such as calcium tartrate (14). cadmium tanrate [ I ] ,  manganese tartrate (15). zinc lartrale [16) and strontium 

tartrate (17, 18) have been investigated. Some o f  these materials have shown to be ferroelectric [ I .  8-10.14) 

while others arc non-ferroelectric [12 .13).The rare earth tartrates bearing the formula R; (C4HJ0 ^)J•.TH:0  
(where R = Y  ,Sm) are shown to be thennally unstable and start decomposing at a temperature o f  about 50*C 

(19). Studies on thermal decomposition o f  lanthanum-titanium tartrate complex have been reported ,which 

shows the material to be stable up to 50-60*C [20). Deb (21) has rejxirted thermal decomposition o f  lanthanum 

tartrate decahydrate compound, which starts dehydrating even at room temperature. In this paper we descnbe 

the dielectric and thermal behaviour o f  holmium tartrate trihydrate; HolC^HjOftXCj H50ft)-3 H ;0 . which is a 

trivalent tartrate salt. The single crystals o f  holmium tatlrale trihydrate arc show n to be thermally stable up to a 

temperature o f  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 w ith  the thermal studies viz.. 

thcrmogravimetric analysis (TG A ), differential ihermal analysis (D T A ) o f  the crystals. The matenal under
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smdy is proposed to show the ferroelectric behaviour. Thermal behaviour o f the material has beeti studied 
using thermogravimctric and differential thermal analytic techniques.

2 Experimental

Single crystals o f  holmium tartrate trihydrate were grown by single gel difi\ision method [22 ,23].The details o f 

various experiments on the growth o f  these crystals have been published elsewhere [24]. The ciystals obuined 

from all experiments were o f  small size and thus it was not practically possible to carry out direct measurement 

o f  dielectric constant on a single crystal. Therefore, the dielectric measurements were carried out on powdered 

samples in the form o f  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 

o f  about S.Q’f 10“ N/cm^ using a hand operated hydraulic press. The samples were silver electioded by using a 

fine paint brush to coat both faces o f  the pellets with a thin layer o f  silver paint. The dielectric measurements 

were carried out in the frequency range 1 kHz -  I MHz and over the temperature range 30 -  330®C using a 

Hewlett-Packard impedance analyzer LF 4192A. A  microprocessor based liimace 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 o f capacitance (C) and as such the dielectric constant (e*) is computed 
using the relation

e '= C l/e o A

where C is the capacitance (in farad), t is the thickness (in metre), A  the area (in m^), Co = 8.854 x 10"‘  ̂F m"' 

and f  is the frequency (in  Hz) o f  the applied electric field.

Single crystal X-ray diffraction analysis o f  holmium tartrate trihydrate was carried out using Enraf-Nonius 

CAD4 dif&actometer w ith  Cu K a radiation. The FT-IR spectra o f  the material in the wave number range o f 

400-4000 cm '' were recorded on a Bruker Vector 22 spectrometer using K B r pellet technique. Thermal 

behaviour (thermogravimetric analysis and differential thermal analysis) o f  this material was investigated using 

a Perkin-Elmer thermal analyser in N j atmosphere at a heating rate o f  10 K/min.

3 Results and discussion

3.1 Dielectric characteristics

The dependence o f  real dielectric constant (e') on temperature at various frequencies o f  the applied a.c. field 

was studied in the temperature range o f  3()-330®C and frequency range o f  1 kHz - I  MHz. The results are 

described as follows.

t Co
1000 1200 MOO

Fig. 1 V a r i a l i o n o f d i e l c c t r i c  c o n st a n t  w i t h  t em p e r a t u r e  Fig. 2 T G  and D T A  c u r v c s o f  h o Jm l u m i a i t n i t e  t r i h yd r et e.

at  f r e q u e n c i e s 1. 5 , 10, 100 an d  1 ODD kH z.
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Figure I show s ihc v a n a iio n  o l 'r c j l  d iclcciric  constant ( f ‘) vMih tem peratu re  at tive  frequenc ies < 1 .5 . 10. HH) 

and 1000 kH z) o t the ap p lied  a.c. t’leld h  is c lear trom  figure I that in tlie tem pera tu re  range 30  < T  < I6 0 ”C‘. 

the dielectric constan t o fh o lm iu m  tartra te  tn h y d ra te  is praciicallv  tem peratu re  independent. O ther tartra te  salts 

also h a \c  been reported  to  bhovv ihis type ol behav iour [ 1. 14], B eyond 160''C'. the d iclectric  constan t increases 

rapidly with tem pera tu re , a tta in s  a peak a round 2 5 0 X . and then decreases as the tem pera tu re  e^ceedb 250% ' 

The occurrencc ol* th is  peak  m ay suggest a phase transition  in the m ateria l near 250 C  To accoun t lor this 

behaviour, w c have ca rr ied  out th em ial analysis  viz., TG  and D T A  on the m aterial F igure  2 show s the TG  and 

DTA curves o f  h o lm ium  tartra te  tn h y d ra te . T he DTA c u rse  o f  figure 2 show s an cn d o th em iic  peak  near 

247.8®C. thereby , su g g estin g  a phase iranM tion in the m aterial. T his tem pera tu re  is c lose  to the transition  

tem perature (2 5 0 °C ) observ ed  in the d ielec tric  constan t versus tem pera tu re  cu rve  (F ig. 1). T herefo re , it m ay be 

suggested that the m ateria l sh o w s a  ferroelectric  behav iour m the tem pera tu re  range 30 < T  < 250'^C. The phase 

transition cou ld  be d u e  to  strxictural ch an g es  as well as due to d eh y d ra tio n  o f  the  com p o u n d . T he phase 

transition due to loss o f  w ater m o lecu les  as w ell as due to structural c h an g es  has been  rep o rted  by T orres et al 

(1) in the case  o f  cad m iu m  tartra te  crysta ls . H ow ever, in the present case  the possib ility  o f  p hase  transiticn  

exclusively  due to  loss o f  w ater m o lecu les  is ru led  out in the light o f  the resu lts  o f  therm al b eh av io u r o f  the 

m aterial. F ig .3 sh o w s th em io g rav im c iric  (T G ) and DTG cu rv es  o f  ho lm ium  tartra te  tn h y d ra te  in the 

tem perature  range  225 -  336°C . U p to a  tem peratu re  o f  abou t 250°C  , there  o ccu rs  a loss o f  one  H :0  m olecule  

from the co m p o u n d  (C al. vvi. lo ss ; 3 .49  % ; O bs, w t. loss : 3.35 % ),C o rresp o n d in g  to th is  loss there  is an 

endotherm ic peak  at ab o u t 2 47 .8®C as show n in the D T A  curve  o f  figure 2.

A fu rther loss o f  4  w ater m o lecu lcs  occurs in the  tem pera tu re  range o f  250-280'^C (o b se rv ed  loss: 13,7% ; 

calcu lated  loss: 13.91% ). T h erefo re , it m ay ap p ear that there sho u ld  be at least tw o  tran sitio n s; first in the 

tem perature  range  225-250®C (co rre sp o n d in g  to  D T A  peak a t 2 47 .8*C) and seco n d  in the tem p era tu re  range 

250-280®C (co rre sp o n d in g  D T A  p eak  ai 271®C). H ow ever, in the p resen t case  the on ly  tran sitio n  that has been 

obserNcd in the  d ielec tric  constan t versus tem pera tu re  cu rve  (Fig, I ) is aro u n d  250®C. T h erefo re , the pt>ssibility 

o f  the m aten a l sh o w in g  the  p hase  transition  near 250®C exclu siv ely  due  to  d e h y d ra tio n  m ay be ru led  out. The 

sccond possib ility  is that d ie lec tric  anom aly  near 250®C is due to a c ry sta llo g rap h ic  c h a n g e/p o ly m o rp h ic  phase 

transition  b ro u g h t abou t in the m ateria l (in c lu d in g  due to loss o f  one H >0 m o lecu le ) .T h e  D T A  cu rv e  o f  f igure  2 

show s an en d o th erm ic  peak  n ea r 2 47 ,8°C . thereby , su ggesting  a p hase  tran sitio n  in the m ateria l. This 

tem peratu re  is c lo se  to  the transition  tem pera tu re  (250®C) o bserved  in Uie d ie lec tr ic  co n stan t versus 

tem peratu re  cu rve  (Fig, I). T h erefo re , it m ay be suggested  that the m ateria l show s a  fe rro e lec tric  b eh av io u r up 

to the  tem pera tu re  o f  250°C . T h e  ferroelectricity  in tartra te  sa lts  is b e liev ed  to be due  to  the h y droxy l g ro u p s o f  

the tartra te  m olecu les, i t  is b e liev ed  th at the hydroxy l groups in the tartra te  ions m ak e  the  m ajo r co n tr ib u tio n  to 

the sp o n tan eo u s p o la riza tio n  in sa lts  o f  tartaric  ac id  T h e  sp on taneous p o lariza tio n  resu lts  from  the tw o  possib le  

positions for hy d ro g en  a tom s w hich  a re  be liev ed  to  lie in in trin sically  asy m m etric  d o u b le  m in im u m  p o ten tial 

well (25).

3.2 Thermal characteristics

T G /D T A  cu rv es  o fh o lm iu m  tartra te  tn h y d ra te  in the tem pera tu re  range  o f  30  -  1200®C a rc  sh o w n  in figure  2 

w hereas figure  3 show s T G /D T G  cu rv es  in the tem pera tu re  range 225 -336®C o n ly  to  illu stra te  the  sp ecific  

de ta ils  o f  the first s tage o f  d eco m p o sitio n . It is c lea r  from  the TG  curv e o f  figu re  2 that the  m ateria l rem ains 

stab le up to a tem p era tu re  o f  a b o u t 22 0 ‘C . In the tem pera tu re  range 225 -336^C . the m ateria l lo ses  five w ater 

m olecules and tw o C O j m olecu lcs , lead ing  to  the fo rm ation  o f  sa lt o f h o lm iu m  ac ry la te  [26] (ca lc u la ted  w t 

loss: 34 .5  % , o b se rv ed  w t. loss: 35 %  ). A c lo se  look  at the D T G  curve  o f  f igu re  3 rev ea ls  th at the  first s tag e  o f  

decom position  (225 • 336®C) ac tua lly  c o n sis ts  o f  th ree  su b  s tages (225-250® C, 250-280® C an d  280-336® C ).The 

first su b  s tage (2 2 5 -2 5 0 °C ) is d u e  to  d eh y d ra tio n  resu ltin g  in the  e lim in a tio n  o f  o n e  w a te r  m o lecu le  from  the 

m aterial (C al. loss : 3 .4 9  % ; O b s.lo ss  : 3 .35  % ) .T he nex t sub»stage (250»280®C) c o rre sp o n d s  to  the  loss o f  four 

w ater m o lccu les  (C al. loss : 13.91 % ; O bs.lo ss  : 13.7 % ).T h e  to ta l lo ss o f  five  w a te r  m o lecu le s  in the 

tem peratu re  range  2 2 5 -2 8 0 °C  includes th ree  co o rd in a ted  an d  tw o  in tra m o le cu la r  w ater m olecu lcs. 

C orresp o n d in g  to  these su b -s tag es  there  a re  tw o  en d o th e rm ic  p eak s  in the  D T A  c u rv e  a t a b o u t 247 .8  and  27 l*C  

respectively  (see  Fig. 2). T h e  d e h y d ra tio n  tem p era tu re  ran g e  (225-280® C) w h ich  is q u ite  h igh , su g g ests  the 

p resence o f  co o rd in a ted  w a te r  in the co m p o u n d  [27], T he loss o f  tw o  in tra m o le cu la r  w a te r  m o lccu les  resu lts  

into the  deh y d ra tio n  o f  the  ta rtra te  m o lecu le , thus lead ing  to the  fo m ia tio n  o f  h o lm iu m -fu m ara te  co m p lex  In 

the th ird  sub-s tage  (280-336® C) th ere  o ccu rs  a loss o f  tw o C O ; m o lecu les  (C al. loss; 17 %  ; O b s  loss 16.95) 

and the ho lm iu m -fu m arate  com plex  d eco m p o ses  to ho lm ium  acry la te . C o rre sp o n d in g  to  th is  sub-s tage  (280-

0  2007 W ILE Y .V C H  V crbg O m bH  &  Co. W cmhc.m w w > v .c r l- J o i.m .L o r^
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3 3 6 °C ). th ere  is  an  e x o th e ira ic  p e a k  in  D T A , a t  a b o u t 3I4.7->C. T h e  fo im a tio n  o fh o lm iu m  acrv late  co ran lp ,

c o n t o e d  b y  c a n y in g  o u t  C H N  an a ly s is  o f  the  in te rm ed ia te  o b ta in ed  at 340°C  (C alculated- C  =  21 3 H

=  1.5 % , O b se rv e d ; C  =  2 0 .9 6  % . H  =  1.55 • /.).T o  fu rth e r su p p o rt th e  a b o v e  a rg u m en ts , w e  ^  L e i  „ u f  Ihe

tn h y d ra te  ( a t  ro o m  tem p era tu re )  an d  th e  in te rm ed ia te  p ro d u cts  ob tained  at 
C  , an d  340®C as  sh o w n  in  f ig u re  4 .

R g . 3 TG and DTG curves o f  holm ium  tartrate trihydrate. Fig. 4 FT-IR spectra o f  holmium tartrate trihydrate 

(curve-1) and the intennediate products obtained at 

285»C (curve-2) and 340®C (curve-3).

F ig . 5  ArrheDius plot o f  the best fitting function g  ( a )  for 

stage-J (225-336®C).

Fig. 6  Arrhenius plot o f  the best fitting function g 

(a )  for stage 2 (385*510®C).

The strong peak at 1719 cm ' ,as shown In curve-I, is due to carboxylate unbounded group [28]. The 

absorption bands at approximately 1585 cm ' and 1410 cm ' are assigned to asymmetric and symmetric 

vibrations o f carboxylate group. The band at 1066.9 cm ' may be assigned to bond hydroxyl group v(OH). The 

FT-IR spectrum o f intermediate (holmium fumarate, curve-2) obtained at 285®C shows presence o f all 

functional groups in a tartrate molecule .thus confirming that the organic skeleton is in tact up to temperature 

o f about 285®C. In the FT-IR spectrum o f intermediate (holmium acrylate, curve-3) obtained at 340 C an

spectrum obtained a t 360^C is in
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stage be^\^ecn the temperature in te n a l 385-5I0 C , the acrvlate ol hoim ium  decomposes and get^ reduced lo 

holmium acelaic. The second stage o f  decomposition corresponds to the e lim ination ot t\so CO molecules from 

the material. The obsen.ed weight loss in this stage is about l i  l®b (calculated \st loss 

10.85*o).Corresponding to this stage there is an e \o them iic peak at about 415 5 'C  A fte r 5IU C the residual 

malenal sutlers a continuous \seight loss until at about I200'C  holm ium  oxide is formed. A  total obser%ed 

weight loss o f  about 62 4 ®o from  30 C lo I2 0 0 'C  corresponds to (he t'omiation o f  holm ium  oxide (calculated 

loss; 63.4 ®b).The form ation o f  o.xides o f  other rare earth compounds from their coordination complexes has 

also been reported in the literature [2^],

Single cr>’Stal X-ray dilYraction studies indicate that the c r\s ia ls  o f  holm ium  tartrate trihydrate belong to 

tetragonal system w ith  the cell parameters a = 5.97 A. c = 36.09 A. bearing the space group P4, [24] These 

results show that the material grown under present mvestigation is isomorphous w ith  those reported in the 

literature (30-32). Based on these find ing we expect the str\icture o f  holm ium  tartrate tnhydrate to be sim ilar to 

those o f  reported structures o f  rare earth tartrates (30-32). Therefore, we suggest the molecular structure o f the 

compound under in \estiga tion  to be the one shown on the L H  S o f  reaction I (see belov\) The thermal 

decomposition o f  holm ium  tartrate tnhydrate that occurs through the reactions is given below

________________________ U \S am  tfi j l  Digltfcific j n J  iherm al behaviour o f  ho lm ium  tan ra te  tn h sd ra ic  cr>^tals

M2O

. /  \  L 225-280 'C  c

0  ^20 H O '-'^O  o '

^OH

J

385-510 °C

0 - 336°C ^ O H -

I
CH j

I +  2CO,

O
+ 2  CO

CH j

( 1)

(II)

(III)

T he non-iso th cim al k inetic  p a ram ete rs  have been  w orked  out for the c o m p le te  s ta g e -1 (2 2 5 -3 3 6 °C ) and  stage-2  

(3 8 5 -5 10°C) usin g  the in teg ral m eth o d  by app ly in g  the C oats -  R cd fem  a p p ro x im atio n  [33]:

=  In
'  AR

['-'""IT ' [ e /s I  E ) ’ RT
(I)

w here a is the fraction  o f  reac tan t used . g (a )  is the  conversion  fu n ctio n  d ep e n d en t on  the  m ech an ism  o f  the 

reaction , R the gas co n stan t (=  8 .3 1 4  J K ' m ol ’), E is the a c tiv a tio n  en e rg y  (kJ  m ol ') ,  T  the  ab so lu te  

tem perature  (K ), p  the  linear h ea tin g  rate  (K  s ')  and A is the frequency  fac to r (s  ') .  T h is  e q u a tio n  is m o st often

used  to describe  the  k in etics  o f  th erm al deco m p o sitio n  o f  so lid s  in genera l. A p lo t o f  In

T'
v e rsu s  i n '

g ives a stra igh t line for the  c o rrec t m odel.

T he s ta tistical p aram eters; co rre la tio n  coelT icient r and  S n e d c c o r 's  v a riab le  F w e re  c a lcu la ted  to  a id  the 

selection  o f  the g (a )  function  best d escrib in g  the  e x p e rim en ta l resu lts  [34], T h e  v a lu es  o f  the k in etic  and 

statistical p aram eters  for all an a ly sed  m odels a rc  listed  in tab le  1.

T he A rrhen ius p lo t fo r  the  b e st-fittin g  cu rv e  for the  s tag e  1 and  s tag e  2 is sh o w n  in f igu re  5 and  figure  6 

respectively . It is c lea r  from  tab le  I that the b est fitting  ex p ress io n  for the  s tag es  I an d  2 is th at o f  random  

nuclea tion  m odel FI w ith  a c tiv a tio n  en e rg ie s  121.95 kJ/m o l an d  137.35 U /m o l  rcsp cc tiv e lv  

co rresp o n d in g  frequency  facto rs a rc  1.05« 10" (s  ')  and  3 .56  « I 0 '(  s  ' )  resp ec tiv e ly

T he
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Table 1 Kinetic and staiistical parameter values from the TG experiment. 

Stage Model E ( kJ/mol) A 7 Y  ~

D1

D2

D3

D4

FI

F2

A2

A3

R2
R3

Dl

D2

D3

D4

FI

F2

A2

A3

R2

R3

178.56

196.5

48.73

204.9

121.95

185.83

56.35

34.48

100.23

106.7

179.68

205.1

51.65 

217.14 

137.35 

230.5

62.66 

37.77 

106.04 

115.33

5.93x10'°

2.05x10'^

2.22x10'
3.23x10'̂
1.05x10̂
3.19x10'̂

2.61

1.60x10̂
3.06x10̂
9.52x10̂
1.42 x io ’ 

7.47x10" 
2.16x10̂  
1.48x10** 

3.56x10' 
7.28 x io "  

2 .1 8 x 1 0 ' 

7.97 xlO^ 

5.52 x lo '

2.07x102

0.96774

0.97894

0.98739

0.98351

0.9961

0.97554

99534

0.99436

0.98439

0.98969

0.91537

0.93765

0.95003

0.94743

0.97909

0.97838

0.97469

0.96886

0.94726

0.95983

8853

13798

23338

17739

76402

11814

63932

52760

18774

28650

3509

4941

6288

5953

15729

15192

12907

10397

5933

7945

4 Conclusions

The study o f the dielectric behaviour o f  holmium tartrate trihydrate crystals shows the strong dependence of 

dielectric constant on temperature. The dielectric constant (e’ ) varies with the temperature and attains a peak 

value around 250“C after which it decreases, thus establishing this temperature as the transition temperatiire of 

the material. Themiogravimetric analysis shows that the material is thermally stable up to a temperature o f 

about 220^C. Decomposition o f  holmium tartrate trihydarte occurs in three complete stages ultimately leading 

to the formation o f holmium oxide. The reactions corresponding to stages 1 and 2 are both governed by 

random nucleation model FI with activation energies 121.95 kJ/mol and 137.35 kJ/mol respectively.
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Abstract Dieleciric and ihemial characierlNiics of gel 

grown single of yllerbium lartrjie irihydraie hase

been carried out. The dielectric consiaiH has been measured

OS a function of frequency in ihe range 2 k H /- l M H / and 

temperature range 30-300 *C. The dielectric constant in

creases with teniperature. attains a peak near 215 T .  and 

then decreases as the temperature exceeds 215 ’̂ 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. Thennogravimetric and d if

ferential thermal analysis have been used to study the 

thermal characteristics of the material. The experimental 

results show that the material is thennally stable up to 

200 ®C. The decomposition process occurs in two stages 

until yllerbium oxide is fomied 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 ihe integral method, 

applying the Coals-Redfem approximation.

Introduction

The salts of tartaric acid belong to an importanl class of 

materials because o f iheir interesting physical properties

B. Warn F Ahmad

Depannicnl o f Physics, University o f  Kashmir, Srinagar. 

Jammu &  Ka.shmir I900U6. Indiii

P. N. Kotru tS )

Depanment o f Physics and Electronics, University o f Jammu, 

Jammu 180006, India 

e-mail; pn_koiru@yahoo.com

such as Ferroelectncity, Piezoeleclricity and non-linear 

optical properties (Second Harmonic Generation) 11-7). 

The FeiToeleciricily was first discovered in 1921 in the 

double salt o f tartaric acid i.e., NaKC4H40  ̂ 4H ;0  IS|. 

Subsequently, other types of double salts of tartaric acid 

were investigated for their dielectric behaviour [^. 10]. 

Dielectric and thermal properties o f many tartrate salts 

with monovalent cations; such as rubidium hydrogen 

tartrate 111), sodium tartrate [12) and ammonium tartrate

(13] and divalent cations; such as calcium tartrate [14j. 

cadmium tartrate [1] manganese tartrate [15], zinc tartrate

[16] and strontium tartrate (17. 18) have been investi

gated. Some of these materials have shown to be ferro

electric (1, S-IO, U ) while others are non-ferroelectric 

112, 13). The sphenilitic polycrystals o f rare earth tartrates 

bearing the formula (CjHjOt,)^ H^O (where R = Y. 

Sm) were shown to be thermally unstable and start 

decomposing at a temperature o f about 50 X  [W). 

Studies on thermal decomposition o f lanthanum tartrate 

decahydrate have been reported, which shows the material 

to be unstable even at room temperature (20). In this 

paper we describe the dielectric and thermal behaviour of 

single cry'stals of ytterbium tartrate trihydrate: Yb 

(CjHjOt,) (C4h<iOc,) 3H2O, which is a trivaleiU tartrate 

salt. The single crystals o f ytterbium tartrate tnhydrate are 

thermally stable up to a temperature of about 200 X  as 

compared to most divalent tartrate salts that decompose at 

much lower temperatures [U -1 7 ]. The resuhs obtained on 

dielectric studies are correlated with the thennal studies 

viz.. thennogravimetric analysis (TGA) and differential 

thermal analysis (DTA) of the crystals. The material 

under study is proposed to show the ferroelectric beha\- 

iour. Thermal characteristics of the material have been 

studied using thermograviinetry and differential thennal 

analytic techniques.
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E x p e rim e n ta l

Single crystals o f ylierbium  lartraie inhydraie (YhTT) were 

grown by single gel diffusion method (21. 22) using two 

lypes o f gels: an inorganic (silica) gel and an organic (agar- 

agar) gel. The details o f various experiments on the growth 

o f these crystals have been published elsewhere (23). The 

crystals obtained from all experiments were o f small size 

and thus it was not possible to carry out direct measurement 

o f dielectric properties on a single crystal. Therefore, the 

dielectric measurements were carried out on powdered 

samples in the form o f 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 o f 5 tons/cm^ using 

a hand operated hydraulic press. The samples were silver 

electroded by using a hnc paintbrush to coat both faces of 

the pellets with a ihm layer o f  silver paint. The dielectric 

measurements were carried out in the frequency range

2 kHz-1 M Hz 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 fitted w ith a temperature controller and a specially 

designed two-terminal sample holder was used to heat the 

sample. The impedance analyzer d irectly provides ihe val

ues o f  capacitance (C) and. so the dielectric constant (c') is 

computed using the relation;

£ =  C r/CoA

si

Ilf

0 10 20 30 40 S0 60 70 60 90

20

F ig . 1 P o w de r X - ra y  d iff ra c to g ra m  o f  y iic rb iu m  la rtn ne trihydrate 

crys ta ls

grown material. The powder diffraction pattern of YbTT 

was indexed with the TREOR program (241. using the 

20 most intense peaks. A  tetragonal >init cell was fouivd 

with cell parameters a = 5.885j;4) A . c =  35.801(1) A, 

a =  /J =  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 parameters are consistent 

w ith those o f reported isomorphous materials (25-27),

Dielectric characteristics

where C is the capacitance (in farad), /  is the thickness (in 

m). A the area (in m^). = 8.854 x  10"'^ F m“ ' and f  is

the frequency (in Hz) o f the applied electric field.

X-ray powder d iffraction analysis o f ytterbium tartrate 

trihydrate was carried out using Bruker D8 Advanc? X-ray 

diffractometer w ith  Cu Ka radiation (A =  1.5406 A). The 

FT-IR spectra o f the material in the wave number range o f 

400-4,000 cm "' were recorded on a Bruker Vector 22 

spectrometer using K B r pellet technique. Thermal behav

iour (ihermogravimetric analysis and differential thermal 

analysis) o f the material was investigated using a Perkin- 

Elmer thermal analyser in N j atmosphere at a heating rate 

o f 10 °C/min.

Results and discussion 

Powder X-ray d iffraction results

The powder X-ray diffractogram  o f  Y bTT crystals is 

shown in Fig. I. The occurrence o f intense peaks nt spe

c ific  Bragg angles 2W indicates the crysta llin ity o f the

The dependence o f real dielectric constant («') on temper

ature at various frequencies o f the applied a.c. field is 

studied in the temperature range o f 30-300 “C and fre

quency range o f 2 kHz-1 MHz. The results are described 

as follows.

Figure 2 shows the variation o f real dielectric constant 

(e') w ith temperature at four frequencies (2. 10. 100 and 

1,000 kHz) o f the applied a.c. field. It is clear from Fig. 2 

that in the temperature range 3 0 < T < 1 8 0 ® C . the 

dielectric constant o f ytterbium tartrate trihydrate is prac

tically temperature independent in the higher frequency 

range 100-1.000 kHz whereas it shows slight dependence 

at the lower frequencies o f 2 and 10 kHz. Other tartrate 

salts also have been reported to show this type of behaviour 

( I ,  14). Beyond 180 ”C, the dielectric constant increases 

almost suddenly w ith  temperature, attains a peak around 

215 "C, and then decreases as the temperature exceeds 

215 X .  The occurrence o f this peak may suggest a phase 

transition in the material near 215 “C. To account for this 

behaviour, we have two possibilities. The first possibility is 

that on heating the sample up to 225 X .  there is loss of 

some water molecules and because o f this dehydration a
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• 2kH2 
lOkHi 

^  to o  kHz 

1000 kHz

T ( ’C)

Fig. 2 V a na lio n  o f d ic le c ir ic  c o t is ljn i w i ih  icn ifK TJiu rc  j i  trcqucn 

cies 2. 10. 100 jn d  I.IKKI K H /

transiuon appears la have iKcurred at about 215 '■'C. The 

phase transition due to loss o f water molecules as well as 

due to structural changes h.is been reported b> Torres el al 

| l j  in the case of cadmium larirate crystals. However, tlie 

possibility o f phase transition exclusively due to loss of 

water molecules is ruled out in the light o f the results of 

thennal behaviour o f the material under consideration 

Figure 3 shows thermogravimetric (TG) and DTG curves 

of ytterbium tartrate trihydrate. The material loses about 

rive water molecules (three from coordinated v^ater and 

two from intramolecular; observed weight loss: 17,4r<-. 

calculated weight loss; 17. ISCr) jn the temperature range of 

200-285 °C. Up to a temperature o f about 225 X ,  there 

occurs a lo.ss of about 0.5 H^O (observed loss: 

calculated loss: 1.72^c). Corresponding to this loss there is 

an endothemiic peak at about 213.8 °C as shown by the 

DTA cuI^’e of Fig. 4. A further loss o f 4.5 water molecules 

occurs in the tejnperature range o f 225-285 -"C (observed 

loss: IS.bCf; calculated loss; I5.4.Kc). Therefore, it tnav

T (  C )

F ig . 3 T G  and D T G  curvcs o f  ) ( ie rh iu n i la rtru lc  ir ih y d ra lc

Fi}{. 4 TG  aiKl D T A  v u p . c n  k I' s ite tb u ir i i i.in ra ic  in h sd ra ic

appear that Iheie should be at least iwo transiiions: lirsi in 164. 

the lemper.uure range 200-225 ' C (corresponding to DT.-\ 165*

peak 21.  ̂8 ^C) and second in the temperature range 225- 166

285 'C  (corresponding to DTA peak 283.5 C). Hov^ever, 167,

in the present case the only transition that has been I68>

observed in the dielectric constant versus temfxiraiure 169

curve (Fig. 2) is around 215 ‘'C. Therefore, the possibility 170

of tiie material showing the phase transition near 215 "C 171

exclusively due to loss o f water molecules mav be ruled 172

out. The second possibility is that dielectric anomaly near 173

215 °C is due to a crystallographic change/polvmorphic 174

phase transition brought about in the material (including 175

due to loss o f 0.5 H :0  molecules). The DTA curve o f 176

Fig. 4 shows an endothemiic peak near 213.8 "C. thereby. 177

suggesting a phase transition in the material This tern- 178

perature is close to the transition temperature (2 1 5 * 0  I7̂ >

observed in the dielectric constant versus temj>irature 181.

curve (Fig. 2). Therefore, tt may be suggested that the 181

material shows a ferroelectric behaviour up to the tem- 182

perature of 215 ^C. The characteristic feature o f rare earth 18;

tartraie salts is that in all these crystal structures, rare earth 18^

cations and hydrogen bonds o f 0 -H  O type involving water 18?

ligands, hydroxyl O and the carbo\ylate O atoms, link the I8(

tartrate anions into la>ers parallel to {(K)l); these layers are 18'

linked together by hydrogen bonding between adjacent 18^

tartrate molecule [25-27). It is believed that the hydroxyl I8S

groups m the tartrate ions make the major contribution to I9(

the spontaneous polari/ation in salts of tanaric acid The 191

spontaneous pwlari/.atioii results from the two possible 19:

positions for hydrogen atoms, which are believed to lie in 19:

intrinsically asvmmetnc double minimum well potential 19-

i:s|.
The variation o f dielectric constant as a function of 19(

Irequency is shown in Fig. 5 The inset of Fig. 5 shows the 1̂ )‘

variation o f dielectric constant with frequency at high 19;

temperatures. It is clear from Fig. 5 that dielectric constant 19*

Sprin|
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Fig. S Vanation o f diclccinc 

consiant wiih frequcnc) The 

o f Jhc Jigure <ho\vv 

\anadon o f dielccinc constant 

with frequency at temperatures 

o f 100. 150. 200, 215 and 

250 'C

10000 100000 

log f (Hz)

100 of ytterbium lartraie trihydrate decreases gradually with

’.01 increasing frequency. The decrease of dielectric constant

!02 with increase o f frequency is a normal dielectric behaviour

103 and can be explained on the basis of various polarization

104 mechanisms. There are four primary mechanisms of

!05 polarization in materials I.e., electronic, ionic or atomic,

106 dipolar or orientational and space charge or interfacial

’07 polarization. At low frequencies, all the mechanisms of

108 polarization contribute to the dielectric constant and with

J09 the increase in frequency, the contributions from different

MO polarizations stan decreasing. For example, at very high

n i  frequencies (lO '^H z). only electronic polarization con*

112 tributes to the dielectric consunt. while ionic polarization

U3 takes place at IR frequencies (-10*^ Hz). In the material

M4 under present investigation the high rise of dielectric con-

J15 stanl at lower frequencies may be attributed to space charge

i l6  polarization due to crystal lattice defects. The gradual

>17 decrease in dielectric constant with frequency suggests that

218 ytterbium tartrate trihydrate has domains o f different sizes

219 and hence varying relaxation times.

220 Thermal characteristics

221 Simultaneous recording o f TG and DTA was made in the

222 temperature range 40-1.200 ®C .The results thus obtained

223 arc shown in Figs. 3 and 4. Figure 3 shows the TGA/DTG

224 curves o f ytterbium lartrate trihydrate crystals. From the TG

?25 curve, it is observed that the material remains stable up to a

226 temperature of about 200 ®C. In the temperature range 200-

p27 354 °C, the material loses five water molecules and twoCOz

228 molecules, leading to the formation o f ytterbium acrylate

^29 [29] (calculated weight loss: 34%. observed weight loss:

f230 35.4%). A close look at the DTG curvc reveals that the first

|23l stage o f decomposition (200-354 °C) actually con.sisls of

two sub stages (225-285 *C and 285-354 X ) .  The first sub 

suge (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 measured 

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 

o f the tartrate, thus leading to the formation of ytterbium- 

fumarate complex. In the second sub-stage (285-354 ®C), 

there occurs a loss o f two CO2 molecules and the yiterbium- 

fumarate complex decomposes to ytterbium 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 o f the intermediate obtained at 360 *C (Calcu

lated; C = 20.82%. H = 1.45%. Observed; C = 19.96%. 

H = 1.5%). The FT-IR spectrum of ytterbium lartrate tri- 

hydrate (curve 1) and the intermediate product (curve 2) 

obtained al 360 is shown in Fig. 6. The strong peak at

1.718 cm '', as shown in curve 1. is due to free carbonyl 

stretch v (C=0), which shows that besides ionized COO’ 

group there is also presence of unionized carboxyl groups 

(COOH) in the compound [31 ]. A  band centred at approxi

mately 1.587 cm’ ’ is due to C=0 asymmetric s^tch of 

carbonyl group. The absorption al 1.410 cm"' is attributed to 

C=0 symmetric vibration. In the FT-IR spectnim of inter

mediate (ytterbium acrylate, curve 2) an absorption peaks at 

1595.20 cm-' and 1.418 cm’ ' c o rre s p o n d s  to symmetric and 

anti symmetric stretch of C=0 and the absorption peak at
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Fig. 6 FT-IR speclmni o f >Jicrbiuin tu rtr jic  tnhvd rjtc  c r js u h  

obuincd ai room lempcniiurc (cur\c 1) and j t  3W) 'C  (^.urvc 2i

3381.9 cm"' is atinbuied to the stretching vibration ol h>- 

droxyl group. Thus the FT-IR spectrum obtained at 360 C is 

in conformii) with the proposed product i e utcrbiuni 

acrjlate. In the second stage bcMween temperature 385 and 

700 *C. the acrylate of ytterbium decomposes and gels re

duced to ytterbium oxide, which Is clear from (he saturation 

of TG curve from 700 °C onwards. The second stage of 

decomposition corresponds to the elimination of Iwo CO^ 

and two CH2=CH2 molecules from the material. Tlie ob- 

ser\'cd weight loss in this stage is about 26.86Cf (calculated 

weight loss: 28.29Q). Corresponding to this stage there ts an 

exothermic peak at about 406,8 '^C. The thermal decompo

sition of ytterbium tanrale trihydrale that occurs through the 

reactions 1. II, and III are given below. Based on ihe reported 

isomorphous materials (25-27), we suggest the molecular 

structure o f the compound under in\estigaiion to be the one 

shown on the L H.S o f reaction (I)

wliere a is  the traction ot reactant used. g(2i is the con- 

\ersion tunction dependent on the mechanism ot the 

reaction, R is the gas constant t=8.?14 J K ' mol '). fc i!. 

the activation energy (kJ m ol"'). T the absolute tempera

ture (K), I! the linear heating rate (K s ' ' t  and .A is the 

Ircijiiency factor (s ').Thi5 equation is most often used to 

describe the kinetics o f thermal decompt>Miion o f solids m 

general A plot o f In \ersus 1/T gives a straight line

for the correct model.

The statistical parameter, correlation coefJicieni r and 

Snedecor’ s variable F were calculated lo aid the selec

tion of the g (a) function best describing the experi

mental results (33). The values o f the kinetic and 

statistical parameters for all anal>sed models are listed in 

Table 1. The Arrhenius plot for the best-nmng cune for 

the stage 1 and stage 2 ts shown m Fig. 7 and S, 

respectively, h is clear from the Table 1 that the best 

titling expression for the stage 1 is that of random 

nucleation model FI with activation energy of 103.6 kJ/ 

mol whereas for stage 2 the second order reaction model 

F2 tits best to the expenmenial results with activation 

energy 136.33 kJ/inol.

253

254 

2X5 

2Sh 
2S7 

288 

2S9 

2W

243

2̂ 4
2̂ 5
296

297

298

299 

3(K)

301

302

303 

.304

305

306

307

308

309

310 

31!

312

313

314

’"•■L V
iO ̂  ^

O'-̂ O 1̂0 H,0 MO^O

Y ° -  « ^ r  »6 6C ''5:

MO^^O

+ 2̂ MjC = CH,) +

I'WI

IW7

Sprmgci



J M it e r  Sci

Table 1 Kinetic and siaiislical 

parameter values for stages I 
and 2

Stage Model e (kJ/mol) A (s"') Iri F

D l 159.58 7.27EX 10" 0.97435 15.917
D2 172.75 9.07 X lO'^ 0.98192 22.838
D3 41.325 9.53 X 10* 0.98702 32,067
D4 179.06 9.27 X 10'^ 0.98529 2 i2 2 S
FI 103.6 1.73 X 10’ 0.9954 91.735
F2 155.23 4.82 X 10'* 0.97629 17.272
A2 47.26 1.55 X 10* 0.99439 75.049
A3 44.42 7.50 X to ' 0.99302 60.161
R2 86.825 1.38 X 10* 0.98555 28.744
R3 91.745 3.11 X 10* 0.98977 40.847
D l 69.30 4.4E X 10’ 0.8378 2.532
D2 72.52 2.0 X 10̂ 0.84078 2.592
D3 15.43 2.4 X 10’ 0.80161 1.933
D 4 80.85 2.3 X ]0 * 0.86763 3.273
FI 59.90 3.1 X 10* 0.93897 8,010
F2 136.33 7.5 X JO’ 0.95082 10.131
A2 23.76 4.9 X 10* 0.90604 4.928

A3 11.66 1.8 X 10’ 0.8424 2,627
R2 11.77 7.6 X 10* 0.84645 27,167
R3 43.32 1.3 X 10* 0.88542 3.901

in-(K’)

Fig. 7 Arrhenius plot o f  the best filling  function g  (z) for siagc 1 

(200-354 * 0

315 Conclusions

I
316 The study of the dielectric behaviour of ytcerbium tartrate

1317 trihydrate crystals shows the strong dependence of dielec-

318 trie constant on temperature. The dielectric constant (c')

019 varies with the lemperature and attains a peak value around

320 21S ”€  after which it decreases, thus establishing this

321 temperature as the transition temperature o f the material.

Fig. 8 Arrhenius plot o f the best lining function g (a) for slagc 2 

(385-700 »C)

X-ray diffraction results suggest that the crystals belong io 

tetragonal system with cell parameters: ^ = 5.885 A, 

c = 35.80 k , a  = p  = y =  90". V = 1239.86 A ^ Thermo- 

gravimetric analysis shows that the material is thermally 

stable up to a temperature o f about 200 "C. Decomposition 

o f yltertium tartrate trihydarte occurs in two complete 

stages ultimately leading to the formation of ytterbium 

oxide. The reaction corresponding lo stage 1 is governed by 

random nucleation model FI with activation energy
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