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All-cis-1, 2, 3, 4-cyclopentane tetracarboxylic acid forms 1 : 1 complexes with metals 
like AI(IIi), Y(III) and Ga(III), and have been isolated in solid state from the aqueous 
solutions. Thermogravimetry of these complexes supports the probable formulae 
assigned on the basis of elemental analysis. Kinetics of some of the thermal decomposi- 
tions have been studied. Various kinetic parameters such as apparent activation energy, 
order of decomposition, frequency factor and activation entropy have been evaluated 
and the former two constants have been compared by two methods and are in reason- 
able agreement with each other. 

Experimental 

A Cahn R G  Electrobalance with a Rikedenki Kogyo Co., Ltd. recorder (Model 
B 140) operating on 1 mv full scale has been used to obtain the T G  curve and a 
Honeywell Brown recorder used for the temperature vs time curves. For  recording 
the sample temperature a chromel-alumel thermocouple was placed 3 - 4  mm 
below the sample holder which is a platinum boat  2 m m  deep 8 mm diameter. 
A 6~ heating rate has been employed in this work. The chart speed is main- 
tained at 200 mm/hr.  

Results and discussion 

Freeman and Carroll [1 ] derived equation for a linear relationship between 

dw 
A l o g -  

A(1/T) and dt 
A log W r A log Wr 

Where T = absolute temperature, Wr = Wc - W and W, = weight loss at  
completion of the reaction, W = total weight loss up to time t. 

This results in a straight line with a slope equivalent to E*/2.3R and the intercept 
of  - x  where E* = energy of activation, x = order of  decomposition process. 

The validity of  this graphical method has been supported by the Doyle method 
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[2] as modified by Zsak6 [3] employing standard deviations in the calculations 
instead of curve fitting procedure. 

Doyle's equation for T G  curve is 

ZEa 
g(a) =  P(x) (1) 

Kq 

Where Z = frequency factor, E a = activation energy, R = gas constant, q = 
heating rate. 
The value g(~) is a certain function of c~, and 

W o -  W 
a - ( 2 )  

w 0 - G  

Where W, Wo, Wt are the actual, initial and final weights of the sample respec- 
tively. 

The value of P(x) depends essentially both on temperature and activation energy. 
The g(a) may be calculated for various values of 'b' (order of decomposition) 

da 
- K ( 1  - a )  b ( 3 )  

dt 

The values for b are considered as 0, 1 and 2. 
When b = 0, go(a) = 

or Bo = log go(a) - log e ( x )  (4) 

b = 1,gl(a) = - ln(1 - a) 

or B 1 = log gl(~) - log e ( x )  (5) 
(X 

b = 2 ,  g 2 ( ~ ) -  1 - 

or B., = log g2(a) - log P(x)  (6) 

The average of the 'B' values at different temperatures for the presumed order 
of reaction, say, at 0,1 and 2 have been calculated and their 5 values have been 
determined employing the relation for standard deviation. 

(~ ---- . / ( B  i _ /~)2 (7) 
Y 

Where B i is any value, B is arithmetical mean, r is number of values. 
The 6 value at a particular temperature is minimum for a particular 'b' value 

(i.e.) the apparent reaction order. Using interpolated - l o g  P(x)  at each tempera- 
ture, the 5 values have been calculated for E~ values in a close range. The correct 
value for E~ gives minimum 5 value at the particular 'b'. 

The apparent frequency factor Z is calculated by the equation 

log Z = /~ + log Rq - log E~ (8) 
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and the apparent activation entropy as S* = 2.303 l o g -  
Zh 

(9) 
KT 

The value for T is taken as the temperature (T 1/2) at which the weight loss is 
half of  the total weight loss during the considered step. 

Preparation of compounds 

Equal volumes of equimolar (0.1 M) solutions of  metal and ligand were mixed 
in aqueous medium, the pH of the mixture was raised until complete precipitation 
had occurred. The determined pH ranges for complete precipitation are 4 .75 -  5.00, 
4 .5-4.75,  4 .25-4 .5  for aluminium, yttrium and gallium, respectively. After 
precipitation, the salts were filtered, washed with water and dried at 100 ~ 
Metal contents were estimated by conventional gravimetric methods. Elemental  
analyses (carbon and hydrogen) were carried out and the probable formulae were 
assigned. 

Al(CPTA) �9 lOHzO 

Experimental : M = 6.02~,  C = 24.63~o, H = 5.29~o 

Calculated : M = 5.99~,  C = 23.98~, H = 5 .78~ 

Y(CPTA) "7H20 

Experimental : M = 24.78 ~o, C = 23.00 ~ ,  H = 4.26 ~o 

Calculated : M --- 24.64~0, C = 23.56~, H = 4.37~o 

Ca(CPTA)  " lOH~O 

Experimental : M = 14.16~, C = 22.19~, H = 3.92~o 

Calculated : M = 14.14 ~o, C = 21.91 ~o, H = 5.28 

Aluminium complex 

The probable formula A1 L.10H20 assigned on the basis of elemental analysis 
has been well supported by the thermogravimetric studies (see Fig. 1). Here the 
decomposition is a continuous process, however, with two small sloping inflections 
at 120 ~ where the loss of weight corresponds to the loss of 8 water molecules 
and the one at 370 ~ where the weight loss corresponds to 2 water molecules which 
might be expected to be present as co-ordinated water. The anhydrous complex 
starts decomposing at 380 ~ and the process is completed at 540 o leaving metal 
oxide as the end product. 

Kinetic parameters have been calculated by two methods for the latter two major 
stages of decomposition. The activation energy and the reaction order have been 
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calculated as 17.08 Kcal /mol  and  - 0 . 4  respectively be Freeman  and Carroll  
graphical  method  for the secOnd stage of decomposi t ion of co-ordinated water 
with the following da ta  (Table 1). 

The values of  B calculated by the Zsak6 method at different temperatures  for 
the decomposi t ion of co-ordinated water are listed in Table 2. 

Table 1 

,I (T -~) 

d log Wr 
_ _ .  1 0  ~ K - ~  

dW 
A log ~ -  

A log Wr 

2.55 11.00 
1.61 5.42 
1.59 4.52 
1.42 4.15 
1.02 2.71 

Table 2 

Sample weights and log g(~) data of hydrated 
A1--CPTA complex at different temperatures 

Tempera- B1 B2 
ture, IV, mg Bo log a 
~ log (In l / l - - a )  log ' ( a / l - - a )  

160 
180 
200 
210 
220 
240 
260 
280 
300 
320 

W0 = 9.4 

9 08 
8.92 
8.78 
8.70 
8.61 
8.49 
8.38 
8.22 
8.10 
7.90 

-- 0.7870 
--0.6110 
- -  0.4999 
--0.4472 
--0.3946 
--0.3332 
--0.2837 
--0.2204 
--0.1783 
--0.1161 

--0.7496 
--0.5519 
--0.4203 
--0.3553 
--0.2879 
--0.2053 
--0.1342 
--0.0361 
+0.0363 
+0.1607 

--0.7096 
--0.4890 
--0.3347 
--0.2553 
--0.1705 
--0.1622 
+0.0355 
+0.1797 
+0.2945 
+0.5134 

mg and Wc = 7.48 mg 

Table 3 

Ea 

18 
16 
14 
12 
10 

b = 0  

0.02302 
0.01872 
0.01543 
0.01104 
0.02182 

b = l  

m 

0.02025 
0.01696 
0.01257 
0.02610 

b = 2  

0.05233 
0.04904 
0.04464 
0.04728 
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The 6 values for b = 0, 1 and 2 at different presumed activation energies are 
shown in Table 3. 

The 6 value is minimum if the order of  reaction is taken as b = 0 i.e. the '0' 
order and hence the value of  Ea is chosen as 12.0 Kcal/mol and this value corre- 
sponds to/~0 = 7.019. 

The frequency factor 'Z '  has been calculated as 10.45 �9 106. The apparent activa- 
tion entropy has been calculated as -13 .10  eu. 

Kinetic parameters have been evaluated for the process of decomposition of the 
anhydrous complex. Activation energy and order of reaction have been obtained 
as 34.96 Kcal/mol and 0.2 respectively by the graphical method. 

The 6 value is minimum if the order of  reaction is taken as b = 1 i.e. first order 
and the value of Ea is 34 Kcal/mol which corresponds to/~1 = 12.7163. 

The frequency factor 'Z '  and the activation entropy have been calculated as 
23.12 �9 1011 and - 1.424 eu. 

Yttrium complex 

The analysis of the thermogravimetric cttrve supports the formula YL.7H20 
assigned on the basis of elemental analysis (see Fig. 1). The water molecules 
are completely lost at 395 ~ and the weight loss at the first inflection point at 200 ~ 
would suggest the loss of 5 water molecules. The second stage significantly involves 

!2 ~ 
E 

(3a 

At 
2 

Q 200 400 600 800 
Temperature, =C 

F i g .  1. T G  c u r v e s  f o r  A l L  �9 1 0 H = O ,  Y L  �9 7 H 2 0  a n d  G a L  �9 1 0 H = O  
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the decomposition of two co-ordinated water molecules up to 395 ~ followed by 
the decomposition of anhydrous complex which is complete at 650 ~ to leave the 
metal oxide as residue. Kinetic parameters have been calculated for the latter 
two major stages of decomposition. 

The activation energy and order of reaction have been calculated for the second 
stage by the graphical method as 15.33 Kcal/mol and 1.6 respectively. 

The 5 values for b = 0, 1 and 2 suggest the reaction order as 2 at an activation 
energy of 14 Kcal/mol which corresponds to/~2 = 7.0032. 

The frequency factor 'Z '  and entropy S* have been calculated as 86.36 �9 105 
and - 13.74 eu. 

The activation energy and order of reaction have been obtained as 36.81 Kcal/ 
tool and 1.2 by the graphical method for the decomposition curve of anhydrous 
complex. 

The 6 values indicate the order of reaction as 2 and the activation energy as 
28 Kcal/mol which corresponds to/~2 = 9.8453. The frequency factor Z and the 
entropy S* have been calculated as 30.01 �9 l0 s and -8 .19  eu respectively. 

Gallium complex 

Calculations of the weight loss in the curve support the probable formula 
GaL �9 10H20 (see Fig. 1). The presence of  two inflections at 115 ~ and at 460 ~ 
is indicated and the weights suggest the loss of 8 and 2 water molecules respectively 
at these temperatures and the latter might be co-ordinated water. The kinetic 

170o I 
z2otJA 625  
12oi I i . iP.- 

24 32 40 24 32 

E~ a) 

1700 1 270 

1 6 2 5 ~ ~ A t  Is5 1 G a ~  

1550 t ~ ..,,.,,r ~.. 1201 I [ I 
0 -4  -8  -12 0 -4  :-8 -12 

S ~ b ) S -# 

4O 
Ea 

Fig. 2. Kinetic parameters in function of a) antisymmetric-, b) symmetric stretching frequencies 
of carboxyl groups 
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parameters have been evaluated for this process. The anhydrous complex starts 
decomposing at 460 ~ and completes at 700 ~ leaving metal oxide. 

The values of E~ = 16.57 Kcal/mole and 0.4 as order of reaction have been 
obtained by employing the graphical method for the decomposition of co-ordinat- 
ed water. 

The 3 values for b = 0, 1 and 2 suggest b = 2 and E~ = 12 Kcal/mol a t / ~  = 
= 7.5272. Frequency factor Z and entropy S* have been calculated as 33.21 �9 106 
and - 11.93 eu respectively. 

Order of  reaction and activation energy for the decomposition process of anhy- 
drous complex have been calculated by the graphical method as '0' and 26.55 
Kcal/mol. 

The 6 value is minimum at b = 0 and Ea = 26 Kcal/mol and B0 = 9.5984. 
The frequency factor Z and activation entropy S* have been calculated as 
18.31 �9 10 s and -8 .62  eu respectively. 

Table 4 

Kinetic parameters of CPTA complexes of AI(III), Y(III) and Ga(IIi) by two methods 

A1 II 

IlI 

Y II 

III 

Ga II 

III 

Ea, Kcal/mol b Z [ S* 

12 
(17.08) 

34 
(34.96) 

14 
(15.33) 

28 
(36.81) 

12 
(16.57) 

26 
(26.55) 

0 
(--0.4) 

1 
(0.2) 
2 
(1.6) 
2 
(1.2) 
2 
(0.4) 
0 

(0) 

10.45 

23.12 

86.36 

30.01 

33.21 

18.31 

100 

101I 

105 

108 

106 

10 s 

--13.10 

- -  1.42 

-- 13.74 

-- 8.194 

--11.93 

--8.618 

The values in the brackets are of the Freeman-Carroll method 

C o n c l u s i o n  

The data presented in this study may aid the understanding of the reaction 
mechanism in solid state. These kinetic parameters have significant bearing in 
exhibiting a linear relationship with carboxyl antisymmetric (~) stretching fre- 
quencies from IR studies. The difference in the antisymmetric and symmetric 
stretching frequencies (A~)also shows a similar relationship with these constants 
for the metals of  the same oxidation state (see Figure 2). 

The authors are thankful to the CSIR for the award of Research Fellowship to one of 
them (G. R. R. ). 
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R~SUM~ -- L'acide all-cis-l,2,3,4-cyclopentanet6tracarboxylique forme des complexes 1 : 1 
avec les m6taux tels que AI(III), Y(III) et Ga(III)  e t a  6t6 isol6 tt l '6tat solide tt part ir  des solu- 
tions aqueuses. La thermogravim6trie de ces complexes vient ~t l 'appui des formules probables 
6tablies par  l 'analyse 616mentaire. La cin6tique de la d6composition thermique de plusieurs 
d 'entre eux a 6t6 6tudi6e. Divers param6tres cin6tiques comme l'6nergie d'activatioxa, l 'ordre 
de la d6composition, le facteur de fr6quence et l 'entropie d 'activation ont 6t6 6valu6s. La com- 
paraison des deux premi6res constantes obtenues par  deux m6thodes diff6rentes montre  une 
tr6s bonne concordance des valeurs. 

ZUSAMMENEASSUNG - -  All-cis-l,2,3,4-Cyclopentantetracarbons/iure bildet 1 : 1  Komplexe 
mit Metallen wie AI(III), Y(III) und Ga(III).  Sie wurden in festem Zustand aus den w/isserigen 
LSsungen isoliert. Die Thermogravimetrie dieser Komplexe unterstiJtzt die wahrscheinlichen 
Formeln,  welche den Verbindungen auf  Grund  der Elementaranalyse Zugeschrieben w0rden 
sind. Die Kinetik einiger dieser thermischen Zersetzungen wurde untersucht.  Verschiedene 
kinetische Parameter,  wie die scheinbare Aktivierungsenergie, die Ordnung der Zersetzung, der 
Frequenzfaktor und die Aktivierungsentropie wurden bewertet und die ersten beiden Konstan-  
ten mittels zweier Methoden verglichen und in guter Obereinst immung mit einander gefunden. 

Pe3ioMe - -  Aaao-L~ic-l,2,3,4-UaxaoneHrariTeTparap6oHoBaa r~cnora  o6pa3yeT c AI(III) ,  
Y(III)  rt Ga(II I )  KOMILrleKCbI CocTaBa 1 : 1, KOTOpble I4 6t,IYI~ BbI~eIIeHl, I B TBep,~OM COCTOaI-ItI~t Ha 
BOarmIX pacrBopoB. TepMorpaBnr~expaa aTr~X I~OMII3-IeI~COB rtO~xBep>r~aer BOBMO)KI:IylO ~opMyYly 

nx CocTaBa, ycTaHoBaermyIo na ocnoBe aaeMenTapaoro aHaan3a. I;r~na r~3y~ena r~neTnra ae- 
KoTopblx TepMrt~teci~x pacna~oB. Pa3ar~nI, Ie rnnexHaecKne napaMexpbi, raK rmnpriMep, ra-  
~ymaac~ arTeprHn altTHBalJJIl~, nopa~or  paaao)Kenna, ~IaCTOTHbI~ ~aKTop tt arT/4BaIIttottna~ 3H- 
TpoHK~ 6blJI~I BblKI4cJIeHLI, a nepBLie ABe KOHCTaltTI, I 6bIJIH cpaBnem,~ ~ByMg MeTo~IaMH ~I xoponro 
cornacoBr~lBanttcb ~pyr c ~pyroM. 
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