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The paper reports an attempt to correlate the structures of hydrates of copper(II) 
sulphate with some characteristic features of the kinetics of their thermal decomposi- 
tions. Non-isothermal thermogravimetric measurements were employed to obtain values 
of experimental activation energy and entropy for the dehydration of CuSO4 �9 5 H~O, 
CuSO 4 �9 3 H20 and CuSO~ �9 H20. The values orE* and AS* for the dehydration of 
CuSO~ �9 3 H20 were found to be only little affected by the mode of preparation of this 
compound. On the other hand, the values orE* and AS* for the dehydration of CuSO4 �9 
�9 H20 are strongly dependent on whether this compound was prepared by thermal de- 
composition of CuSO~ �9 5 H20 or CuSO~ �9 3 H~O, or by crystallization from solution. 
As regards the crystalline hydrates of copper(lI) sulphate, the greatest energetic hin- 
drance for dehydration was observed for CuSO~ - 3 H20. The experimental results are 
also discussed with respect to the present opinions concerning the possibilities of using 
thermal analyses to obtain information on the relationship between the structures and 
reactivities of solids. 

A t  present ,  ever greater  a t tent ion  is being pa id  to  the  s tudy o f  the re la t ionship  
between the s tructures  o f  coord ina t ion  compounds  and the courses o f  their  the rmal  
decomposi t ions .  It is becoming  increasingly clear tha t  the rmal  analysis  methods  
can cont r ibu te  cons iderab ly  to  the  knowledge  o f  the overal l  energetics o f  react ions  
induced by  heat  [1 ]. The courses o f  the rmal  decompos i t ion  react ions  have also been 
found to be marked ly  affected by  the crystal  and  molecular  s t ructures  o f  the com- 
plexes undergoing  decompos i t ion  [2, 3] up to  the present ,  however ,  the opinions  
in the  l i terature  regarding  the physical  meanings  o f  some current ly-used terms,  
such as the rmal  stabil i ty,  decompos i t ion  tempera ture ,  etc., have been somewhat  
different [4, 5]. Frequent ly ,  t hough  not  quite rightly,  the  kinetics and  stoichio-  
metries o f  thermal  decompos i t ion  react ions  are  b rough t  into re la t ionship  wi th  the  
s trengths o f  the  bonds  between the centra l  a toms  and the l igands.  The facts tha t  
the bonds  in coord ina t ion  c o m p o u n d s  are no t  i sola ted entities, and  that  the  b reak-  
ing o f  some bonds  most  often involves a to ta l  r ea r rangement  o f  the  crystal  and  
molecular  s tructures are  then neglected.  
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The aim of this study was to investigate the influence of the structures of the 
starting compounds and of the thermal decomposition products on the activation 
energy and the decomposition reaction entropy values. The hydrates of copper(II) 
sulphate were chosen for study. The thermal decomposition intermediates of 
CuSO4 �9 5 H20, viz. the trihydrate and the monohydrate of copper(II) sulphate, 
after being cooled to room temperature, were found to exhibit the same molecular 
and crystal structures [6] as compounds of the same compositions, but prepared by 
other processes. It therefore appeared interesting to investigate whether the activ- 
ation energy and entropy values of the dehydration reactions of these compounds 
are also the same. 

Experimental  
Chemicals 

CuSO~ �9 5 H20, twice recrystallized; concentrated H2SO4, p.a.; methanol, p.a., 
all products of Czechoslovakian companies. 

Synthesis and analytical methods 

The compounds under investigation were prepared and analyzed as given in 
paper [6]. 

Apparatus and measurements 

Thermogravimetric curves were obtained with an OD 102 derivatograph (MOM, 
Budapest). Platinum crucibles supplied with the apparatus, with an upper diameter 
of 14 ram, were used. Temperature was measured with Pt/Pt-Rh thermocouples. 

Table  1 

Values  o f  the  cor re la t ion  coefficients o f  the  dependence  o f  y = f ( 1 / T )  [7] for  different va lues  
o f  the  appa ren t  reac t ion  o rder  

Reaction Apparent reaction Correlation Reaction Apparent reaction Correlation 
No order coefficient No order coefficient 

1 4 1/3 
1/2 
2/3 
1 

1/3 
2/3 
1/2 
1 
1/3 
1/2 
2/3 
1 

0.992 
0.994 
0.997 
0.999 
0.923 
0.940 
0.932 
0.954 
0.957 
0.965 
0.972 
0.985 

1/3 
1/2 
2/3 
1 
1/3 
1/2 
2/3 
1 
1/3 
1/2 
2/3 
1 

0.965 
0.971 
0.975 
0.986 
0.963 
0.971 
0.978 
0.988 
0.982 
0.987 
0.992 
0.997 
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Before measurements, the samples were finely ground in an agate dish. They had a 
weight o f  100 rag. The temperature was increased at a rate of  3 ~ " rain -z in an air 
atmosphere. The thermogravimetric curves were evaluated by the Coats - Redfern 
method [7]. The reaction order was chosen so that the dependence y = f(1/T) 
should be as close as possible to linearity. The values o f y  computed f rom experi- 
mental data were correlated with 1/T using the least squares method. Computat ion 
of  E* was carried out via the slope of the straight line the correlation coefficient r of  
which was nearest to value 1. The value of  the correlation coefficient r for all in- 
vestigated reactions is nearest to one if the reaction order is one (Table 1). The meth- 
od applied also allows computation of the preexponential factor in the Arrhenius 
equation, and hence the activation entropy [8]. 

Results and discussion 

Experimental data on the kinetics of  thermal decomposition of CuSO4 " 5 H20 
were previously obtained mainly under isothermal conditions, and emphasis was 
laid on the study of the influence of  the experimental conditions [9, 10]. The values 
of  E* determined for the decomposition of  CuSO~ �9 5 H20 to CuSO4 �9 H,~O were 
in the range 40 - 80 kJ " mole -1 [9]. The activation energy of  the decomposition of  
CuSO,j �9 3 H20 according to [11] is 67 kJ �9 mole 1. The values of  experimental 
activation energies for the different steps of  thermal decomposition of  CuSO4 " 

�9 5 H20 under dynamic conditions [3] are far higher than those obtained for iso- 
thermal processes. Since the values of  E* are generally influenced considerably by 
the experimental conditions, it appeared necessary to determine these values for the 
following reactions : 

1. CuSO~ 
2. CuSO4 
3. CuSO4 
4. CuSO~ 
5. C u S Q  
6. CuSO4 

5 H,,O(~, cryst)* 
3 H20(~, decom,)** 

H20(s, decomp) 
3 H20(s ' cryst) 

H20(s ,  decomp) 

H20(~, cryst) 

CuSO4 " 3 H20(~, decomp) -~ 2 HzO(g ) 
CuSO,~ " H,,O(~, decomp) -~" 2 H20(g ) 

--* CuSO,I(s, decomp) + HzO(g) 
-* CuSO4 " H20(~, decomp) -[- 2 H20(g ) 

CuSO4(s, decomp) "~- H20(g) 
CuSO4(s, decomp) -]- H20(g) 

The experimental values listed in Table 2 for the activation energies and entropies 
of  the investigated reactions are the averages of  at least five measurements. (The 
numbers of  the reaction in Tables 1 and 2 are identical with the above reaction 
numbers.) The experimental values of  activation energies determined in this study 
are higher than the E* values determined under isothermal conditions and in 
vacuum [9, 10]; however, they are lower than those obtained in paper [3]. 

* (s, c r y s t ) =  substance p repared  by crystall ization f r o m  solution. 
** (s, decomp)  = substance prepared  by thermal  decomposi t ion  of  copper(II )  sulphate with 

a higher water  content .  
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Table 2 

Experimental values of activation energies and entropies for the studied dehydration reactions 

Reaction 
No  

E* 
kJ.  m o l -  x 

124.9 q- 5.8 
235.4 + 9.4 
216.9 q- 10.1 
198.8 + 5.3 
244.7 + 16.9 
126.8 -I- 5.5 

S* 
J . m o 1 - L K - ~  

7.4 ! 1.5 
40.2 • 1.5 
16.5 +_ 2.8 
40.9 + 2.9 
34.9 + 4.1 
6.7 + 1.3 

In the dehydration of  CuSO~ �9 5 HzO under the experimental conditions applied 
here, the first definite intermediate formed was CuSO4 " 3 H20. On cooling to 
laboratory temperature, this compound exhibits the same crystal and molecular 
structures as CuSO4.3H20 obtained by crystallization from solution [6]. It has 
been suggested that in the thermal decomposition process this compound is formed 
first in the amorphous form, and then undergoes recrystallization [10]. However, 
it was found that in the dynamic atmosphere of  air the crystalline product is formed 
directly. On comparing the values o rE*  and AS* determined for the dehydration 
of CuSO4 " 3 H20 (reactions 2 and 4), it is clearly seen that these values are very 
close to each other, i.e. they are practically independent of  the mode of  preparation. 
These results are in good agreement with those presented in [12], since it is known 
that the activation energy values also depend on whether the substance undergoing 
thermal decomposition is crystalline or amorphous [9]. On the other hand, the 
values of E* and AS* for the dehydration of  CuSO4 �9 3 H20 are considerably 
higher than those for the decomposition of  CuSO4 " 5 H20. This fact is suggested 
to be connected with the structure of  CuSO4 �9 3 H20 and with the changes occur- 
ring in the structure of  the compound during its dehydration. In the coordination 
polyhedron of Cu(II) in CuSO4 " 3 H20, the distance the copper from the oxygen 
of  two coordinated water molecules is longer than that from the oxygen of the 
third coordinated water molecule, this one forming two hydrogen-bonds to oxygen 
atoms from the sulphate groups [13]. Thus, it may be expected that in the discussed 
reaction those water molecules are released which are linked to the central atom by 
longer bonds. However, these bonds are probably shorter than the C u -  HzO bond 
which breaks (together with loss of  the uncoordinated water molecule) in the de- 
composition of CuSO~ �9 5 H20 [14]. The high value of  the activation entropy for 
the decomposition of  CuSO4 �9 3 H20 also points to the fact that the reaction is 
connected with marked structural changes of  the Coordination polyhedron and of  
the entire crystal structure of the compound in the formation of  the activated 
complex. 

For  the activation energy and entropy of  CuSO4 " H20 dehydration, three values 
were obtained (Table 2, reactions 3, 5 and 6). The values of E* for reactions 3 and 5 
are practically equal, within the values of the standard deviations, but those of  the 
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activation entropies differ considerably. As compared with the values of  E* and 
AS* for reactions 3 and 5, the experimental activation energy and entropy for reac- 
tion 6 (decomposition of crystalline CuSO4 �9 H20) are far lower. Therefore, it is 
concluded that CuSO~ ' H20 formed in the thermal decomposition process is more 
or less amorphous, and undergoes recrystallization before its further dehydration. 
These results show agreement with those in paper [10]. The higher value of E* for 
reactions 3 and 5 may then be explained by the suggestion that it also involves the 
activation energy of  recrystallization of CuSO4 " H20. The different values of  the 
activation entropy for reactions 3, 5 and 6, obtained from the values of  the pre- 
exponential factor in the Arrhenius equation, indicate that preparation of  the mono- 
hydrate of copper(II) sulphate in different ways leeds to differing presuppositions 
for the course of  the dehydration reaction. 

Comparison of the E* values for decomposition of  copper(H) sulphate hydrates 
prepared by crystallization from solution shows the highest E* value to be found 
for the decomposition of C u S Q  �9 3 H20. The formation of this compound as an 
intermediate of thermal decomposition of CuSO~ �9 5 H20 was doubted for a long 
time. The suggestion was that, in those cases when its formation was observed, 
this was due to rehydration of  CuSO~ �9 H20. Qualitative experiments showed, 
however, that this compound, differently from CuSO4 " 3 H20, was no longer hy- 
groscopic. The fact that under certain experimental conditions (high heating rate, 
low tension of water vapour) the formation of  CuSO4 �9 3 H~O was not observed, 
is probably connected with the circumstance that the temperature region for exi- 
stence of CuSO4 " 3 HzO may overlap that in which dehydration of CuSO4 �9 5 H20 
takes place. The low experimental values of activation energy and entropy for 
crystalline CuSO4 " H20 are to a certain extent unexpected (reaction 6), for a con- 
siderable thermal stability has been assigned to this compound [15, 16]. In connec- 
tion with this term, it is often discussed whether the decomposition temperature, 
mostly used as a measure of the "thermal stability" of  a compound, reflects its 
kinetic inertness or its thermcdynamic stability [4, 5]. The decomposition temper- 
ature is interpreted as the temperature at which a given experimental apparatus 
allows the decomposition rate to be registered [5]; however, the decomposition 
temperature is often brought into connection too with the strengths of  the bonds 
between the central atom and the ligands [17]. In our opinion, the decomposition 
temperature may be interpreted as that temperature at which a given apparatus 
and given experimental conditions reveal some loss in weight caused by breaking of 
the bonds between the central atom ar_d the volatile ligand, or by decomposition 
of  the ligand itself. Thus, the decomposition temperature depends both on the 
kinetic inertness and on the thermodynamic stability of the compound undergoing 
decomposition under the given experimental conditions. 

Quite often the value of the activation energy is taken as a measureofthe strength 
of  the bond between the central atom and the ligand [18], when the energetic hin- 
drance of a reaction is assumed to depend mainly on the energies of breaking and 
formation of  bonds. Using as example the experimental activation energies of the 
decomposition of CuSOa �9 H20, it can be shown that this is not always right. 
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It was found that the bonding type of the water molecule in this compound does 
not depend on its mode of preparation [6]. Nevertheless, different E* values were 
found for the decomposition of CuSO4 �9 H20, depending on its preparation mode. 
In this case the experimental values of the activation energies are affected by the 
overall state of the system, and do not reflect the central atom-ligand bond 
strength. Evaluation of the thermal stabilities of the hydrates ofcopper(II) sulphate 
by means of their decomposition temperatures (under the same conditions) shows 
CuSO4 " H20 to have the greatest thermal stability, without respect to its prepara- 
tion mode. From this standpoint the decomposition temperature appears to be a 
more reliable measure of the thermal stability of a compound than its activation 
energy, though the absolute value of the decomposition temperature also depends 
on the experimental conditions. 

References 

1. A. V. NIKOLAEV and V. A. LOGVINENKO, J. Thermal Anal., 13 (1978) 253. 
2. H. LANGFELDEROV.~, J. Thermal Anal. ,  12 (1977) 413. 
3. J. SIMON, J. Thermal Anal., 4 (1972) 205. 
4 . .E.V.  MARGULIS and G. I. CUFAROV, Zh. Fiz. Khim.,  45 (1971) 1261. 
5. V. A. LOGVINENKO, O. V. GEGOLA and L. I. MYACHINA, J. Thermal Anal., 14 (1979) 265. 
6. H. LANGFELDEROV.~, M. LINKE~OV.~, M. SERATOR and J. GAZO, J. Thermal Anal., in press. 
7. A. V. COATS and J. P. REDFERN, Nature,  201 (1964) 68. 
8. J. ZSAK6, Phys. Chem., 72 (1968) 2406. 
9. D. YOUNG, Decomposit ion of Solids, (in Russian), MIR,  Moskow, 1969. 

10. N. Z. LiAcrIov and V. V. BOLDYREV, Uspk. Khim.,  41 (1972) 1960. 
11. J. COOPER, J. CALVIN and J. HUME, Trans. Faraday Soc., 29 (1933) 576. 
12. H. G. WIEDEMANN, E. STURZENEGGER and G. BAYER, Thermal Analysis, Proc. IVth ICTA, 

Vol. 1, p. 227, Budapest, 1974. 
13. R. F. ZAHROBSKY and W. H. BAUR, Acta  Cryst., 24B (1968) 508. 
14. G. E. BACON and N. A. CURRY, Proc. Royal Soc., A 266 (1962) 95. 
1,5. S. SAARING, Thermochim. Acta, 7 (1973) 297. 
16. L. BEN-DOR and R. MARGALITH, Inorg. Chim. Acta, 1 (1967) 49. 
17. G. LIPTAY, E. PAPP-MOLN~R and K. BURGER, J. Inorg. Nucl. Chem., 31 (1969) 247. 
18. A. V. NIKOLAEV, V. A. LOGVINENKO, V. M. GORBATCHOV and L. I. MYACHINA, Thermal 

Analysis, Proc. IVth ICTA, Vol I, p. 95, Budapest, 1975. 

RESUME - -  L'article d6crit l '6tude effectu6e dans le but  de corr61er la structure des hydrates du 
sulfate de cuivre (II) aux particularit6s de la cin6tique de leur d6composition thermique. A par- 
t ir  de mesures thermogravim6triques non-isothermes, on a obtenu des donn6es exp6rimentales 
sur l'6nergie d 'activation et l 'entropie de la d6shydratation de CuSOa- 5H20, CuSO �9 3H20 et 
CuSO4 �9 H20. On a trouv6 que les valeurs d'E* et S* de la d6shydratation de CuSO4 �9 3H20 
n'6taient que peu influences par  le mode de pr6paration de ce compos6. Par contre, les valeurs 
d 'E* et S* de la d6shydratation de CuSOa.  H~O d6pendent essentiellement du fait que 
l '6chantillon qui subit la d6composition a 6t6 pr6par6 par  d6composition thermique de 
CuSO4 �9 5H20 ou CuSOa �9 3H20, ou bien par  cristallisation ~ part ir  d 'une solution. On 
discute les r6sultats exp6rimentaux en consid6rant aussi les opinions actuelles sur les possibilit6s 
de l 'analyse thermique pour  obtenir des renseignements sur les relations entre la structure 
et la r6activit6 des corps solides. 
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ZUSAMMENFASSUNQ - -  Der Beitrag berichtet fiber den Versuch die Struktur  der Hydra te  von 
Kupfer( l l )sul fa t  mit einigen charakterist ischen Beschaffenheiten der Kinetik ihrer thermischen 
Zersetzung in Z u s a m m e n h a n g  ZU bringen. Unter  Einsatz nicht- isothermer thermogravi-  
metrischer Messungen wurden die experimentellen Aktivierungsenergie- und Entropiewer te  
for  die Dehydrat is ierung von CuSO~ �9 5H20, CuSO~. 3HzO und CuSO~. H20 erhalten. Es 
wurde gefunden, dab die Werte der Dehydrat is ierung von CuSO~ �9 3H20 (E* und S*) von der 
Art  der Herstellung dieser Verbindung nur  wenig beeinfluBt werden. Andererseits sind diese 
Werte ausdrficklich davon abh/ingig, ob diese sich zersetzende Verbindung durch thermische 
Zersetzung von CuSO4 - 5H20 oder CuSO~ �9 3H20, oder durch  Kristall  aus einer LOsung 
hergestellt worden  war. Von den kristallinen Hydra ten  des Kupfer(I I )sulfa t  wurde das gr6gte 
energetische Hindernis  der Dehydrat is ierung bei CuSOa - 3H20 beobachtet .  Die Versuchser-  
gebnisse werden auch hinsichtlich der gegenwfirtigen Meinungen betreffs M6glichkeiten der 
thermischen Analysen zum Erhal t  von In fo rmat ionen  fiber die Zusammenhfinge zwischen 
St ruktur  und Reaktivitfit yon Fes tk6rpern  erOrtert. 

PealoMe - -  B CXaThe rlpnBe~eu~i nonblTKH KoppenaunH cTpyrTypbI rn~paTOB cyJlbqbaTa MeXrI(II) 
C HeKOTOpblMrl xapal~TepnblMU OCO6eHH OCT~IMH KHHeTrlKH fix TepMnqecKoro pa3noxel-iri~L I/Icrlonb- 
3yfl II~fl 3TO~ I~ealH HeH3oTepMHqecKHe TepMorpamlMexpaqecKrle H3MepeHH~t, 6bIYIH 17oalyqeHb/ 
3KCIIepHMeHTaYlbSbie 3neprna a~vaBailriri rr 3HTpOIII4a ~errtapaTat~nu CuSO4 �9 5H20 , CuSO a �9 
�9 3H20 H CuSO 4 �9 H20. H a ~ e n o ,  ~To 3ria~lerir~ E* H AS* Rern~paTaLtmt CuSO 4 - 3H20 s o~enb 
MaYIO!TI CTelleHH 3aBHCflT OT CHOCO6a IIOJlyqeHH~ 3TOFO cOeXHHeHI/DL O~HaKO, 3HAqeHH~[ E* I~I 
A S *  npoi~ecca jIeFH/IpaTalIHH CLISO a �9 H20 I1BHO 3aBHC~T OT TOFO qTO 3TO coejIHHeHHe IIOJIyqeHo 
TepMrI~eCKrlM pa3JIOXeHrleM CuSO a �9 5H~O H21H CuSO 4 - 3H20 tinct ~Ke I~prlcra2IJIrI3alme.~ a3 
pacxBopa. Cpe~rt rlccne~IoBanrmlx ~pncxaJInormlpaTo8 cynbqbara Me~rfflI) Han6onee 3ueprera-  
qecKoe npen~tTCTBHe )IeFHjIpaTalII, IH OTMe~eHO JIJJ~ CuSO a �9 3H20. ~KCilepHMeHTaJlhHble pe3yJlb- 
TaTbI o6cy>K~IeHbI B OTHOtHeHHI4 cyttlecTByrolttHX MHeHI4fl, KacaEon[Hxca BO3MO>KHOCTe~ TepMrt- 
qecKoro ana~n3a B noJiyqeHrtri ~HdpOpMat~vtrt O B3aHMOCB~3H Me~K~Iy cTpyKTypO~ rt peaKttVtOHHO~ 
CYIOCO6HOCTblO TBep~bIX BeHLeGTB. 

3". Thermal Anal. 19, 1980 


