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The thermal analysis of Ni(II) and Pd(II) complexes with thiophene-2-carboxaldehyde 
thiosemicarbazone have been studied using TG technique. Their decompositions are sub- 
jected to critical evaluation using the equations of Coats-Redfern, Horowitz-Metzger and 
modified Horowitz-Metzger and the kinetic parameters (non-isothermal method) have been 
evaluated for each step of decomposition by the method of weighted least-squares. 

During the course of our studies on metal complexes with technologically 
important sulphur ligands, we have reported the synthesis, magnetic, 
spectral and thermal studies of a number of thiosemicarbazone [1, 2] and 
dithiocarbamate [3-5] complexes. Our literature survey revealed that there 
appears to be no report on the detailed kinetic study on the thermal decom- 
position of thiosemicarbazone complexes. Here we report the ther- 
mogravimetric analysis and kinetics of thermal decomposition of complexes 
of two typical transition metal ions, Ni(II) and Pd(II) with an 'off-beat' 
thiosemicarbazone, i.e., thiophene-2-carboxaldehyde thiosemicarbazone 
(C6HTNaS2). 
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Experimental 

Thiophene-2-carboxaldehyde thiosemiearbazone (LH) was synthesized 
by refluxing reerystallised thiosemicarbazide and thiophene-2-carboxal- 
dehyde (1:1 ratio) in ethanol for 2 h. The brownish yellow solid that ob- 
tained on cooling was recrystallised from ethanol. For the preparation of the 
Ni(II) complex a hot aqueous solution of nickel chloride was added, drop- 
wise, to a refluxing methanolic solution of the ligand containing sodium 
acetate (1.0 g) until the metal to ligand ratio reached 1:2. The reaction mix- 
ture was maintained at refluxing temperature for 1 h. The dark green solid 
that separated was filtered after cooling the reaction mixture and washed 
with water and then with methanol and dried over P4010. The Pd(II) com- 
plex was also prepared in the same manner, but using an acidic solution 
(pH = 4) of PdC12 [6]. The complexes of general formula M(L)2, where 
M = Ni(II) or Pd(II) and L = monoanion of the ligand, LH, were charac- 
terized [6] by elemental analyses using standard procedures [7], molar con- 
ductance and magnetic measurements and by electronic and IR spectral 
studies. 

Apparatus 

The thermogravimetric measurements were carried out on a DuPont 990 
thermal analyser system with a 951 thermobalance. Following are the opera- 
tional characteristics: heating rate, 10 deg rain-l; sample size, 2 to 6 rag; at- 
mosphere, static air; crucible, platinum. The numerical analysis of the 
thermogravimetric data were realized using a program written in Microsoft 
BASIC for an IBM computer using DOS 4.00. 

The mass loss data obtained from TG were compared with those ob- 
tained from independent pyrolysis experiments, in which the samples were 
heated for 2 h in silica crucibles upto --850 K. 

Theoretical 

The rate of a reaction of a substrate under non-isothermal conditions is 
generally expressed by the relation [8] 

(1) 
= k (  T ) f  ( a ) 
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where a represents the fraction of the reactant transformed at time t, f(a) is 
the conversion function dependent on the mechanism of reaction and k(T) is 
the rate constant, dependent  on the temperature.  In the study of chemical 
reactions the temperature dependent function, k(T) is of the Arrhenius type 
[9,10] and can be considered as the rate constant k 

k = Ae -F-'/Rr (2) 

where A is the pre-exponential  factor, E is the activation energy and R is the 
gas constant. 

Combining Eqs (1) and (2), we obtain 

da A --F./RT dT (3) 
f ( a )  q 

where q is the linear heating rate, dT/dt. Equation (3) on integration and 
taking logarithm yields 

lng ( a ) = In (AE/qR)  + lnp (x )  (4) 

where 

oo  - - X  

re__ p ( x ) =  x2 dx and x = E / R T  

This is the basic form of the equation used for analysing non-isothermal 
data. This equation can be readily applied for the analysis of a non-isother- 
mal TG trace to obtain values of the kinetic parameters once the form of the 
function, p(x) is established. 

It is well known [11] that the p(x) function can not be expressed in a 
closed form, although there exists several approximations. Most of them 
utilize Eq. (3) in three different approaches, viz. integral, differential and 
approximation. The most accurate among them are the integral methods 
[8,12]. 

The integral methods are simpler as they do not involve the determina- 
tion of rates, eventhough they are complicated by the integration of the rate 
constant. Coats and Redfern [13] used the approximation for the p(x) func- 
tion as exp(-x) [(1/x)-(2/x2)] and obtained 
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l n [ g (  ) / :  l = [ - - E 
R T  

(5) 

The first term in the right-hand side of the above equation is a slowly 
changing function of the temperature and may be considered as being con- 
stant in a narrow temperature range [8].Hence a plot of In [g(a)/7 e] vs. 1 /T  

gives a straight line for the correct model relation, g(a ) .  

Differential methods are based on the use of the dependence of the in- 
stantaneous reaction rates on the temperature. Many differential methods 
assume the existence of a single reaction order, n as an empirical constant. 
The most widely used method is the difference-differential method, first in- 
troduced by Freeman and Carroll [14] 

A In ( d W / d t  ) = - E / R  [ A ( 1 / T )  ] + n 
A In IV, A In W, 

(6) 

where W is the total loss in weight upto time t, Wr = I V / -  W, W f  is the 
weight-loss at the completion of the reaction and d W / d t  = ( d W / d T ) q .  

Horowitz and Metzger [15] simplified the exponential integral by defin- 
ing a characteristic temperature deviation, 0 such that T = Ts + 0, where Ts 
is the DTG peak temperature. Using this definition for 0 in Eq. (3), these 
authors derived the following equations: 

- EO 
l n [ 1 - ( 1 - a ) ' - " ] = - ~ - ~ s z + l n ( 1 - n )  

( f o r n # l )  (7) 

and 

- E O  
i n [ - l n  ( l - i x ) ] -  RT~, + C  

(for n = 1) (8) 

where C is a constant. 
Dharwadkar and Karkhanavala [16] studied the effect of sample size and 

heating rate on the values of activation energy for the dehydration of cal- 
cium oxalate monohydrate of uniform particle size using the method sug- 
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gested by Horowitz and Metzger and observed large variations in the values 
of activation energy. Therefore, these authors suitably modified the 
Horowitz-Metzger equation so as to yield values of activation energy which 
are independent  of the variation in sample size and heating rate. For first 
order kinetics the modified equation is 

l n [ - l n ( 1 - a ) ]  = - -  E 100 0 + C (9) 
(Tr- T,) 

where Ti is the temperature of inception of the reaction Tf is the tempera- 
ture of completion of reaction and C is a constant. 

The form of representation of Eqs (5-9) seems to suggest application of 
least-squares method (LSM) to the relationship y = rnx + b. The least- 
squares analysis is based on the observation that, often, random experimen- 
tal errors closely follow a Gaussian distribution. This assumption fails when 
y contains a logarithmic function, because using the logarithmic function 
tends to compress the high values while expanding the low values. This 
defect can be remedied by using a weighted LSM. Several authors [17-19] 
have repor ted that the best fit of their experimental and calculated data was 
obtained using a weighted LSM. The weights used most often are the inverse 
of the deviation of the dependent variable [20]. It has been shown [17] that 
the deviation, S 2 of the variable a is proportional to 1 + a 2. Multiplication 
of the deviation by a constant value does not influence the results of calcula- 
tion [17, 21]. Thus, for weights calculation one can use S 2 = l + a  2. When 

transforming a into y one should also correspondingly transform S 2 into S z. 
The deviation ofy  is calculated from the transformed formula 

~y2=S~ " [_.~ ] 2 (10) 

and the following is used as weight (w) for the weighted least-squares fit: 

w = 1/S~ (11) 

Results 

The instrumental TG and DTG traces are shown in Figs 1 and 2. The TG 
curves were studied in greater detail. The instrumental thermogravimetric 
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traces were redrawn as the fraction decomposed (a) vs.  temperature (T) 
curves to obtain the primary a - T  data. It has been found that both com- 
plexes decompose in two stages. The decomposition reactions of these com- 
plexes were subjected to non-isothermal kinetic studies. The kinetic 

T e m p e r o t u r e  , K 
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~ , 
3 0 -  

oo_ ,r- ,,,' \',, 

E" - /  
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I 

Fig. I TG (-----) and DTO ( - - - )  curves of Ni(L)2 
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Fig. 2 TG ( 
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I 

t~, I \ I  

i',,.._-' 
) and DTG ( - - - )  curves of Pd(L)2 

parameters such as n, E, A and entropy of activation (AS) were evaluated 
using weighted LSM. 
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Freeman-Carroll  equation [14] has been used for the determination of 
the order of reaction. But its applicability is found to be extremely poor as 
observed from the scattered plot. Several authors [22, 23] have made similar 
observations. Therefore, the method of Horowitz and Metzger [15] was ap- 
plied and the order was determined by constructing a 'master curve', as 
reported in earlier work [24]. We also computed the values of correlation 
coefficient (r) using the weighted LSM, for the equations suggested by Coats 
and Redfern [13] (with n = 0, 1/2, 2/3 and 1) and found a maximum value 
for the equation with n = 1. 

Accordingly the kinetic parameters for both the stages of decomposition 
of these complexes have been computed using the integral method of Coats 
and Redfern [13], the approximation method of Horowitz and Metzger [15] 
and the modified method of Horowitz and Metzger [16]. In all cases the 
weighted least-squares plots were drawn discarding the first few points 
(upto a = 0.10) since they did not fall on the line and hence their inclusion 
would have resulted in poor correlation. This is as expected since several 
authors [25, 26] have reported that the decomposition of solids do not obey 
first-order kinetics in the initial stages. 

Discussion 

The weights used for each function [g(a)] are given in Table 1. The TG 
and DTG results are summarized in Table 2. The values of kinetic 
parameters and correlation coefficients are given in Table 3. 

Table t Functions and weights used 

Function, $ ( a )  WeiF~hts (w) used 
1-- (1- -a)O-n)  a2 

~(1-n)  n=0 
' 1 + a  2 

1 -  ( l - a )  ( l - n )  {2(1 - a )1 /211-  (1 -a)1/21}2 
, n = 1/2 

z a ( l - n )  . 1 + ~  
1 -  ( 1 - a ) O - n )  {3(1-a)2/311-  (1-a)1/3]} 2 

, n = 2/3 
# ( l - n )  l + a  2 

--In(1 - a )  [ ( 1 - a ) l n ( 1  - a ) ]  2 
# 1 +a 2 

-In(l -a) [(I - a)In( 1 -a)] 2 
1 + a  2 
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Thermal behaviour 

The decomposition of both the complexes are two staged processes. 
Ni(L)z is stable upto 520 K. The initial decomposition takes place between 
520 and 740 K. It is represented by the DTG peak at 656 K. Its main decom- 
position takes place between 740 and 850 K and is represented by the DTG 
peak at 809 K. The decomposition of Pd(L)2 also starts at 520 K. Its first 
decomposition step is represented by the DTG peak at 605 K. Its main and 
final decomposition is between 650 and 750 K and is represented by the 
DTG peak at 703 K. 

The observations from the thermogravimetric studies and independent 
pyrolysis experiments agree favourably (Table 2). The final stable solid 
decomposition products were analysed to be oxides of general formula MO, 
where M = Ni(II) or Pd(II). 

Decomposition kinetics 

The analysis of data using Horowitz-Metzger equation showed that the 
overall orders for both stages of decomposition of the two complexes are 
near unity. We also computed the values of r using weighted LSM for the 
equations suggested by Coats and Redfern [13] (with n = 0, 1/2, 2/3, 1) and 
got a maximum value for the equation with n = 1. Based on this value of 
reaction order the kinetic parameters were evaluated using the above men- 
tioned three equations for each stage of decomposition of the two com- 
plexes by weighted LSM and are listed in Table 3. Satisfactory values of r 
(r ~ 1) in all cases indicate good agreement with experimental data. The 
values of kinetic parameters obtained from Coats-Redfern, Horowitz- 
Metzger and modified Horowitz-Metzger equations are comparable and in 
good agreement. 

For the first stage of the decomposition the entropy of activation varies 
from -92.85 to -190.9 JK-l.mo1-1. The negative values indicate that the ac- 
tivated complex has a more ordered structure than the reactants and that 
the reactions are slower than normal [27,28]. It is observed that the values of 
E and A for the first stage of decomposition are higher for the Pd(II) com- 
plex. The rate of decomposition of the second stage is higher than that of 
the first stage. The AS values vary from 60.48 to 214.6 JK-l'moV 1. Contrary 
to the first stage of decomposition, here the E and A values are higher for 
the Ni(II) complex. 
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Z u s a m m e n f a s s u n g  - -  Mittels TG wurde die Thermoanalyse der Komplexe aus Ni(II) und 
Pd(II) mit Thiophen-2-carboxaldehyd-thiosemicarbazon untersucht. Ihre Zersetzung wurde 
mittels der Gleichungen yon Coats-Redfern, Horowitz-Metzger und einer modifizierten 
Horowitz-Metzger-Gleichung einer kritischen Auswertung unterzogen. Die kinetischen 
Parameter  (nichtisotherme Methode) wurden ffir jeden Zersetzungssehritt mittels der 
Methode gewichteter Quadratsummen gesch~itzt. 

.1. l 'hern~l  AnaL, 37, 1991 


