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The informative capacity of thermal analysis in the evaluation of the thermal stabil- 
ity of coordination compounds involving the evolution of volatile ligands is discussed. 
The temperature of decomposition under quasi-equilibrium conditions (Q-derivato- 
graph, quasi-isobaric, quasi-isothermal operation) is suitable for characterizing the 
thermodynamic stability of compounds. The initial temperature of decompbsition 
at linear heating indicates the reaching of a defined value of the rate constant (depend- 
ing on the sensitivity of the sensing device of the instrument and on expel'imental 
conditions). The temperature sequence of increasing thermal stability may not coincide 
with the sequence of increasing activation energy values, since in the majority of cases 
it demands on the value of activation enthropy. 

Many thermal reactions of coordination compounds involving the evolution 
of volatile ligands may be regarded as heterogeneous ligand exchange processes. 
I t  is therefore of interest to compare thermodynamic and kinetic stabilities for 
series of coordination compounds in similar-type. The sequences may be obtained 
if the equilibrium constants and the rate constants of the reactions in question 
are known at some standard temperature. It is difficult, however, to choose the 
standard temperature. Known sequences of stability for reactions of coordination 
compounds in solution are based, for instance, on data of stability constants 
determined at 25 ~ , and the total temperature range of the experiment does not 
exceed 0 to 100 ~ (at atmospheric pressure). The majority of crystalline coordin- 
ation compounds are being synthetized at ambient temperature, and are rather 
stable at 25 ~ both kinetically and thermodynamically. The temperature range 
of interest for studying solid-phase transformations is much broader. 

Since thermal analysis is a traditional method for studying coordination com- 
pounds efforts have been made for a long time past to obtain qualitative sequences 
of their thermal stability indirectly from thermoanalytical data without determin- 
ing the numerical values of the equilibrium constants and rate constants (at 
standard temperature). 

The sequences of the thermodynamic stability of isostructural compounds 
in similar-type can be obtained using the Q-derivatograph [1-2]. The particular 
features of the experimental method are as follows: dynamic heating of the sample 
at a determined rate takes place only up to the start of weight loss. As soon as 
weight loss begins a special system takes over the control of oven heating, the 
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objective being a constant and small rate of weight loss (< 1 rag/rain). The 
"quasi-equilibrium" being established for reversible reactions leads to a stabili- 
zation of the temperature almost up to the end of the process (quasi-isothermal 
operation) [3 ]. It is known that the evolution rate of the gaseous reaction product 
varies with different shapes of the crucible. The experiment can thus be carried 
out at different gas pressures by using polyplate crucible (p ~ 0.01 atm), 
standard open crucible (p ~ 0.05 atm) covered crucible (p ~ 0.2 atm) and 
labyrinth crucible (p ~ 1 atm) [3, 4]. The quasi-isothermal temperature of anal- 
ysis in the labyrinth crucible (where gas exit is hindered) appears characteristic 
or the thermodynamic stability of the compouind since at this temperature, 
funder conditions close to the equilibrium;two sold phases are present at a practi- 
cally constant partial pressure of the gas being evolved (pg,~ ~ 1 atm). 

This temperature does not depend on the mass of the sample and on the dispers- 
ity of the substance and appears characteristic. The sequence of the thermal 
stability of coordination compounds based on these temperatures appears to be 
the sequence of their thermodynamic stability in similar-type reactions. 

The next question is how to evaluate kinetic stability and establish an analogous 
(qualitative) sequence. 

The characteristics of the dynamic thermoanalytical experiment with linear 
heating indicate that the starting temperature of decomposition (determined 
from the deviation of the DTA, DTG, TG or evolved gas curves from the zero 
line) corresponds to that minimum rate of analysis which can be recorded by the 
sensing device of the instrument used. In general, the total temperature range of 
reaction will shift towards lower temperatures when sample mass is reduced, 
thickness of sample layer is reduced, the size of the particles of the substance is 
reduced, the pressure of the gaseous reaction product is reduced, and linear 
heating rate is reduced. In this case, it is reasonable to choose conditions at which 
the temperature of the thermal investigation will be minimum vacuum: or the inert 
gas flow through the sample. The initial temperature of decomposition for series 
of compounds are the temperatures which indicate the reaching of the equal pro- 
cess rate is assumed to be controlled by the chemical reaction on the phase boun- 
dary (of spherical symmetry), then 

d~/dt = k(1 - ct) 2/3 
(c~ is conversion). 

Obviously, if the sensing device is sufficiently sensitive, one can have, in the 
starting point, s 0 < 0.001. Then the value of the term (1 - c~0) 2/~ will be closely 
similar for all compounds of the series, and it may be assumed that the rate con- 
stants of the studied processes will also be equal. In this case, the temperature 
sequence of thermal stability will be the sequence of temperatures at which equal 
rate constants (though highly critical to the experimental conditions) will be 
reached. 

We checked this assumption of the equality of rate constants at the starting 
temperatures of decomposition by experimental data: for the dehydration re- 
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Table 1 

Kinetic parameters  of  E D T A  chelate dehydrat ion and clathrate analysis (equat ion for  
the mot ion  of  the phase  boundary)  

AG* 
EDTA chelates E a lg A to, ~ --lg k kcal/mol 

C a M n L  �9 3H20 
CaCoL �9 5H~O 
CaNiL �9 4H20 
CaCuL �9 5H20 
CaZnL �9 5HzO 
CaCdL " 2H20 
CaeL �9 7H~O 

33.6 
28.8 
25.3 
12.6 
37.8 
29.0 
30.8 

14.0 
15.5 
13.4 
4 . 7  
21.7 
12.1 
17.7 

119 
80 
36 
21 
32 

109 
19 

4.4 
2.1 
4.2 
4.5 
5.0 
4.2 
3.7 

31.8 
24.5 
24.5 
23.5 
25.4 
26.0 
24.2 

Clathrates  

C8H18 " 6.7U 
CgH~o " 7.45U 
C10H2~ ' 8.06U 
CalH2~ " 8.80U 
C12H~6 " 9.42U 
CCI~ " 3TU 
C6H1~ " 3TU 

32,1 
38.0 
31.0 
37.1 
29.0 
35.0 
32.0 

20.5 
21.8 
17.0 
20,2 
15.0 
21,1 
18.8 

23 
30 
31 
50 
53 
20 
20 

3.0 
5.1 
4.9 
4.5 
4.1 
4.9 
4.6 

20.8 
25.2 
24.7 
25.6 
25.2 
23.9 
24.0 

L a -  = E D T A  anion U---- urea T U  = thiourea  

action of EDTA chelates and for the decomposition of urea and thiourea clath- 
rates (Table 1). The kinetic curves studied under non-isothermal conditions were 
those of gas evolution obtained by using a gas-flowing reactor [5]. The mass of 
the sample was 5 to 10 mg, helium flow rate through the sample 60 to 120 cma/min 
the sensing device a conductometric detector. 

The kinetic parameters of the processes (Ea, A) were determined by the integral 
method using the TA I B program for tl'.e Minsk-32 computer [6]. In all cases, 
the kinetics of the process were described by the equation for the motion of the 
phase boundary (spherical or cylindrical symmetry). At the temperatures to, tl~,e 
values of the rate constants k and the free activation energies A G* were calculated. 

Among 14 studied reactions, for 11 reactions the rate constant at the temper- 
ature where decomposition starts has a value between 10 -4.2 and 10 -5"1 s -1. Ap- 
parently the minimum rate of decomposition recorded by the conductometric 
detector applied corresponds to the reaching of the rate constant k ~ 10 -4.6. 
At the temperature where decomposition starts, the value of the free activation 
energy also proved constant: for 12 reactions out of 14, the value was found to be 
AG* = 24.8 _+ 1.3 kcal/mole. (The deviation of the values does not exceed the 
experimental error for Ea __ 10~). 

The dehydration of the EDTA chelates MgML �9 nH20 had earlier been studied 
by DTA using the thermoanalyser manufactured by Netzsch [6]. In this series 
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of experiments, owing to different experimental conditions and the differing 
sensitivity of  the detector, the rate constant found was k ~ 10 .5.0 s -1. 

Thus, the temperature sequences of thermal stability obtained under standard 
conditions at a linear heating rate prove to be realistic sequences of the temper- 
atures at which equal rate constants of the processes are reached. 

It is interesting to notice that in some cases the increase in the "thermal stabil- 
i ty" within the series is accompanied by a decrease of the activation energy (cf. 
the series of clathrates with even-numbered paraffins: CsHls �9 6.7 U, Ca0H~2 �9 

�9 8.06U, C12H20 �9 9.42U). 
An analysis of the function Ink  vs. 1/T demonstrates that within a series of  

compounds, three variants of relationships between kinetic parameters are 
possible: 

(i) tl > t3 > t2 
E~ =E~ =E~ 
A1 < A2 < A3 (Fig. la) 

(ii) q > t3 > t~ 
E~ <Ea <Ez 
A1 < A2 < A3 (Fig. lb) 

(iii) fi > t3 > t2 
E~ >E2 >E~ 

The relationship between A~, Az and A3 is indeterminate, A~ < A z < Aa can 
also occur (Fig. lc). 

For the series (i) and (ii), and in some cases also for series (iii), the increase 
in the initial temperatures of decomposition is reverse to that of the pre- 
exponential factor Ai: the increase in the thermal stability is adequate to the de- 
crease in the activation enthropy of the analysis. The so-called "thermal stability" 
is controlled in most cases by the probability of the formation of an intermediate 
state and by the probability of its appropriate geometry to be converted into the 

i I ~II ~.III 

ti t 2 t 3 
o) 1/T 

i V A 

: / 
_ / 1 \ i  \ i  . . .  

tl t2 t 3 tl t2 t3 
b) I /T c) I / T  

Fig. 1. Three possible variants of relationship between kinetic parameters in the sequence 
of thermal stability: la: t l>  ts> t~, E I = E  s=E3,  AI< As< Aa; lb: ta> ts> ts, 
E1 < Es < E3, A1 < As < A3; lc: fi > ts > t3, E1 > Es > E3. Relationship between Ax, As, 

Aa: indeterminate (A~ < As < As is also possible) 
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molecules  of  the  p roduc t ,  and  n o t  by  the energet ic  character is t ics  of~ the  meta l -  
l igand  b o n d  to be split. 

To  establ ish correct  macrok ine t ics  o f  the  exper iment ,  cer ta in  requ i rements  
mus t  be met .  Let  u s  list  some o f  them. The kinet ic  character is t ics  o f  the  process ,  
n o t  impeded  by  the  reverse reac t ion ,  mus t  be  ob ta ined  under  the  condi t ions  
o f  " l imi t  v a c u u m "  [7] (or  in iner t  gas flow). T h e  par t ic le  size range  o f  the  sample  
should  be dmax/drnin < 6 [9] (however,  a too fine f rac t ion  m a y  lead  to  a diffuse 
course of  the  process  [7]), no t empe ra tu r e  g rad ien t  should  be presen t  in the  sample  
(the d imensionless  cr i ter ia  are as fo l lows :  t empe ra tu r e  increase ra te  f2 < 0 . 0 1  
B i  < 1 [10]). 

I f  a kinet ic  mean ing  is a t t r ibu ted  to  the  t empera tu re  a t  which decompos i t i on  
begins (equal i ty  o f  the  ra te  cons tan t s  o f  the  chemical  react ion) ,  al l  these recom-  
menda t ions  are  impera t ive  a t  the  de t e rmina t i on  of  this  t empera tu re  too.  
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Rt~SUMI~ -- L'aptitude de l'analyse thermique h servir de source de donn6es pour l'6valuation 
de la stabilit6 thermique des compos6s de coordination lots des r6actions de d6composition 
mettant enjeu l'61imination de ligands volatils est discut6e. En conditions de quasi-6quilibre 
(Derivatograph-Q, op6rations quasi-isobares, quasi-isothermes) la temp6rature de la d6com- 
position thermique peut ~tre utilis6e pour caract6riser la stabilit6 thermodynamique des com- 
pos6s. La temp6rature du d6but de la d6composition ell chauffage lin6aire indique l'obtention 
d'une valeur d6finie de la constante de vitesse (qui d6pend de la sensibilit6 du dispositif d6- 
tecteur de l'appareil et des conditions exp6rimentales). L'ordre de succession des temp6ratures 
d6finissant l'augmentation de la stabilit6 thermique peut ne pas coincider avec celui des valeurs 
de l'6nergie d'activation, puisque dans la majorit6 des cas il d6pend de la valeur de l'entropie 
d'activation. 
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ZUSAMMENFASSUNG - -  Die informative Kapazittit der Thermoanalyse bei der Bewertung der 
thermischen Stabilit~it von Koordinationsverbindungen in Thermolysevorgtingen unter Ent- 
wicklung fltichtiger Liganden wird vorgestellt. Die Temperatur der Thermolyse unter Quasi- 
Gleichgewichtsbedingungen (Q-Derivatograph, quasi-isobare und quasi-isotherme Prozesse) 
eignet sich zur Charakterisierung der thermodynamischen Stabilittit der Verbindungen. Die 
Temperatur des Beginns der Thermolyse bei linearem Aufheizen zeigt das Erreichen eines de- 
finierten Wertes der Geschwindigkeitskonstante an (in Abhtingigkeit von der Empfindlichkeit 
des Ftihlers des Gertites und yon den Versuchsbedingungen). Die Temperatursequenz der zu- 
nehmenden Thermostabilittit stimmt nicht nStigerweise mit tier Sequenz der zunehmenden 
Werte der Aktivierungsenergie tiberein, da erstere in den meisten Fallen von der Aktivierungs- 
enthropie abhtingt. 

Pr - -  O6cy~r~eaa I, IHqbOpMatIHOHHag eMKOCTb TepNm'qecKol~o ar~anr~3a npr~ olierIKe TepMH- 
qecKo.~ CTa6tI.qI~HOCTH Koop~IHHalITIOHHBIX coe~vme~n~ B TepMoYIHTtltleCKHX npo~eccax, BKJItotta - 
t O ~  BbI~eIIeHHe 2"leTytlHX JII/FaH~OB. TeMnepaTypa TepMOJIH3a rlpH KBa3H-paBHOBeCHblX yCYIOBH~IX 

(Q-~tepriBaTorpaqb, rBa3~-a306ap~1,1B, ~Ba3~-n30TepMaaecKrffl MeTOa) ~B~aeTcrt rtprieMneMo~ 
,llJ75I xapaKTepHCTHKH TepMo,~/4HaM_w'/ecKo~ CTa614Y/bHOCTH coe)trtr~eHr~.~. TeMneparypa  ~a,~a~a 
TepMoJIH3a IIpH JIHHe~HOM lqarpeBe 03HaqaeT ~OCTH~KeHHe oiipe~eneHHoro 3Ha~eHH~I KOHCTaHTbI 
CKOpOCTH /cI 3aBHCHT 0T qyBCTBHTe~bHOCTH npHHI~MaIO~el'O yCTpO~CTBa npa6opa rt 3Kcrieptt- 
MeI-I~Ta~BHbLX yCJIOBtI~. TeMriepaTypHBl~ rlop~,~oK cYie21oBarLq~l yBeJLr~eHaa TepMn~qecKo~ eTa~ 
6H~IbHOCTH MO~eT He r C 1]opa~I<OM c~Ie~OBaHH~ yBenHqeHHa aKTHBaI~HOHHO~ 3HeprrtH, 
HOCl(O.ribKy B 60~BIIIm/CTBe cnyHaeB on 3aBHCHT OT 3tlaHeHH~I aKTHBaI1MOHttO~I 3HTpOHHH. 
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