
Journal of Thermal Analysis, Vol, 24 (1982) 15- 21 

K I N E T I C  P A R A M E T E R S  OF T H E  T H E R M A L  D E C O M P O S I T I O N S  

OF N I T R I T O N I C K E L A T E S ( I I )  

K .  BOGUSLAWSKA a n d  A .  CYGAiZ, ISKI 

Institute o f  General Chemistry, Technical University, L6dz, Poland 

(Received July  31, 1981; in revised f o r m  October  25, 1981) 

Kine t ic  pa r ame t e r s  o f  t h e r m a l  decompos i t i on  o f  c o m p o u n d s  o f  genera l  f o r m u l a  
MI2M u [Ni(NO2)0 ], where  M I = K +, R b  + or  Cs + a n d  M II = Ca  ~ +, Sr 2 + or  Ba2 +, were 
investigated on the basis of the respective thermal curves. Calculations of the reaction 
order and activation energy carried out by the Coats-Redfern method and by Doyle's 
method (modified by Zsak6) gave similar results, The reaction order is 2 for all the 
compounds investigated. In the group of potassium salts the activation energy increases 
from M xt ---= Ca 2+ to M ~ = Ba 2+. In the groups of rubidium and caesium salts, the 
lowest activation energy is observed when M ~x = Sr 2+. Such behaviour of the nitrito- 
nickelates is explained in terms of structures and the principle of maximum density. 

Nitr i tonickelates  are crystalline salts with regular  space networks.  The methods  
used to obta in  them, and the mechanism of  their  thermal  decomposi t ion,  were 
described earlier [1 ]. In  this paper  we present  calculations of  the react ion order  
n and act ivat ion energy Ea of  this decomposi t ion.  The  calculations were carried 
out  by  Coats  and Redfern ' s  method  [2], and by  Doyle ' s  me thod  as modified by  
Zsakd  [3]. 

Calculation of kinetic parameters 

The react ion order  was calculated according to Coats  and Redfern ' s  method.  
The calculat ion technique and equat ions used were given earlier [4]. 

Thermograv imet r ic  da ta  of  K2Sr[Ni(NO2)0] were used to calculate the rela- 

t ionship between A = - l o g [  1 - ( ( 1  - e ) l - n ]  1 2 n)  a n d s -  �9 l0 s (Fig. 1), where 

w o - -  w 
c~ - and Wo, w and wt are the initial mass,  final mass and mass of  the 

W 0 - -  W t 

sample at  t empera tu re  T, respectively, 
n = react ion order,  T = tempera ture  (K), n was assumed to be 0, 1 and 2. 

When  n = 1 another  equat ion was used : A = - l o g [  - lOg(1 - ~z) ] T2 . The reac- 

t ion order  determined in this way was 2 for  all compounds  tested. 
Doyle ' s  me thod  (Zsakd 's  modified version) was used to calculate the react ion 

order,  the same thermogravimet r ic  da ta  being used. Standard deviations (5) were 
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Fig. I. Graphic determination of the order of reaction A = -- log I 1 --T2( 1(1 --_c0 in) -nil for 

[ - - l ~  c0] 
n =  0and 2 and--  log T2 f o r n =  1 

calculated. The assumptions were n = 0, 1 and 2, the respective functions for 

g(e) being g0(e) = e ;  gl(~) = - In (1 - e); g2(e) - 1 - e "  

The results are given in Table 1. 
Table 2 gives values of  the activation energy of  thermal  decomposi t ion for the 

compounds  under  test as calculated by Coats and Redfern's  method and by 
Zsak6's  modified method.  

Table 1 

Values of minimum standard deviation (d) calculated from thermogravimetric data for 
K2Sr [Ni(NO2)6 ] 

n = 0 n = 1 n = 2 

Ea, A Ea, A Ea, A 
kJ/mole M/mole kJ/mole 

117.2 0.1430 100.5 0.0626 117.2 0.0351 
125.6 0.1162 108.8 0.0584 125.6 7.0264 
134.0 0.1772 117.2 0.0744 134.0 0.0288 
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TaMe 2 

Values of activation energy of thermal decomposition for salts under test 

No Compound formula 

Activation energy 

Redfern's Zsako's 
method, kJmole - t  method, kJmole -1 

1 K~Ca [Ni(NO~)~] 133.14 134.0 
2 K2Sr [Ni(NO2)c] 134.65 127.3 
3 K2Ba [Ni(NO~)6 ] 193.35 203.9 
4 Rb2Ca[Ni(NO2)~] 240.57 238.6 
5 Rb~Sr [Ni(NO2)6] 174.42 186.3 
6 Rb2Ba [Ni(NO2)6 ] 250.79 248.7 
7 Cs2Ca [Ni(NO2)6] 260.08 259.6 
8 Cs2Sr [Ni(NOe)6] 157.38 134.0 
9 Cs2Ba [Ni(NO2)~] 226.21 213.1 

17 �84 

Discussion 

The effect of outer sphere cations M I and M n in MIMII[X(N02)~] (where X is 
a central divalent metal) can be analyzed either by varying M I while M II remains 
the same, or by varying M H while M I remains the same. These two possibilities 
are discussed below: 

Variation of M I 

In the case of the calcium group (M n = Ca ~+) of nitritonickelates, the activa- 
tion energy increased when the ionic radius of M ~ was increased. The potassium 
salt was the least stable; the greatest stability was shown by the caesium salt. 
This is in agreement with what was found earlier [4] for nitritocuprates of all 
groups. The change in activation energy is not regular for this group (nor for the 
other groups either). (Fig. 2). 

The difference between the activation energies of potassium-calcium nitrito- 
nickelate and rubidium-calcium nitritonickelate is 107.4 k J/mole; whereas in the 
case of the rubidium-calcium salt and the caesium-calcium salt the differellce is 
only 19.5 k J/mole. The changes in activation energy for the salts of the strontium 
and barium groups are different from the changes in the case of the calcium group. 
The greatest activation energy is shown by the rubidium salt. The differences 
between the activation energies of the rubidium and caesium salts, however, are 
not considerable (about 20.9 kJ/mole). 

As far as the decomposition temperatures are concerned, the potassium salts 
are less stable than the rubidium and caesium salts. The rubidium and caesium 
salts, however, decompose at nearly the same temperatures (Fig. 3). 

Thus, the stability of a compound can be considered as characteristic Of the 
activation energy. The different behaviour of the various nitritonickelate groups 
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Fig. 2. Dependence of the activation energy on the thermal decomposition of nitritonickel- 
ates(II) on the difference in the radii of outer sphere cations. Change of M I cation. 
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Fig. 3. The dependence of thermal decomposition temperatures for nitritonickelates(II) on 
the difference of radii of outer sphere cations. Change of M z cation 

�9 MiCa [Ni(NO2)6]; • M~Sr [Ni(NO~)6 ]; �9 M~Ba [Ni(NO~)0] 
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can have structural causes and can be explained in terms of  the principle of dens- 
est packing. X-ray investigations proved that nitritonickelates belonging to the 
same group, as well as nitritonickelates of different groups, are isostructural. 
Space gaps with M I and M II cations are filled more densely for the caesium- 
calcium salts than for the potassium-calcium and rubidium-calcium salts. In tke 
cases of the strontium and barium groups, the gaps are filled most densely earlier 
than for the rubidium salts; therefore, they are the stablest salts. This is condi- 
tioned by the longer ionic radii of strontium and barium. 

Variation of M n 

The change in activation energy of nitritonickelates accompanying the varia- 
tion of M n in the different groups has several variants. In the potassium group 
(M T = K +) the activation energies of the calcium and strontium salts are very 
similar. The greatest activation energy is shown by the barium salt. The sequence 
of changes in activation energy is the same as for the nitritocuprates of  the potas- 
sium group. 

The lowest activation energies occur for the strontium salt in the cases of the 
rubidium and caesium groups. Differences in activation energy for salts of a given 
group are considerable - about 62.8 kJJmol. The relationship is the reverse in 
comparison with the nitritocuprates of  the rubidium and caesium groups, where 
the strontium salt showed the greatest activation energy. There is also a reverse 
relationship between the activation energies of nitritonickelates and the tempera- 
tures of thermal decomposition (Figs 4 and 5). The decomposition temperature 
is highest for the strontium salts - their highest stability can have a structural 
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Fig. 4. Dependence of the activation energy on the thermal decomposition of nitritonickel- 
ates(II) on the difference in the radii of outer sphere cations. Change of M n cation 

�9 K~Mn[Ni(NO2)6]; x Rb2M~[Ni(NO2)6]; o Cs2Mn[Ni(NO~)6] 
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Fig. 5. The dependence of thermal decomposition temperatures for nitritonickelates(II) on 
the difference of radii of outer sphere cations. Change of M ~ cation 

�9 K2MIt[Ni(NO~)6]; x Rb~Mn[Ni(NO~)~]; o Cs2M~[Ni(NO2)6] 

explanation on the principle of densest packing. The incompatibility between the 
activation energy and the temperature of thermal decomposition is characteristic 
of nitritonickelates. It should be stressed, however, that such an incompatibility 
has also been observed for some groups of other compounds; the examples are 
ammine complexes of cobalt(Ill), investigated by Wendlandt and Smith [5], where 
the decomposition temperatures and the activation energies were 86 ~ an 19 kcal/mol 
(79.5 kJ/mole) for [Co(NH3)5 " H20]C13, 85 ~ and 25 kcal/mole (104.7 kJ/mole) 
for [Co(NHa)~ " H20] Br3, and 82 ~ and 31 kcal/mol (129.8 kJ/mol for [Co(NI-ta) 5 - 
�9 HzO(NOa)~]. Similar changes were observed for chromium(III) ammine 

complexes [5]. 
Changes in temperatures and in activation energies are also incompatible in 

some complexes with organic ligands, e.g. mercaptobenzothiazole complexes of 
bismuth(Ill) and nickel(II) [6]. Exceptionally large increases in activation energy, 
with small, but progressive corresponding decreases in thermal decomposition 
temperature were observed for mono-, di- and tri-methylammonium perchlo- 
rates [7] [319 ~ an 14.4 kcal/mole (60.3 kJ/mole) for CHsNH3C10~, 312 ~ and 57.2 
kcal/mole (239.5 kJ/mole) for (CH3)2NH2C104, 305 ~ and 79.6 kcal/mole (333.3 
kJ/mole) for (CH3)3NHC104]. In the case of tetramethylammonium perchlorate 
the decomposition temperature was 422 ~ , but the activation energy decreased 
down to 50.4 kcal/mole (211.0 kJ/mole). The explanation of why the incompat- 
ibility between changes in decomposition temperatures and changes in activation 
energy occurs for some groups of compounds should be the subject of future 
investigations, carried out to provide further series of experimental data. 
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ZUSAMMENFASSUNG - -  Die kinetischen Parameter der thermischen Zersetzung von Verbin- 
dungen der allgemeinen Formel M2~MII[Ni(NO~)6] ( M I =  K +, Rb + oder Cs + und M n =  
= Ca ~ +, Sr ~ + oder Ba ~ +) wurden auf Grund der entsprechenden thermischen Kurven unter- 
sucht. Die an Hand der Coats-Redfern Methode und der durch Zsak6 modifizierten Doyle- 
schen Methode durchgefiihrten Berechnungen der Reaktionsordnung und der Aktivierungs- 
energie ergaben /~hnliche Resultate. Die Reaktionsordnung ist 2 fiir sfimtliche untersuchten 
Verbindungen. In der Gruppe der Kaliumsalze steigt die Aktivierungsenergie yon M II = Ca z+ 
in Richtung M n = Ba ~ + an. In der Gruppe der Rubidium- und Caesiumsalze wird die nied- 
rigste Aktivierungsenergie bei M n = Sr ~ + beobachtet. Dieses Verhalten der Nitritonickelate 
wird dutch die Strukturen und das Prinzip der maximalen Dichte erklfirt. 

Pe3ioMe - -  Ha ocnoBe COOTBeTCTByIomnx T e p ~ e c r r l x  ~prmLix 6~iau HCCZIeaXOBaH~I ~rmeTa- 
~ec~ue napaMeTpr, i TepMnuee~oro pa3aox<earm coea~Hem~ o6me~ qbopMysmi M21 Mn[Ni(NO~)6], 
rale M ~ =  K +, Rb + i~ Cs +, a m I I =  Ca 2 +, Sr g + !~ Ba =+. PacueT~,i nopza~a peaI~rm u aHeprrm aK- 
Tmmm~rL npoBe~eHm,ie no MeTO~ly KoyTca-Paa~bepna I~ no MeTO~Xy ~oRr~ (Brt~OU3MenemmiR 
)I(aKOM), aaar~ coBna~ammrm pe3y~TaTbI. , ~ t  Bcex/~ccY~e~oBaHI-I~iX c o e ~ m e ~  Hop~,~OK pear- 
l~I~!eI COCTaBH3I 2. ~YI~ KaTII, teBt,IX co3Iefi aHeprI~ aKTPIBaI~ yBenHq2~BaeTc~t npK nepexo~e OT 
Ca + ~0 Ba ~+. B rpynne coneR py6g,~ria r~ ~e3n~q ~a~60nee H~3KOe 3r~aqer~e 3HepFI~H aKT!/IBaI~K 
yCTaHOBne~o ~ a  M n = Sr ~+. TaKoe noBe~e~me HHTpHTI-IblX coYle~ Hr~KeYta O67~C~eHO C TOqK~ 
3penna fix cTpyF, Typ~I I,I nprlHImna MaKCIIMaJIbltOR II3IOTItOCTII. 
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