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Kinetic parameters of the dehydration of AC12.1.5 H20, and of the substitution of 
pyridine by the outer sphere anion, have been derived from the TG curves of ACI2. 
.1.5 H20, ABr2 and AI 2 (A = [Co(en)e(pyridine)C1]) by using the author's nomogram 
method and the Coats-Redfern method. The influences of sample weight and of heating 
rate have been studied. Statistical analysis of the results shows the apparent activation 
energy E of the substitution reaction to decrease in the order CI > Br > I, while both 
E and the pre-exponential factor values decrease with increasing sample weight and 
increasing heating rate. The kinetic compensation effect is discussed. 

The thermal decompositions of ACI 2-1.5 H20, ABr2 and AI2 
(A = [Co(en)2(pyridine)C1], en = ethylenediamine) have been studied in a pla- 
tinum crucible by means of a thermobalance [1 ], by using a linear temperature 
program with the constant heating rates q = 5, 10 and 15 K min -1. Sample weights 
used were 25, 50, 75 and 100 mg, respectively. 

A typical TG curve of each compound studied is given in Fig. 1. 
The first stage of the thermal decomposition of AC12.1.5 H20 is dehydration, 

corresponding to the loss of 1.5 moles of crystallization water. The second stage 
is deamination, the weight loss corresponding to l mole of pyridine. Presumably 
the pyridine molecule is substituted by an outer sphere C1- ion and [Co(en)2Cl2]C1 
is formed as intermediate, but its further decomposition begins fairly soon, since 
no plateau is obtained in the TG curve. In the cases of the other two compounds, 
the first stage is a similar deamination, leading to the formation of [Co(en)2BrC1]Br 
and [Co(en)21C1]I intermediates, the latter being relatively stable. 

Derivation of kinetic parameters 

In order to characterize the TG curves obtained, the kinetic parameters apparent 
reaction order n, activation energy E and pre-exponential factor Z have been de- 
rived. Two methods have been used, the nomogram method proposed in our pre- 
vious paper [2], and the Coa t s -Redfe rn  method [3], modified as described below. 

By using the experimentally-obtained time-weight pairs, the TG curves have 
been constructed, separately for each thermal decomposition stage, by plotting 
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the fraction of compound not transformed, 1 - ~, versus temperature (c~ is the 
transformation degree or conversion). 

In the case of the nomogram method, the quantities ,9o.1, 90 5 and 90. 9 (the re- 
ciprocal absolute temperature values corresponding to the conversion values 
c~ = 0.1, 0.5 and 0.9, respectively) have been determined graphically, by using the 
above-mentioned TG curves. The shape and position parameters 

90 '5 -  90"0 A = 106(9o.1- ~o.5) and z = 1039o.1 
V -  9o.1 90.9' 

have been calculated and used for the determination of  kinetic parameters as de- 
scribed in [2]. Since the heating rates were very close (or even identical) to the 
value 10 K min -1, taken as standard in the construction of the nomogram, two 
iteration cycles were sufficient; i.e. the second approximations could be taken as 
final values. The use of the nomogram given in [2], raises some interpolation prob- 
lems, since a linear interpolation cannot be satisfactory due to the decreasing 
distance between the curves E = const, and log Z = const., with increasing E and 
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Fig. 1. Typical TG curves of complexes of type [Co(en)=(pyridine)Cl]X 2 
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Z. In  order to make possible a non-linear interpolation, an interpolation curve 
has been constructed, taking into account  the mean value o f  the ratio o f  the di- 
stances between two successive curves. Let us consider two successive curves, 
corresponding to Ei and E i, and suppose that  the reduced parameters A* and z* 
(see [2 ] )ob ta ined  for  the T G  curve determine a point  on the nomogram,  sit- 
uated between the two curves considered, viz. at a distance d, f rom the curve Ei 
and dj f rom the curve E i. The activation energy corresponding to this point  will be 

E = Ej + D(Ej - Ej) (1) 

I f  a linear interpolation were possible, the coefficient D would be equal to 

dj 
D E -  d i +  dj- (2) 

Our interpolation curve is a plot of  D versus DL and it can be constructed by using 
the D and D L values presented in Table 1. 

Table 1 

Some points of the interpolation curve 

D L  D D L D D L D 

0.00 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 

0.0000 
0.0332 
0.0677 
0.1037 
0.1412 
0.1801 
0.2207 

0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 

0.2630 
0.3070 
0.3528 
0.4005 
0.4502 
0.5019 
0.5557 

0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

0.6118 
0.6702 
0.7309 
0.7942 
0.8600 
0.9286 
1.0000 

Thus, E values are obtained easily by means o f  formula  (1). The interpolation 
between two successive curves, log Z i and log Z i, can be performed in the same 
manner,  by using the same interpolation curve and the relation 

log Z = log Zi + D(log Zj - log Zi) (3) 

As far as the application of  the C o a t s - R e d f e r n  method is concerned, the T G  
curves (plot o f  (1 - e) vs. T) have been used to determine 9 temperature values, 
corresponding to e = 0.1, 0.2, 0 . 3 , . . . ,  0.8 and 0.9. For  these e' values the con- 
version integral 

~tt 

f g ( a ' ) = .  (1 - cO n (4) 
o 

has been calculated and tabulated by taking n = 0, 0.1, 0.2, 0 . 3 , . . .  up to n = 4.0. 
By using the above determined 9 temperature values, log [ g ( e ' ) / T  ~] - 1 I T  pairs 
have been calculated, for  different n values. In  order to obtain the correct n value, 
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the least  squares me thod  has  been used, viz. the equa t ion  of  the s t raight  line de- 
te rmined by the nine log [ 9 ( e ' ) / T  2] - 1 / T  pairs  has been calcula ted and  Jaff6's 
cor re la t ion  coefficient (p) has been ca lcula ted  [4]. The graphica l  p lo t  of  p vs. n 
a l lowed us to de termine  the m a x i m u m  of  p, and  the cor respond ing  abscissa has 
been taken  as the most  p robab le  n value.  

Resul ts  and discussion 

Kinet ic  pa ramete r s  derived by  means  o f  b o t h  methods  are presented  i n  Tables  
2 - 5 .  Values ob ta ined  by  means  of  the C o a t s - R e d f e r n  me thod  are deno ted  as 
nCR, ECR and log ZCR respectively.  As seen f rom these Tables,  bo th  methods  give 
near ly  the same values for  all  kinet ic  parameters .  As  regards  influences o f  heat ing 
rate  and  sample  weight,  no sys temat ic  var ia t ion  o f  the kinet ic  pa ramete r s  can be 
observed.  Genera l ly ,  the  values  ob ta ined  are ra ther  scattered.  Only the pos i t ion  
pa ramete r  z* has a prac t ica l ly  constant  value.  

In  o rder  to ob ta in  a clearer picture,  a s tat is t ical  analysis  o f  the da ta  ob ta ined  
has been per formed.  F o r  this purpose ,  mean  values of  the kinet ic  pa ramete r s  have 
been calcula ted separate ly  for  each react ion,  for  the sample  weights and  hea t ing  
rates used. 

The general  mean  value, i.e. the ar i thmet ica l  mean o f  all values obta ined,  ir-  
respective of  react ion,  sample  weight  or  heat ing rate,  shows clearly tha t  the two 
methods  used are  o f  the same value,  since they give pract ica l ly  the same results.  

Table 2 

Kinetic parameters of thermal dehydration of 
cis- [Co(en)2(pyridine)C1 ]CI 2.1.5H~O 

Heating Sample E, ECR, 
rate, weight, n nCR kcal kcal log Z log ZCR z* 

K min -x mg tool -1 tool -1 

10 

15 

25 
50 
75 

100 

25 
50 
75 

100 

25 
50 
75 

100 

0.62 
1.26 
1.11 
1.40 

1.43 
1.43 
1.36 
0.90 

1.19 
1.56 
1.52 
1.28 

0.73 
1.32 
1.15 
1.37 

1.43 
1.37 
1.27 
0.96 

1.23 
1.50 
1.45 
1.26 

19.5 
28.5 
22.4 
28.3 

34.3 
18.5 
22.6 
17.4 

36.1 
29.2 
23.0 
21.2 

19.8 
28.0 
21.8 
27.1 

34.0 
17.3 
20,8 
17,1 

36.0 
27.6 
20.3 
20.7 

10.6 
16.6 
12.1 
16.1 

20.8 
9.9 

12.4 
8,6 

21.6 
16,6 
12.9 
11.3 

10.8 
16.3 
11.6 
15.2 

20.6 
9.0 

11.1 
8.5 

21.6 
15.6 
10.9 
ll.O 

3.131 
3.098 
3.005 
3.017 

3.110 
3.127 
3.052 
3.028 

3.069 
3.017 
3.066 
3.03l 
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O n  the  o t h e r  h a n d ,  i t  is o b v i o u s  t h a t  i n c r e a s i n g  s a m p l e  w e i g h t  d i m i n i s h e s  E a n d  

log  Z values ,  a n d  the  s a m e  effect  is o b s e r v e d  w i t h  i n c r e a s i n g  h e a t i n g  ra te .  Th i s  

m e a n s  s imp ly  tha t ,  w i t h  i nc reas ing  s a m p l e  w e i g h t  a n d  h e a t i n g  ra te ,  t he  t e m p e r a -  

t u re  i n t e rva l  c o r r e s p o n d i n g  to  the  t h e r m a l  d e c o m p o s i t i o n  inc reases .  

Table 3 

Kinetic parameters of thermal deamination of  
cis- [Co(en)2(pyridine) C1 ] Cla 

Heating Sample E, ECR 
rate, weight, n nCR kcal mo1-1 keal mo1-1 log Z log ZCR ~'* 

K min- a mg 

10 

15 

25 
50 
75 

100 

25 
50 
75 

100 

25 
50 
75 

100 

2.96 
1.63 
3.39 
1.86 

3.20 
2.37 
2.60 
2.22 

2.13 
1.73 
1.47 
2.32 

3.30 
1.68 
3.87 
1.90 

3.40 
2.34 
2.61 
2.23 

2.13 
1.71 
1.47 
2.30 

167.5 
103.6 
181.2 

86.5 

161.0 
105.5 
119.7 
121.7 

109.8 
100.0 
101.8 
82.8 

180.7 
112.2 
183.3 
92.7 

153.4 
98.9 

108.6 
114.9 

112.8 
95.5 
99.0 
78.6 

71.6 
43.7 
77.0 
36.3 

69.0 
44.6 
50.4 
50.7 

45.8 
41.2 
41.7 
33.7 

Table 4 

Kinetic parameters of thermal deamination of 
cis- [Co(en)2(pyridine)Cl]Br~ 

78.0 
47.7 
81.6 
39.0 

65.6 
41.4 
45.9 
48.0 

46.9 
39.8 
40.7 
31.8 

2.029 
2.041 
2.018 
2.045 

2.023 
2.027 
2.034 
2.006 

2.00l 
2.024 
1.994 
2.002 

Heating Sample 
rate, weighL 

K rain- 1 mg 

25 
5O 

5 75 
100 

25 
5O 

10 75 
100 

25 
5O 

15 75 
100 

I 

n 

1.04 
0.76 
0.66 
1.34 

1.25 
1.52 
0.96 
1.12 

1.77 
2.08 
0.61 
2.26 

nCR 

0.91 
0.75 
0.62 
1.51 

1.27 
1.45 
0.92 
1.06 

1.71 
2.09 
0.63 
2.39 

E,  
kcal 

mol - 

87.1 
96.6 
94.2 

105.6 

92.3 
90.4 
71.2 
70.2 

99.1 
100.5 
47.6 

105.0 

ECR 
kca l  

mol i 
i 

86.4 35.4 
96.4 40.3 
95.4 38.9 

114.4 44.3 

97.8 37.7 
87.9 37.0 
72.4 28.4 
70.1 28.3 

95.3 40.4 
101.1 41.1 
48.4 18.2 

114.6 43.1 

l o g  Z l o g  ZCR 

35.0 
40.2 
39.5 
48.1 

40.3 
36.1 
29.0 
28.3 

38.8 
41.8 
18.6 
47.3 

T* 

1.986 
2.026 
2.011 
2.016 

1.998 
2.011 
1.997 
2.017 

1.984 
2.000 
2.021 
1.983 
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Table 5 

Kinetic parameters  of  thermal deamination of 
cis- [Co(en)2(pyridine)C1 ]I 2 

Heating Sample E, ECR, 
rate, weight, n nCR kcal kcal log Z log ZCR ~* 

K rain -1 mg mol -~ mo1-1 

10 

15 

25 
50 
75 

100 

25 
50 
75 

I00 

25 
50 
75 

100 

1.62 
1.94 
2.07 
1.58 

2.15 
2.28 
0.97 
1.65 

1.55 
1.80 
1.26 
0.97 

1.59 
1.87 
2.01 
1.55 

2.15 
2.31 
0.98 
1.65 

1.52 
1.81 
1.26 
1.01 

37.0 
40.2 
33.7 
34.4 

32.3 
34.8 
22.4 
32.3 

29.2 
31.2 
20.7 
21.1 

36.1 
37.9 
31.3 
31.9 

31.1 
34.5 
22.6 
30.4 

27.9 
31.5 
20.5 
20.9 

16.4 
17.6 
14.6 
14.8 

13.7 
15.5 

8.6 
14.1 

12.4 
13.2 

8.1 
8.2 

15.8 
16.5 
13.3 
13.5 

13.2 
15.2 
8.6 

13.0 

11.5 
13.2 

7.7 
7.9 

2.350 
2.322 
2.354 
2.337 

2.359 
2.381 
2.346 
2.386 

2.384 
2.345 
2.426 
2.410 

Table 6 

Mean values of  the kinetic parameters  

dehydration of 
AC12.1.5H20 

deamination of 
ACIz 

deamination of 
ABr2 

deamination of 
AI2 

25 mg sample 
50 mg sample 
75 nag sample 

100 mg sample 
5~ heating 

rate 
10~ heating 

rate 
15~ heating 

rate 

general mean 

E, ECR, 
n nCR kcal kcal log Z log ZCR ~* 

mol - J mol - a 

1.26 

2.32 

1.25 

2.41 

25.1 

120.1 

24.2 

119.2 

14.1 

50.5 

1.28 1.28 89.1 

1.65 1.64 30.8 
1.74 1.78 75.4 
1.70 1.68 64.9 
1.50 1.46 63.4 
1.57 1.64 60.6 

1.58 1.63 72.9 

1.71 1.71 65.4 

1.59 1.59 59.9 

1.63 1.64 66.1 

90.0 36.1 

29.7 13.1 
75.9 32.9 
64.0 28.1 
62.1 26.9 
61.1 25.8 

74.7 31.6 

63.2 28.1 

59.4 25.6 

65.8 28.4 

13.5 

50.5 

36.9 

12.5 
33.2 
27.7 
26.5 
26.0 

32.6 

27.1 

25.3 

28.3 

3.063 

2.020 

2.004 

2.367 
2.368 
2.368 
2.360 
2.357 

2.362 

2.369 

2.360 

2.363 
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The explanation of this effect, observed in our previous papers too, could be 
simply the limitation of the heat transfer or of the diffusion rate of  the gaseous 
product evolved. 

The mean values calculated for the four decomposition reactions are rather 
different from one other. Both E and log Z values for the deamination reactions 
decrease very much in the order CI > Br > I. This result is very important, be- 
cause it shows that the kinetic parameters E and Z do have some real physical 
significance, related to the chemical reaction occurring. 

It is true that the individual values of the kinetic parameters are affected very 
much by the working conditions (controlled and uncontrolled ones) and this is 
why the data presented in Tables 2 -  5 are scattered. Nevertheless, the mean values 
for several runs performed under the same conditions for the three complexes 
studied are rather different (Table 6). The decrease of the mean activation 
energy in the above order means the decrease of the real activation energy of 
the deamination reaction. 

As seen from Tables 2 -  6, E and log Z values vary in parallel. The validity of 
a linear kinetic compensation law of the type 

l o g Z =  aE + b (5) 

has been tested separately for the 4 reactions studied, by using the least squares 
method. The results are presented in Table 7. 

Table 7 

Kinetic compensa t ion  parameters  

Reaction 

dehydrat ion of  ACI~.I.5 H~O 
deaminat ion of  ACI2 
deaminat ion of  ABr~ 
deaminat ion of  AI2 

0.688 
0.452 
0.441 
0.516 

-- 3.126 
--  3.544 
--2.778 
--2.836 

0.998 
0.999 
0.999 
0.998 

0.669 
0.441 
0.438 
0.517 

The high values of Jaffd's correlation coefficient p show a very good linearity. 
As for as the interpretation of this kinetic compensation effect is concerned, 

our earlier hypothesis [6] is not entirely verified. To a first approximation, the 
stronger the chemical bond to be broken, the higher the compensation parameter 
a, as presumed earlier [6]. Thus, the highest value is obtained for the dehydration 
reaction. In the case of the deamination reactions, the C o - p y  bond can be weak- 
ened by a polarization effect and this explains the high a value of the AI2 decom- 
position. However, the higher a value for AC12 as compared to ABr2 is not con- 
sistent with our hypothesis. 

On the other hand, Garn [7] presumes this parameter a to represent simply 
log e 
-R~rc-' where T c stands for a certain decomposition temperature. By taking for 
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1~To the reduced position parameter z*, the a' = (z* log e)/R values have been 
calculated and are given in Table 7. As seen from this Table, the values of a and a' 
are quite close to each other, i.e. to some extent Garn's hypothesis seems to be 
correct and the compensation parameter a might be related to a standard decom- 
position temperature represented to a first approximation by the reduced position 
parameter z*. 

Experimental 
Synthesis of cis-[Co(en)2Cl(pyridine) ]X2 complex salts 

28.5 g (0.1 mole) trans-[Co(en)2Clz].C1 is dissolved in 100 ml water and 9.0 g 
(0.11 mole) of pyridine is added drop by drop. The green solution gradually be- 
comes violet-red. After standing about 24 hr it is filtered [8]. 

30 ml of this solution is mixed with an excess of concentrated aqueous solution 
of 50-60 g NH4C1. 

The cis-[Co(en)2Cl(pyridine)]C12.1.5H20 (red-violet prisms) is filtered off, 
washed with a little ice water and dried in air. (Mol. wt. 391.44; Co: calcd. 15.06, 
found 14.96; CI: calcd. 27.17, found 27.03). 

The corresponding bromide, cis-[Co(en)2Cl(pyridine)]Br ~ (red prisms), is ob- 
tained by double decomposition reaction, too, with 40-50 g NaBr in conc. 
aqueous soln. (Mol. wt. 453.33; Co: calcd. 13.00, found 12.86; Br: calcd. 35.25, 
found 35.50). 

The. cis-[Co(en)2Cl(pyridine)]I 2 (red-brown microcryst.) is prepared with 
25 -30g  KI in 100ml water. (Mol. wt. 547.33; Co: calcd. 10.77, found 10.55; 
I: calcd. 46.37, found 46.10). 

The purities of the complex salts were controlled by determination of the cobalt 
(complexometrically, after destruction of the samples with 98 % sulfuric acid) 
and halide (potentiometrically with AgNO3 solution) contents. 

For assignment of the geometrical configuration, we used the i.r. absorption 
band of the cobalt-ethylenediamine ring system (The splitting of the CH2 rocking 
band in the 870- 890 cm -1 region [9]). 
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R~SUM~ --  O n  d6dui t  des courbes  T G  d'AC12 �9 1.5 H20 ,  ABr2 et AI  2 ( " A "  = [Co(en)2(pyri- 
dine)C1]) en  se se rvan t  de la m6 t hode  n o m o g r a p h i q u e  des au t eu r s  et de celle de Coa t s -Redfe rn ,  
les pa ram~t re s  cin6t iques de la r6act ion de  d6shyd ra t a t i on  d'AC12 �9 1.5 H 2 0  et de  la r6ac t ion  
de subs t i t u t ion  de la pyr id ine  h l ' an ion  de la sphere  externe.  O n  a 6tudi6 l ' inf luence du  po ids  
du  pr61~vement et de la vitesse du  chauffage.  L ' a n a l y s e  s ta t i s t ique  des r6sul ta ts  m o n t r e  que  
l '6nergie  d ' ac t iva t ion  appa ren t e  E de la r6ac t ion  de subs t i t u t i on  d i m i n u e  dans  l ' o rd re  C1 > 
Br  > I e t  que  E et les valeurs  du  " fac teu r  p r6 -exponen t i e l "  d iminuen t  tou tes  deux  avec l ' aug-  
m e n t a t i o n  du  poids  du  pr61~vement et de la vi tesse de chauffage.  O n  d iscute  " l 'effet  de la 
c o m p e n s a t i o n  c in6t ique".  

ZUSAMMENFASSUNG - -  Kine t i scbe  P a rame t e r  der D e h y d r a t a t i o n s r e a k t i o n  y o n  AC12 �9 1 ,5H20 
und  der Subs t i t u t ions reak t ion  yon  Pyr id in  for das  A n i o n  der  5.usseren SphO.re w u r d e n  aus  
den  T G - K u r v e n  von  ACI~ �9 1 .5H20 , AB r  2 und  AI  2 (A = [Co(en)z(pyridin)C1] un t e r  A n w e n -  
d u n g  der N o m o g r a m m - M e t h o d e  der A u t o r e n  sowie der y o n  C o a t s - R e d f e r n  abgeleitet .  De r  
Einftuss des Probengewich t s  u n d  der Aufhe izgeschwind igke i t  wurde  un te r such t .  Die  statist i-  
sche Ana lyse  der Ergebnisse  zeigte eine A b n a h m e  der s che inba ren  Akt iv ie rungsenerg ie  der  
Subs t i t u t ions reak t ion  in der Re ihenfo lge  C/ > Br  > I, sowie die A b n a h m e  von  E u n d  des 
"pr / i -exponent ie l len  F a k t o r s "  mi t  z u n e h m e n d e m  Gewich t  der Probe  u n d  z u n e h m e n d e r  Auf -  
heizgeschwindigkei t .  Der  "k ine t i sche  K o m p e n s a t i o n s e f f e k t "  wird diskut ier t .  

Pe3rOMe-- I~HHeTHqecKHe napaMeTpbl peaKttnH ~eFHApaTal!HH AC12 �9 1.5HzO H peaKtlrin 3aMe- 
HIeHHIt nnpHAHna Ha BHetllHe-c~epHbl~ aHl4on, ~BIYlH BblBeJIeHbI I43 KpMBblX T F  KOMnYleKCOB 
ACI 2 �9 1. 5HzO , A B r  z n AI,, (A = [Co/en).2(nHpu~lun)Cl]), 14CrlOylb3y~ CO6CTBeHHbIff MeTO;I HO- 
MoFpaMM ~I MeTO)I K o y f c a - -  PgjIqbepna. ]/I3yqeHo BJI!,lfllfHe Beca ofpa3tIa  H cKopocTI, I narpeBa.  
C T a T H C T H q e 2 C K H ~  anaJIH3 pe3y~BTaTOB noKa3aJT, HTO Ka~ytttaflcfl 3rleprHfl aKTI4BaI~H!4 (E) peaKrtnn 
3aMe~eHn.~ yMenbtuaeTc~ B p~zty C] > Br  > 1. 3na~{enn~ E H <<npe~[aKcnonenttHaJlbnoro qbaK- 
Topa>) yMeHBIHarOTC~ C yBenHqeH!4eM Beta 06pa3Ha H cKopocTH HaFpeBa. O6cyTKJleH <<KnHeTH- 
qecKt4Fl KOMnencaHHolqltbl~ 3~pf~eKT)~. 

9* J. Thermal Anal. 17, 1979 


