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Characterization and thermal behaviour of gel 
grown mixed rare-earth (Didymium) tartrate 
crystals 
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India 

Spherulites, crystal aggregates and platelets of Di2t(C4H406)3 �9 5H20 mixed crystals were 
grown in gel using the single tube diffusion method. The material was characterized by using 
different techniques such as chemical analysis, EDAX, X-ray and electron diffraction, infrared 
and mass spectroscopy. The thermal behaviour of the material was studied using differential 
thermal analysis, DTG, thermogravimetric analysis and differential scanning calorimetry. The 
material is thermally unstable and starts decomposing at 50 ~ C. Thermal analysis results indicate 
the application of the contracting cylindrical kinetic model for the solid state reactions involved 
in the decomposition process. The values of kinetic parameters, e.g. order of reaction, activa- 
tion energy and frequency factor are worked out. The implications are discussed. 

1. Introduction 
There has been an increasing trend over the recent 
years, beginning from the 1960s, to grow and explore 
the properties of mixed crystals. The growth and 
characterization of cation iron garnets [1-3], rare- 
earth N a - M o  sheelites [4], alkali halides [5- 8], certain 
ferrites [9, 10] and II-IV compounds [11] involving 
high temperature growth techniques and calcium- 
strontium tartrate [12-15] using low temperature solu- 
tion growth (gel method) indicates the growing interest 
in this flourishing new culture. Growth of mixed crys- 
tals of various compositions is a fast growing field of 
research because of the great need of such crystals for 
several applications. Crystal growth in gels offers itself 
as a simple and inexpensive method for useful experi- 
ments on the growth of mixed crystals for scientific 
investigations. Compounds of tartaric acid find 
several practical applications in science and technology 
[16]. Since the compounds of rare-earth tartrates are 
practically insoluble in water and decompose at fairly 
low temperatures [17-19] the gel technique is the most 
appropriate one for their growth. Kotru et al. [20-23] 
have successfully employed the gel technique for the 
growth of pure rare-earth (R = Gd [20]; La [21]; Nd 
and Dy [22]) tartrate crystals. The gel technique has 
also been successfully employed for the growth of 
mixed crystals of didymium tartrate crystals [23]. 

Characterization is a key to information, making 
identification and understanding of characteristic 
properties of the grown material possible. The data on 
characteristics of rare-earth tartrates being extremely 
limited, it is difficult to identify and understand their 
characteristic properties straightaway. In this labora- 
tory, some pure rare-earth tartrate crystals grown in 
silica gels have been characterized [20-22]. In this 

tDidymium (Di) is a mixture of La, Nd, Pr and Sm. 
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paper, the authors report results obtained on charac- 
terization of mixed crystals of didymium tartrate crys- 
tals by chemical analysis, EDAX, X-ray and electron 
diffraction, IR and mass spectroscopic techniques 
and thermal analysis. The study provides the data 
on vital characteristics which enables one to distin- 
guish the mixed crystals (say (R'R")2(CgH406)3xH20 
where R' and R" are two different rare-earth ions) 
from the pure ones (say R.~(C4H406)3" xH20 and 
R;'(C4H406)3 �9 xH20). 

2. Experimental procedure 
Mixed crystals of rare-earth (didymium) tartrate crys- 
tals were grown by the single tube single gel technique, 
as described by Kotru et al. [23]. In order that the 
stoichiometry of the grown crystals is established, 
conventional physical and chemical methods were 
used. Carbon and hydrogen was estimated by employ- 
ing carbon-hydrogen analysing equipment. Metal 
was estimated by employing conventional chemical 
techniques. Qualitative elemental analysis was carried 
out by employing an EDAX attachment of an SEM 
(Cambridge stereoscan type 7313), after coating the 
material with gold. Philips X-ray powder diffrac- 
tometer model PW1350 with nickel filtered CuK~ 
radiation (30 kV, 15 mA) was used to obtain powder 
diffraction patterns. The instrument was set for a 
scanning speed of 2 ~ in 20 min- 1, and rate meter and 
chart speed were maintained constant. The electron 
diffraction was recorded on a TEM, model AE1 
TEM-802 made in the UK. The mass spectrum was 
recorded by mass spectrometer model JMS-300, using 
70 eV electron bombardment for ionization. The IR 
spectrum ranging from 200 to 4000 cm- l was recorded 
on an SP 2000 IR spectrophotometer manufactured 
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Figure 1 Spherulitic and platelets mixed rare earth crystals of 
Di2(C4H406) 3 �9 5H20 grown in silica gel ( • 60). 

by Pye Unicam, UK, using the KBr pellet technique. 
The thermal behaviour of the material was registered 
in simultaneously recorded thermogravimetric (TG), 
DTG and differential thermal analysis (DTA) curves, 
using a Pauli-Pauli-Erday MOM. Derivatograph, 
model OD 103 made in Hungary. 200 mg of the sample 
were taken and the heating rate was maintained at 
10~ ~ in air. Differential scanning calorimetry 
(DSC) curves were obtained on a Mettler thermal 
analyser between 60 and 540~ in ambient atmo- 
sphere at a heating rate of 10 ~ C min-~ using base line 
type 1 and plot mode 1. Kinetic parameters of solid 
state reactions such as activation energy, order of 
reaction and frequency factor were determined from 
thermal analysis by using different equations, as des- 
cribed in the relevant places in the text. 

3. Results and discussion 
The silica gel property of controlled diffusion in the 
system Di2(NO3)3-Na2SiO3-C4H60 6 leads to the 
growth of mixed crystals of didymium tartrate, assum- 
ing single crystal platelet, crystal aggregate and 
spherulitic morphologies. The crystals grown in such 
a system are shown in Fig. 1. The charaterization and 
thermal behaviour of the grown material is described 
and discussed as follows. 

3.1. Characterization 
3. 1.1. Chemical analysis/EDAX 
The stoichiometry of didymium tartrate crystals was 
established by metal and carbon-hydrogen analysis. 
The results of the analysis as recorded in Table I 
suggest the material to have 5 waters of hydration; the 
chemical composition of the material having thus 
been established as Di2(CgH406) 3 " 5H20. Association 
of five waters of hydration with the mixed crystals is 
further supported by the thermogram (TG) whose 

T A B L E  I 
819) 

Element 

Chemical analysis of Di2(C4H406)3 �9 5H20 (MW 

Composition (%) 

Theoretical Measured 

C 17.58 16.9 
H 2.68 3.2 
Di 34.79 36.45 
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Figure 2 EDAX trace showing prominent peaks of La and Nd in 
didymium tartrate. 

details follow further in the text. In the TG, a mass 
loss of 57.5% results in the formation of Di203. 
Knowing the initial mass of the material and the mass 
loss that follows on heating, stoichiometry of the 
material is worked out which is in complete agreement 
with that obtained from chemical analysis. 

Qualitative elemental analysis performed on appli- 
cation of the EDAX reveal prominent peaks due to 
presence of lanthanum and neodymium (Fig. 2). The 
peaks of La and Nd are quite conspicuous, consider- 
ing the fact that their concentration in the material 
is quite high. The presence of Pr and Sm was also 
detected through counts on the screen but on account 
of their low concentration in the material, the corre- 
sponding peak heights were very low. 

It is significant to note that the data on character- 
ization of gel grown mixed didymium tartrate crystals 
is reported for the first time. 

3. 1.2. Electron and X-ray diffraction 
In order to check the state of crystallinity of the grown 
mixed crystals and their response to electron radia- 
tion, electron diffraction patterns were recorded. The 
material behaves in much the same way as other single 
(pure) rare-earth tartrates [20-22]. The diffraction 
patterns change on examination under the TEM, the 
change being almost spontaneous. Figs 3a and b are 
the electron diffraction patterns recorded immediately 
on and after some time of loading the sample prepared 
from spherulitic crystals, respectively. The spotty dif- 
fraction pattern in Fig. 3a indicates polycrystallinity 
of the parent material (spherulites) which immediately 
change to a ring pattern characteristic of complete 
deterioration in the crystallinity of the material. The 
result suggests electron diffraction as the destructive 



Figure 3 (a) Electron diffraction pattern recorded immediately on loading, (b) electron diffraction pattern recorded after some time of 
loading. 

method for the material, making it irrelevant for any 
in depth study. The parent material on getting exposed 
to the electron radiation decomposes immediately. 
Hydrated materials are often confronted with this sort 
of problem [24]. Electron beam heating and the 
presence of waters of hydration seem to be the main 
causes behind this problem, as has also been reported 
for pure rare-earth tartrate crystals [20-22]. It may be 
noted that on account of almost spontaneous decom- 
position of the material while examination under 
TEM, it is difficult to say with certainty whether the 
diffraction pattern recorded immediately on loading 
belonged to the parent material or not. 

The X-ray powder diffractogram recorded on the 
material is shown in Fig. 4. The trace (intensity against 
20) indicates crystallinity of the material. The X-ray 
diffraction data compiled for D i 2 ( C 4 H 4 0 6 )  3 " 5 H 2 0  is 
given in Table II. The characteristic data on this 

material is reported here for the first time. To the best 
of authors knowledge, there is no X-ray diffraction data 
on these crystals available in the existing literature. 

3. 1.3. IR and mass spectroscopy 
Fig. 5 is the characteristic 1R spectrum of Di:(C4H 4- 
0 6 )  3 " 5 H 2 0  in the range of 200 to 4000cm -~. Table 
III gives the details of band assignments. The broad 
and strong peak at 3400cm-' is due to water and OH 
stretching. A similar type of peak at 1615 cm-~ is due 
to C=O stretch. The strong peaks at 1420 and 
1320cm -l are due to C - O  sym. + 6 ( O - C = O )  
modes. There is a weak peak at 1287cm -x which 
may be attributed to OH in plane bending. The peaks 
1140, 1065, 1075 and 945cm -~ are attributed to 
6 CH + rc CH, coordinated C - O H  groups, 6 CH, 
rc CH and CO stretching and C - H  stretch, respec- 
tively. 
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Figure 4 X-ray diffraction trace of 
Di2(C4H406) 3 �9 5H20. 
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TABLE II X-ray powder data 

d (nm) Intensity values 

1,2998 41 
0,65587 27 
0.60669 24 
0.57909 53 
0.50390 9.0 
0.47199 21 
0.42908 38,5 
0.38176 9 
0.30582 12,5 
0.30278 12 
0.25881 17 
0.22539 10 

The IR  spectrum thus shows all the bands expected 
from metal tartrate crystals with water of  hydration. 

Fig. 6 shows the mass spectrum of the penta- 
hydrated didymium tartrate. In this experiment 70 eV 
electron bombardment  was used for ionization. The 
spectrum shows the base peak at M/E = 18 with the 
value of  raw intensity equal to 912.8; the other promi- 
nent peaks are at M/E = 17, 28, 32. There is a weak 
peak at M/E = 149. The base peak at M/E = 18 is 
suggestive of  the presence of  water of  hydration and 
the weak peak (with the value of raw intensity = 4.5) 
is suggested to be due to tartrate constituent of  the 
original material, the molecule being 

H O 
I II 

HO--C--C--O" 

J 
HO--C--C=O + H % 

The mass fragmentography as obtained in case of  
Di2(C4H406) 3 �9 5H20 is recorded in Table IV. The 
mass spectrum (Fig. 6) and the compiled data in Table 
IV suggest the decomposition of  the material and 
further supports the presence of  water, carbon and 
oxygen as constituents of  the material, which is most  
likely to happen on fragmentation of the tartrate and 
water of  hydration associated with the parent material. 
Experiments were repeated in an at tempt  to capture 
the molecular ion along with the metal, had there been 

TABLE III  IR band assignment for Di2(C4H406) 3 " 5H~O 

Band (cm- i) Assignment 

1. 3400 (bs*) v (OH) water 
2. 1615 (bs) v (C=O) 
3. 1420 (bs)] 
4. 1320 (st)~ v (C-O) + 5 (O-C=O) 
5. 1287 (w/; 6 (OH) 
6. 1140 (s) 6 (C-H) + ~t (C-H) 
7. 1065 (s) Co-ordinated C-OH 
8. 1075 (s) 5 (C-H), n (C-H) and v (C=O) 
9. 945 (s) v (C-H) 

* bs = broad and strong. 
?s = strong. 
:~w = weak. 

some volatility but without any success. The failure in 
detecting the molecular ion suggests that  the molecule 
decomposes before it is captured. 

The mass spectrometry supplements the findings 
f rom chemical analysis, I R  and thermogravimetric 
analysis (described further in the text) regarding the 
chemical composition, besides suggesting the mass 
fragmentography at 70 eV of electron bombardment .  

3.2. Thermal  ana lys is  
The results of  electron diffraction and mass spectro- 
scopy demonstrate the decomposition of the material 
at low energies. In this respect the material behaves in 
the same way as pure rare-earth tartrates [17-19]. I t  is, 
therefore, worthwhile to investigate the thermal beha- 
viour of  D i 2 ( C 4 H 4 0 6 )  3 �9 5 H 2 0  in a greater detail, 
using DTA,  DTG,  T G A  and DSC techniques. 

Fig. 7 shows the thermograms,  wherein TG,  D T A  
and D T G  are simultaneously recorded and Fig. 8 gives 
a DSC curve. Critical examination of the thermograms 
and the DSC make it clear that all transformations are 
associated with mass changes thereby suggesting that 
there is no physical t ransformation of the material. All 
changes in D T A  and DSC correspond to the changes 
in TG.  The results here rule out the possibility of  mere 
physical change in the crystallinity of  the inter- 
mediates during the process of  decomposition. 

The decomposition process of  the Di2(C4H406) 3 �9 
5H~O starts at 50 ~ C up to which the material remains 
stable. The first stage of decomposition continues up 
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Figure 5 IR spectrum of Di2(C4H406) 3 �9 5H20. 
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Figure 6 Mass spectrum ofDi2(C4H4Or) 3 �9 5H20. 

to 200~ leading to the formation of  anhydrous 
didymium tartrate, which as is observed from TG 
remains stable up to 245 ~ C. The second stage of  
decomposition starts at 235~ and is completed at 
360 ~ C, leading to the formation of  didymium oxalate 
[Di2(C204)3]. This product remains stable up to the 
temperature of  380 ~ C. In the third stage between 380 
to 490~ the didymium oxalate decomposes to didy- 
mium carbonate. Finally, in the fourth stage between 
490 to 760 ~ C the didymium carbonate gets reduced to 
didymium oxide which remains stable on further heat- 

TABLE IV Mass spectrum data for Di2(C4H406)3 �9 5H20 

M/E Raw Relative Sigma (%) 
intensity intensity 

1.0 1.0 1.1 0.05 
14.0 7.7 8.4 0.44 
16.0 11.7 12.8 0.67 
17.0 191.9 210.2 11.06 
18.0 912.8 1000.0 52.63 
19,0 11.0 12.1 0.63 
20.0 2.0 2.2 0.11 
27.0 1.4 1.5 0.08 
28.0 416.5 456.2 24.01 
29.0 5.8 6.4 0.33 
32.0 98.3 107.7 5.67 
39.0 1.0 1.2 0.06 
40.0 7.0 7.7 0.40 
41.0 3.1 3.4 0.18 
43.0 4.4 4.8 0.25 
44.0 17.8 19.5 1.03 
45.0 1.1 1.3 0.06 
55.0 2.8 3.1 0.16 
56.0 1.1 1.2 0.06 
57.0 3.9 4.3 0.22 
67.0 1.0 1.1 0.06 
69.0 2.7 3.0 0.16 
70.0 1.0 i. 1 0,05 
71.0 2.8 3.1 0.16 
77.0 1.0 1.I 0.05 
81.0 1.5 1.6 0.08 
83,0 1.3 1.4 0.07 
91.0 1.2 1.3 0.07 
93,0 1.4 1.5 0.08 
95,0 1.8 2,0 0.10 

105.0 1.2 1.3 0.07 
109,0 1.9 2.1 0.11 
110.0 1.4 1.5 0.08 
113,0 1.1 1.2 0.06 
11%0 0,9 1.0 0.05 
121.0 1.I 1.2 0.06 
t 36.0 1.0 1.1 0.06 
149.0 4.5 5.0 0.26 
205.0 1.0 1.2 0.06 

ing. Table V gives a summarized analysis of  different 
stages associated with the thermal decomposition of  
the material as observed in the TG of Fig. 7. The 
expected and observed mass losses at different steps 
are also shown in the table. 

The decomposition pattern is typical of  a hydrated 
metal tartrate [25]. Analysis of  thermal decomposition 
finally establishes the stoichiometry of  the grown 
material. The stoichiometry is in complete agreement 
with the findings from chemical analysis. The study 
also gives a sound basis for an explanation (qualita- 
tive) of  changes in the electron diffraction patterns 
while examined under TEM. 

To understand the kinetics of solid state reactions 
leading to the decomposition of the material, the 
following equations were used in the calculation of  
activation energy E, order of  reaction n and the fre- 
quency factor Z. This was done considering the first 
stage of  decomposition only, as in the subsequent 
stages the sample characteristics can not be controlled. 
The following equations of  Horowitz-Metzger  [26], 
P i loyan-Novikova  [27] and Coats -Redfern  [28] were 
used for this purpose. 

1. Horowitz-Metzger  relation 

log [1 - (1 - e)l ,~ - - d  j = 

provided n r 1, i.e. n = 1/2, 
T - T ~ = O .  

E 
2.303RT~ (1) 

1/4, 2/3, 1/3 and 

2. P i loyan-Novikova  relation 

log (o~/T 2) = log (ZR/BE) -- E/2.303RT (2) 

for c~ = 0.05 - 0.5. E is calculated from the slope of  
a straight line obtained on plotting log (e/T:) against 
lIT. The frequency factor Z is calculated from the 
intercept. 

3. Coats -Redfern  relation 

log [g(oO/T 2] = log [ZR/flE] -- E/2.303RT (3) 

where g(c 0 turns out to be equal to 211 - (1 - e)1/2] 
in the present case, as it is this value of g(e) which 
gives the best linear fit in the graph of  LHS against 
lIT. The plot yields a straight line from which energy 
of  activation is calculated. The frequency factor Z is 
calculated from the intercept. 

In these Relations 1 to 3 the parameters are as 
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Figure 7 Thermogram showing DTA, DTG and 
TG curves of Di2(C4H406) 3 �9 5H20. 

follows: 

Weight loss up to particular temperature 
ct = Total weight loss in the step ' 

fl = rate a twhich  temperature increases; 
T = temperature in Absolute scale; 
Z = frequency factor; and 
T - T m  = 0, where Tm is the temperature of maxi- 

mum reaction rate and can be obtained from a plot of 
against T. 

Different models have been proposed for solid state 
reactions depending on the type of  processes leading 
to the reactions [29]. In the present case application of 
H - M  relation leads to a good linear fit in the case of 
f(ct) = (1 - ~ ) 1 / 2 ,  which suggests a contracting cylinder 

T A B L E V Results of decomposition process of Di2(C4H406) 3 �9 5H20 

Stage Decomposition Decomposition step 
temperature 
(oc) 

Observed 
mass loss 
(%) 

Calculated 
mass loss 
(%) 

1st stage 50 to 200 

2nd stage 235 to 360 

3rd stage 380 to 490 

4th stage 490 to 760 

Di2(C4H406) 3 �9 5H20 

Di2(C4H406)3 

Di2(C4 H406 )3 

Di2(C204)3 

Di2(C204)3 
$ 

Di2(CO3)3 

Di2(CO3)3 

Di2(O3) 

11.50 

32 

42 

57.5 

10.98 

32.96 

43.22 

59.34 
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Figure 8 DSC curve recorded for Di2(C4H4Or)3 �9 5HzO. 

kinetic model as the appropriate one for the mech- 
anism of decomposition. The Coats-Redfern relation 
also gives a linear fit for g(c 0 = 211 - (1 - ~)1/2] 
thereby confirming the application of same mechan- 
ism of decomposition. The kinetic parameters like 
activation energy E, order of reaction n and frequency 
factor Z as calculated from the first stage of decom- 
position are recorded in Table VI. The values as calcu- 
lated on application of three kinetic equations (Table 
VI) are in reasonably good agreement. The complete 
agreement on the reaction mechanism responsible for 
the decomposition as obtained on application of C-R 
and H - M  relations is noteworthy; both suggesting the 
contracting cylinder kinetic model as the relevant one 
for the explanation of results obtained in the present 
case. 

4. Conclusions 
1. The silica gel system involving the use of didy- 

mium nitrate as the upper reactant and sodium meta- 
silicate gel impregnated with tartaric acid results into 
growth of didymium tartrate crystals. 

2. X-ray and TEM studies reveal crystallinity of 
D i 2 ( C 4 H 4 0 6 )  3 �9 5 H 2 0 .  

3. The chemical analysis coupled with the results 
of IR spectroscopy and thermogravimetric analysis 
establish the crystals to be hydrated with the stoichi- 
o m e t r y  D i 2 ( C 4 H 4 0 6 ) 3  " 5 H 2 0 .  Qualitative elemental 
analysis (EDAX) shows presence of La and Nd in high 
concentrations while Pr and Sm are present in low 
concentrations. 

4. The results of mass spectroscopy indicate the 
fragmentography of the material giving the base peak 
at M/E = 18. There is also a significant peak of 
tartrate ion at M/E = 149. There is a spontaneous 
change in the state of crystallinity of the material when 

T A B L E  VI Energy of activation, order of  reaction and fre- 
quency factor calculated from 1st stage of  decomposition 

Relation used Order of  Frequency Energy of  
reaction, factor, activation, E, 
n Z (kcal tool-  t ) ,  

Horowitz-Metzger  [26] �89 - 13.745 
Piloyan-Novikova [27] - 2.61 x 105 5.354 
Coats-Redfern [28] �89 6.11 x 105 13.748 

* 1 kcal = 4.187kJ. 

examined under TEM. This change is attributed to elec- 
tron beam heating and the presence of water molecules 
in the material. 

5. The thermal behaviour suggests the material to 
be unstable even at lower energies. The decomposition 
of the material starts at 50 ~ C and after going through 
different intermediates, gets reduced to Di203 at 
760 ~ C. 

6. Thermograms and DSC give a clear indication of 
the fact that all transformations are associated with 
mass changes. This rules out the possibility of any 
structural change during the process of decom- 
position. 

7. Applications of H - M  and C-R relations for the 
kinetic model reveal "contracting cylinder" as the 
most appropriate one for the explanation of solid state 
reactions involved in the decomposition process. 
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