
~e~~~~~~~ Ac81,102 (19%) XL%-135 
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands 

125 

The dehydration of cobalt(I1) chloride hexahydrate (CoCl,~6H,O) was investigated by 
means of isothermal and non-isothermal TG measurements and n~~-~s~~~rrn~ IXC meas- 
urements. Three processes, ~~~~~n~~ ta the successive losses of 4 m& I md and 1 moI 
of water have been separated. The hH x&es are 81.5 H m&-l, 19.8 kJ mol-’ and 98.1 IrJ 
molxl+ respectively; the activation energies are 41.5 kJ mol-‘, 91.4 kJ mol-’ and 56.5 kJ 
mol-‘, respectively. 

Taking into consideration the known structures of the intermediate steps, the E, values 
have been analyzed with reference to free space which the wafer molecule finds when it 
escapes from the crystal lattice. 

INTR(3DUCTION 

Recent&, we have investigated the dehydrator-patios reactions of 
several series uf a~uaarn~~e complexes of transition metals, and in particu- 
lar Cr(III), Co(III), Rh(II1) and Ir(II1) [l]. The results have indicated that, in 
spite of the dissociative mechanism attributed to these processes, the activa- 
tion energy essentially depends on the entering anion. Perhaps it would be 
better to say that this energy depends on the stnxtural ratio between cations 
and anions, that is to say the free space in the crystal from where the water 
molecule can escape, due to the formation of a non-ionic Frenkel defect 
according to House theory [2]. 

We can summarize our previous results as follows: (a) the House theory 
concerning the importance uf the crystal field activation energy (CFAE) is 
not always ac~rnplish~~ especiaily with the second and third row cations 

* Author for correspondence. 
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(e.g., Rh and Ir); (b) neither is this theory accomplished with anions which 
present special peculiarities, e.g., [Pt(CN),]*- which forms strong Pt-Pt 
interactions in the crystal lattice, which generally diminishes the activation 
energy [3]; (c) in a given series of compounds, the volume of the ligands is 
always the determinant factor. That is to say, the activation energy values 
are different with ligands such as ethylenediamine,l,3-diaminopropane,l,2- 
diaminopropane or 1,2-diaminocyclohexane [4]. 

We can summarize all these considerations if we suppose that the 
dete~nant step in the dehydration-cation processes is the “free space” in 
the crystal lattice. Where there is less free space among the ions, the water 
molecules can occupy an interstitial position only with considerable lattice 
deformation, so that the activation energy is greater. 

To verify this hypothesis, we proposed to carry out a series of experiments 
on the dehydration-ration reactions of several compounds of the known 
structure. Moreover, these compounds could have the possibility of several 
steps before the arrival of the total dehydration. In all the intermediate 
stages we can compare the partial results with the structure of this inter- 
mediate. 

The hydrate of cobalt(I1) chloride provides a series of reactions as above. 
In this paper we shall study the dehydration reactions of CoCl, - 6II,O to 
CoCI, and we investigate the relation between the activation energy and the 
free space in the crystal lattice. 

The thermodynamic aspects of this process have been studied in detail by 
Grindstaff and Fogel [5] in a previous work, but nothing about the kinetic 
parameters and their relation to the the~odyn~c data has been pub- 
lished. 

EXPERIMENTAL 

TG studies 

Thermogravimetric studies were carried out on a Perkin-Elmer TGS-1 
system in a nitrogen atmosphere. Non-isothermal measurements were made 
at a rate of 5°C mm-’ with 5-7-mg samples. The kinetic parameters were 
determined on the basis of the general kinetic relation 

da/dt = k(T)f(a) 

where k(T) = k0 exp( - E,/RT) (Arrhenius law); k, = frequency factor; 
E, = activation energy and (pi = mole fraction. mathematically, this expres- 
sion can be converted to 

k1 da/f(a) =/ryk(T) dt being da/f(a) --g(a) 
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TABLE 1 

Kinetic functions, g(a), used in their integral form 

~ech~isrn 

Nucieatron controlled 
Exponential law 
Power law 

Growth controlled 
for n =1 

Nuclear~o~ - growth contro#ed 
Avrami-Erofeev 
Prout-Tompkins 

Diffusion controlled 
One-dimensional 
Two-~mensional 
Three-dimensional 
Three-dimensional 

g(a) 

In a” 
a’/” 

[1-fl-a)‘-“]/(1--n) 
( - ln(1 - ff)] 

[ - ln( 1 - a)]‘/” 

14 a/(1 - a)1 

(Y2 
cu+(l--cz)ln(l-or) 
[l-(l-a)“3]2 
(l-2/3a)-(l- CY)~‘~ 

The main difficulty in solid kinetics is to find the appropriate expressions 
of g( at) and f(a). 

In this work we have used all the principal expressions of g(a) indicated 
in the literature [6] (Table l), following the four physical models of solid-state 
chemistry: nucleation, growth, nucleation-growth and diffusion. The true 
activation energy was determined by a series of isothermal TG curves which 
gave a value of E, almost independent of the physical model proposed 171. 
To find the more likely solid-state model this value has been compared with 
the variable values obtained with non-isothermal measurements. In non-iso- 
thermal measurements the expression g( cu) = k(T) dt was resolved by the 
widely employed approximation of Coats and Redfern [8]. For isothermal 
analysis the general equation is simply g( cu) = kt. All the calculations were 
done with a FORTRAN IV program. 

DSC studies 

DSC curves were recorded with a Per~n-Elmer DSC-2 with a heating rate 
of 5°C mm-’ in a nitrogen atmosphere, with 8%lo-mg samples. 

RESULTS AND DISCUSSION 

The equilibrium thermal decomposition of the cobalt(I1) chloride hydrate 
was studied through the temperature range 293-473 K. The observed 
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reactions are in accordance with those proposed in the literature [S], These 
reactions can be written as follows 

CoCI, * 6H,O -+ CuCl, .4H,O + 2Hz0 (a) 
CoCI, .4&O --) CoCl, - 2H,O + 2H,O (b) 
CoCl, .2H,O 4 CoCI, . I-I,0 -t H,O (c) 
CoCl, - H,O -+ CoCl, + H,O (d) 

However, in our DSC and TG studies it was impossible to separate the (a) 
and (b) reactions, because they overlapped very much and all attempts to 
separate them could lead to a great error in calculating the kinetic parame- 
ters. 

For this reason, in this work we shall study just three reactions as follows. 

fa> CoC1 2 s 6H,O 9 CoCl, * 2H,O + 4H,O 

In the. hexahydrate, two molecules of water are separated from the 
[Co(H,O),Cl 2] inner coordination sphere and are hydrogen bonded, with 
distances close to that found in ice (O-O distance 2.69 A in the hydrate and 
2.74 A in ice) [5,9]. 

The loss of the two crystallization water molecules and two coordination 
water molecules is practically simultaneous. Besides, according to Grindstaff 
and Fogel [5] the loss of the second pair of water molecules has the same 
energy as the loss of the first pair, although the second pair must be from 
the inner coordination sphere IS]. The probable structure change is that with 
the loss of the first twu water molecules, the [coCl,(H20),J molecular units 
come closer together without altering the structure of the unit cell. We can 
explain the loss of the next two water molecules if the chloride ions of the 
two adjacent units of [Co(H,O),Cl,] replace the water molecule in the next 
units. This produces the square of chloride ions around each cobalt(I1) ion 
and links all the central metal ions into a polymeric structure along the 
b-axis with the chloride ions acting as the linking ions (Fig. l} [lo]. The AH 
of this first process is 8l.S kJ mol-’ 

Fig. 1. Idealized structure of CoCl,*2H,O. 
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Fig. 2. Idealized structure of CoCl,.H,O. 

The second reaction studied by DSC and TG is: 

(b) CoCl, - ZH,O -+ CoCl, - H,O + H,O 

The AH in this reaction is very low (19.8 kJ mol-‘). This can be 
explained by supposing that in the dihydrate the water molecules in adjacent 
units are in line with each other and so distant that there is no interaction 
(Fig. 1). 

The third reaction is: 

(c) CoCl, * H,O + CoCl, + H,O 

The AH for this reaction is very high (98.1 kJ mol-l-almost five times 
greater than AH for the previous reactions). This high value can be 
understood by taking into account the structures of CoCl, . H,O (Fig. 2) 
and anhydrous CoCl, and the total necessary rearrangement to pass from 
monohydrated to anhydrous CoCl 2. 

The CoCl, - H,O has a very similar structure to the previous CoCl, - 2H,O, 
with a difference due to the loss of a molecule of water, which gives a 
two-dimensional (2-D) structure in which each cobalt(I1) is octahedrally 
surrounded by four shared chlorides and by two shared water molecules (in 
the trans position) (Fig. 2). Finally, the anhydrous CoCl, has the typical 
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and well-known structure of CdCl, (two-dimensional with each Cd oc- 
tahedrally surrounded) [ll]. 

TG measurements 

The non-isothermal curve for 
isothermal curves were obtained 
process. 

CoCl 2 - 6H,O is given in Fig. 3. The 
at six different temperatures for each 

In order to calculate the kinetic parameters, all the principal expressions 
of the solid-state decomposition are used (Table 1) both in isothermal and 
non-isothermal measurements (see Experimental). The results obtained for 
the three processes are given in Tables 2-5. The computation for each g(a) 
and for each n has been carried out with an ad hoc FORTRAN IV program. 
Taking into account that the similar processes are never described in terms 
of the diffusion law, we could expect that .these processes behave according 
to the growth, nucleation-growth or nucleation laws. Effectively, the E,, k, 

and r2 values found with the diffusion models are inconsistent when 
comparing the non-isothermal and isothermal measurements. Therefore, 
only the values found for each compound from the growth, nucleation and 
nucleation-growth models are reported in Tables 2-4. For brevity, and in 
order to indicate only the most prominent features, only the kinetic parame- 
ters (for a few n values) are given in Tables 2-4 (in fact these parameters 
were calculated for more n values). It is known from the literature [12,13] 
that this apparent order, n, is not restricted to being an integer only but may 
also be a decimal number. 

From Tables 2-4 it is evident that the values of E, and k, can be 
deduced from isothermal curves, since the values thus obtained are almost 
independent of the physical model proposed, as has been recently pointed 
out by Criado and co-workers [7]. 

Fig. 3. Non-isothermal TG curve for [Co(H,O),C1,].2H,O. 
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The average kinetic parameters E, and k, are given in Table 5. Taking 
into account the possible deviation and error of these values we can affirm 
that the activation energies are: 41.5 f 2 kJ mol-’ for the first process; 
91.4 + 3 kJ mol-’ for the second process and 56.5 f 2 kJ mol-’ for the third 
process. 

Many investigations, mainly in non-isothermal TG, assume a certain 
physical model; i.e., a determined f(a) or g(a). In order to avoid assump- 
tions, the solid-state mechanism may be established by comparing the 
dynamic and isothermal conditions, using an accurate value of r2 and taking 
into consideration the shape of the TG isothermal runs, as suggested by 
other authors [14]. The advantage of this method is that nothing is assumed 
about the mechanism, but all the kinetic parameters are determined from 
experimental results. 

In the three processes studied here, there is a good agreement with the 
nucleation-growth model (Avrami law) which also agrees with the sigmoid 
shape of the isothermal TG curves [6] (Table 5). 

The activation energy of the first process is very low, but taking into 
account that this corresponds to the loss of two different water molecules it 
is very difficult to interpret this result. The loss of the first. two water 
molecules leaves the lattice structure relatively unaffected [5]; the loss of the 
second pair of water molecules (coordination water) is very easy because the 
structure is “open” due to the simultaneous loss of crystallization water. 
Therefore there is a relatively large free space which greatly facilitates the 
escape of these water molecules. 

In the second process, the loss of the water from the dihydrate presents a 
relatively high activation energy (ca. 90 kJ mol-‘). It is a process in which 
one of the water molecules (coordination water) is lost to give a two-dimen- 
sional structure in which the chlorides and water molecules are shared. The 
free space between each chain (dihydrate) is small and very much hindered 
by the strong hydrogen bonding between the coordinated water and the 
leaving water. 

On the other hand, to pass from CoCl, . H,O to CoCl, there is a great 
rearrangement in the structure, which is open, leaving many tunnels which 
allow the easy escape of the water molecule. The activation energy must be 
low (Table 5) but the AH must be very great, due to this rearrangement. In 
reality, AH is approximately 100 kJ mol-‘, while in the previous process, 
without rearrangement it is approximately only 20 kJ mol-‘. 

Furthermore, the entropy of activation calculated from the expression 

(ln K)h/(k,T) = AS#/R - AH#/RT 

where K is the rate constant, also may indicate the differences between the 
steps of the dehydration (Table 5). According to House [2] the entropy effect 
may also be explained by the relative sizes (in our case the relative packing) 
of the ions and the free volume: where there is a large space between the 



134 

ions (as we suppose in the first and third steps) the water molecule may be 
able to slip into an interstitial position causing little or no lattice distortion. 
Therefore the entropy of activation may be negative. Where there is a 
smaller space between the ions (as we can suppose in the second step), the 
water molecules can occupy an interstitial position only with considerable 
lattice expansion so that the entropy of activation is less negative or even 
positive (Table 5). Although this entropy reasoning of House is speculative 
and not supported by any facts, we believe that it gives an intuitive 
comprehension of the process. 

CONCLUSION 

The energetic diagram of the dehydration-ration of the CoCf , - 6H,O 
can be represented as follows: 

This diagram explains that the most stable species is CoCl, - 2Hz0. In the 
TG curves (Fig. 1) we may clearly see this fact: it is the species which exists 
in the greatest temperature interval. On the other hand, once the activation 
energy for the monohydrate is surpassed, CoCf , - H,O and CoCl 2 are 
formed rapidly and their temperature interval is very low, 

A 

E kJ/mol 

La,=41.5 AH,=~IS 

Eq914 A &=I98 

~,=565 h II,= 98 1 

Fig. 4. Energetic diagram for the dehydration of CoCl,~tiH,O. 
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