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Thermal decomposition of 21 complexes of the type [Co(DH),(amine),]NCS
has been studied under the conditions of thermogravimetric analysis, by using dif-
ferent heating rates. From the thermogravimetric curves apparent kinetic parameters
of the pyrolysis reaction have been derived by means of the modified Doyle method.
Apparent reaction order increases and apparent activation energy decreases with
increasing heating rate. Thus, the obtained kinetic parameters do not characterize
the purely chemical reaction, but the complex heterogeneous process as a whole.
The explanation of the observed effect is discussed. Results are compared with those
obtained with other analogous complexes.

In our previous papers [1 — 3] the thermal decomposition of [Co(DH),(amine),}X
was studied under the conditions of thermogravimetric analysis, by using a single
heating rate. In the above formula DH, stands for a molecule of dimethylglyoxime.

Our investigations showed the first stage of the pyrolysis to be a substitution
reaction according to the following equation:

[Co(DH),(amine),]+ + X~ = [Co(DH),(amine)X] + amine. )]

Thus, one of the amine molecules in the internal co-ordination sphere is sub-
stituted for an anion from the external sphere, a relatively stable intermediate
is formed and the liberated amine is volatilized.

For the kinetic study of this reaction Horowitz and Metzger’s method [4] was
used. Since this method is not very accurate [5], in our further investigations the
modified Doyle method has been used, as described in our previous paper [5].
By means of this method the pyrolysis of the analogous bis-diphenylglyoximato-
diamino-cobalt(lII) complexes [Co(DH),(amine),]X has been studied [6, 7].

For deriving kinetic parameters from thermogravimetric curves another in-
tegral method has been proposed by Ozawa [8]. This method is based on the
application of different heating rates and kinetic parameters, since the reaction
order n, activation energy E, and pre-exponential factor Z of the Arrhenius
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340 ZSAKO et al.: KINETICS OF SUBSTITUTION REACTIONS

equation are presumed to be independent of the heating rate g. If these param-
eters are the same regardless of the heating rate, the modification of the heating
rate produces only a nearly parallel shift of the thermogravimetric curve [9] and
this shift depends in fact upon the activation energy of the process [10].

Our experiments concerning the influence of the heating rate showed in the
case of the iodides [Co(DH), (amine),]I that the apparent activation energy de-
creases with increasing heating rate [11]; this means that Ozawa’s method can-
not be used.
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Fig. 1. Thermogravimetric curves of [Co(DH),(p-toluidine),INCS at different heating rates,
(a) g = 5°C/min; (b) ¢ = 10°C/min; (c) ¢ = 15 °C/min

In the present paper thermogravimetric curves have been recorded for the ana-
logous thiocyanato-complexes, by using different heating rates, namely 5, 10 and
15°/min. Experimental results are illustrated in Fig. 1, which contains thermo-
gravimetric curves of [Co(DH),(p-toluidine)s INCS, recorded at different heating
rates. As seen from this Figure, the curve is shifted and its shape is modified too;
the increase of heating rate reduces the slope of the curve.

Thus, from these curves only apparent kinetic parameters can be derived and
their values must depend upon the heating rate. Ozawa’s method can be applied
neither in the case of the iodides nor in the case of the thermal decomposition
of the thiocyanates of these complex cations. On the other hand, the modified
Doyle method enables us to derive kinetic parameters separately for each heating
rate.

The basic relation used in the modified Doyle method is-as follows [5]:

ZE,
Rgq

B=1lg - = 1g go) — 1g p(x) (2
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where R stands for the general gas constant; the functions g(«) and p(x) have
the following meaning:

o= | —f‘%) and ) == [ £, (3)

fee)

where o stands for the decomposition degree of the initial compound and f(®)
expresses the kinetic law of the decomposition under isothermal conditions, ac-
cording to the equation:

da
= if@) @
where k stands for the rate constant. In the integral function p(x) the variable x
stands for the fraction E,/RT. Numerical values of —1lg p(x) have been listed in
our previous paper [5] as a function of both temperature and activation energy E,.
In Eq. (2) the magnitude of B depends only upon the nature of the pyrolysis
process, but in the case of a given thermogravimetric curve it must have the same
value for each point of the curve. The modified Doyle method is based on the
constancy of B.
From the thermogravimetric curves the degree of decomposition can be cal-
culated for each experimental point, according to the following relationship:

wo T W (5)
Wo— W,
where W, W, and W, stand for the actual, initial and final weight of the sample,
respectively.
Concerning the shape of the function f(x), functions of the following type are
most frequently presumed:

f) =1 - (6)

where n stands for the apparent reaction order. By using the o values given by
Eq. (5), the function g(x) can be calculated for each experimental point by
presuming different reaction orders. The analytical shape of the function g(x) was
given in our previous paper [5] for the following six reaction orders: 0, 1/3, 1/2,
2/3, 1 and 2. The table with the numerical values of —Ig p(x) enables us to seek
the E, value which ensures the constancy of B during the thermal decomposition
reactien. To find this E, value easily, we gave a statistical criterion of the con-
stancy of B. By using the g(x) values obtained for a given presumed reaction
order # and the table of integrals, B values are calculated for each experimental
point by presuming an approximate E, value. These individual B values will be
denoted by B;. The arithmetic mean of these B, values, denoted by B, and the
standard deyiation of these individual B; values from the arithmetic mean are
calculated. The standard deviation, defined as
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EOR Y
F

(7

where r stands for the number of experimental points, gives a quantitative charac-
terization of the constancy of B and thus of the consistency of the presumed
kinetic parameters with the experimental data.

The standard deviation ¢ is calculated for a given n and for various E, values
and its minimum indicates the best E, value, that most consistent with the pre-
sumed reaction order. By repeating this trial-and-error procedure for other
reaction orders too, the minimum ¢ values obtained can be compared, and it
can be decided which gives the best reaction order, from those considered, as in-
dicated by the minimum of these minimum & values.

These calculations have been carried out for the above-mentioned six reaction
orders. In the case of each thermogravimetric curve six lg g(x) values have been
calculated for each experimental point.

Table 1
ig g(«) values for the compounds (I) and (II) by presuming
different reaction orders. Heating rate: ¢ = 10 °C/min
Compound lg g(a) for the reaction orders
t °C (1— a) .
n=0 | n=13 | n=12 | n=23 | w=1 | n=2

160 09472 | —1.278 ¢ —1.274 l —1.271 1 —1.270 | —1.266 | —1.254
170 0.8750 | —0.903 | —0.894 | —0.889 | —0.885 | —0.875 | —0.845
1)) 180 0.7292 | —0.567 | —0.545 | —0.534 | —0.523 | -—0.499 | —0.430
190 0.4583 | —0.266 | —0.216 1 —0.189 | —0.162 | —0.107 | —0.071
200 0.1302 | —0.060 0.047 = 0.107 0.170 0.309 0.826
130 0.9437 | —1.250 | —1.246 | —1.243 | —1.242 | —1.238 | —1.224
140 0.8826 | —0.931 | —0.921 | —0916 | —0.912 | —0.903 | -—0.875
i 150 0.7512 | —0.603 | —0.583 | —0.573 | —0.564 | —0.543 | —0.479
(i 160 0.6009 | —0.399 | —0.365 | —0.347 | —0.329 | —0.293 | —0.177
170 0.3897 | —0.215 | —0.155 | —0.124 | —0.093 | —0.026 |  0.194
180 0.1268 | —0.059 0.050 0.109 0.174 0.314 ©  0.839

As an example, in Table 1 are given the fractions of the initial compound
(1 — o) derived from experimental thermogravimetric curves, and the correspond-
ing six lg g(«) values, calculated by means of the formulae given in our previous
paper [5]. These data are given for the following two compounds:

[Co(DH), (p-toluidine), INCS )
[Co(DH), (p-Cl-aniline), INCS an

Further calculations have been carried out in the following way. For each
reaction order the approximate activation energy has been estimated, by using
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the Ig g(x) values and the integral table containing Ig p(x) values. Thus, the
variation of 1g g(«) in the case of compound (I), assuming n = 0, between 160 and
200° is 1.218 (see Table 1).

The variation of 1g p(x) in the same temperature interval is 1.186 for E, = 26.0
kcal/mole and 1.269 for 28.0 kcal/mole, respectively; i.e., the activation energy
most consistent with the experimental data and with the presumed reaction order
n = 0, must be approximately 27 kcal/mole. In order to determine more exactly
this activation energy, Ig p(x) values have been calculated in the indicated tem-
perature interval for intermediate E, values, namely for 26.2, 26.4 . .. 27.8 kcal/
mole, by means of linear interpolation, by using the integral table given in our
paper [53]. With the help of these interpolated values, individual B; values have
been calculated by using the five experimental g g(«) values for » = 0, separately
for each E, value. The arithmetic mean of the B; values and the sums 2(B; — B)*
have been calculated. The minimum of these sums indicates the best E, value for
the given reaction order.

In Table 2 these sums are given for several E, values in the vicinity of their
minimum. By comparing these minimum values obtained for different reaction

Table 2
The sums X(B, — B)? calculated for the thermal decomposition
of compounds (I) and (II) in the vicinity of their minimum value
by presuming different reaction orders, together with the corresponding E, values

|
]fofj;‘; E. ‘ 2B — BP l n | E B =B | on | E | B - B
\ i
' 26.8 t 0.005878 29.0 | 0.001980 30.4 | 0.000583
0 | 27.0] 0005667 | 1/3| 292 | 0.001868 | 12| 30.6 | 0.000523
27.2 . 0.005803 294 | 0.001832 30.8 | 0.000521
| \ 29.6 | 0.001951 31.0 | 0.000611
[ | ] , \
O i \
L 31.8 | 0.000097 l 34.6 | 0.002704 45.2 | 0.068514
2/3 ] 32.0 | 0.000033 1 | 348 0.002572 2 | 454 1 0.068262
| 322 | 0.000062 35.0 | 0.002595 45.6 | 0.068281
: 35.2 | 0.002643 45.8 | 0.068313
}
!
! 18.0 ‘ 0.014795 19.6 | 0.008744 204 | 0.006332
| 0 | 182 | 0014556 | 1/3 | 19.8 | 0.008478 | 1/2 | 20.6 | 0.006005
‘ 18.4 | 0.014619 | 20.0 | 0.008484 20.8 | 0.006076
] ‘ 202 | 0.008602
an ‘ ‘ ]
‘ i1
‘ 21.4! 0.004385 ‘ ( 23.6 | 0.004000 31.0 | 0.061246
2/3 1 21.6 | 0.004096 | 1 | 23.8| 0.003972 2 | 312 0.061171
21.8 ! 0.004182 | 24.0 ‘ 0.004148 31.4 | 0.061393
i t
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orders, one can choose the best reaction order, that most consistent with experi-
mental data. Thus, in the case of compound (I), the minimum of the sum
Z(B; — B)?is the least for n = 2/3; in the case of compound (II) for n = 1. We
can say that the pyrolysis of compound (I) is apparently of order 2/3, with an
activation energy of 32.0 kcal/mole; while that of compound (II) is apparently
of first order, with an activation energy of 23.8 kcal/mole (see Table 2).

Similar calculations have been carried out for all the complexes studied. Results
are given in Table 3.

This Table contains the best reaction order from the six tried: the corresponding
activation energy; the standard deviation defined by relationship [7]; and the
Z value calculated on the basis of the arithmetic mean B by using the obtained
activation energy according to Eq. (2).

The same Table contains other reaction order values too, which have been
obtained on the basis of the shape of the thermogravimetric curves. In our previous
paper [10] a new method was given for determining the apparent reaction order.
This method uses the magnitude

1 1
Tos - Toq
= - . 8
V=7 1 ®)
Tos To:

where Ty 4, Ty 5 and T} 4 stand for the absolute temperatures at which the fraction
of the initial complex (1 — «) reaches the indicated 0.1, 0.5 and 0.9 values, re-
spectively. This magnitude has been found to be an unequivocal function of the
reaction order, according to the following relationship:

v = 0.2670 + 0.125 n — 0.0048 n”. %

In Table 3, reaction orders obtained by means of relationship (9) are denoted
by n, and those obtained with the help of the modified Doyle method are given
as n,;. By comparing the two sets of reaction order data one can observe quite &
good agreement, similar to the case of the analogous iodides [11].

As regards the influence of heating rate on the kinetic parameters, a systematic
variation of these parameters can be observed with increasing heating rate. Ap-
parent reaction order generally increases with increasing heating rate. At the
same time the apparent activation energy decreases in nearly all cases. A similar
decrease of the activation energy with increasing heating rate has been observed
by other authors too [12] in the thermal decomposition of PVC, and it has been
reported in our previous paper [11] for the pyrolysis of bis-dimethylglyoximato-
diamino-cobalt(I1l) iodides. The explanation of this effect is probably the follow-
ing: A linear variation of the furnace temperature is ensured, but the real tem-
perature of the sample is not the same as that of the furnace. The difference be-
tween the furnace temperature and the temperature of the sample depends upon
the heating rate; it increases with increasing heating rate. Thus, the rate of
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decomposition is less than that corresponding to the furnace temperature and
a reduced slope of the thermogravimetric curve resuits; this gives a higher re-
action order and lower activation energy. On the other hand, the volatilization
of the liberated amine is not instantaneous and a time-lag can appear between
the liberation and the volatilization of the product; this also reduces the slope
of the thermogravimetric curve. This effect is larger at higher heating rates and
it can explain the observed phenomenon.

The lg Z values vary in parallel with activation energy, in the same manner as
observed in our earlier experiments [6, 7, 11].

The results given above can be compared with those obtained for the analogous
bis-diphenylglyoximato-complexes [7], studied at a single heating rate (¢ = 10 °C/
min). In all cases the apparent activation energy is much higher in the case of
dimethylglyoximato-complexes. By comparing the obtained activation energies
with the activation energies derived for the analogous iodides, one can see that
generally the activation energy of the thiocyanates is less than that of the iodides
[11]. But this difference is not as clear as in the case of the diphenylglyoximato-
complexes [7].

This difference is presumably due to the different activation energy of the purely
chemical process.

The most important conclusion to be drawn from the obtained results is that
the derived kinetic parameters do not characterize only the purely chemical pro-
cess given by Eq. (1), but the complex pyrolysis process as a whole, involving
besides the chemical reaction other processes too, such as heat transfer, diffusion,
formation of crystallization centres, growth of these centres, volatilization of the
product, etc. This is why all the apparent kinetic parameters are influenced by
the heating rate, and lg Z varies in parallel with E,.

Concerning the reproducibility of the results, it is worth mentioning that besides
the heating rate, other working conditions have a quite considerable influence.
By recording thermogravimetric curves for samples of the same weight (100 + 0.3
mg in our experiments), and by using the same crucible a rather good reproduci-
bility can be attained. The obtained activation energy values do not differ generally
by more than 1—2 kcal/mole. This fact and the quite good agreement between
the ny and n, values strongly suggests the possibility of characterizing thermo-
gravimetric curves by means of the kinetic parameters », E, and Z, and of obtaining
these data by means of the modified Doyle method. On the other hand, it is
obvious that the physical meaning of these kinetic parameters is rather obscure.

Experimental

Synthesis of the studied complexes was performed by means of the method
described earlier [3]. The purity of the compounds was controlled by analytical
methods, by determining the cobalt and the sulphur content.

Two new compounds have been synthesized by means of the same method.
Their characterization and analysis data are as follows:

J. Thermal Anal. 1, 1969
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[Co(DH), (p-chloraniline), INCS (Mol. wt. 602.4)
brown prisms, Co calc. 9.78, Co found 9.83
S calc. 5.32, S found 5.45
[Co(DH), (p-propylaniline), INCS (Mol. wt. 617.6)
brown needles, Co calc. 9.54, Co found 9.64
S calc. 5.19, S found 5.27

Thermogravimetric curves have been recorded by means of a thermobalance
using a known procedure [13].
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REsumE. — On a étudié par thermogravimétrie, avec différentes vitesses d’échauffement, la
décomposition thermique de 21 complexes du type [Co(DH),(amine),SCN. On a calculé:
suivant la méthode de DoYLE les paramétres cinétiques apparents déduits des courbes ’ATG..
L’ordre apparent de la réaction augmente si la vitesse d’échauffement croit, alors que I’éner--
gie d’activation apparente décroit. Les paramétres cinétiques obtenus ne caractérisent que
le processus hétérogéne complexe et non la réaction chimique proprement dite. Les effets.
observés ont ¢été discutés et comparés avec les résultats obtenus avec d’autres complexes.
analogues.

ZUSAMMENFASSUNG. — Die thermische Zersetzung von 21 Komplexen des Typs.
[Co(DH),(Amin),INCS wurde thermogravimetrisch bei verschiedenen Aufheizungsge-
schwindigkeiten untersucht. Aus den TG-Kurven wurden die scheinbaren kinetischen Para-
meter der Reaktion mit Hilfe der Doyleschen Methode ermittelt. Bei zunehmender Auf-
heizungsgeschwindigkeit wichst die scheinbare Reaktionsordnung wihrend die scheinbare
Aktivierungsenergie abnimmt. Die erhaltenen chemischen Parameter kennzeichnen nicht
die eigentliche chemische Reaktion, sondern den ganzen komplexen heterogenen Vorgang.
Die beobachteten Effekte wurden diskutiert und die Ergebnisse verglichen mit Resultaten
von Untersuchungen anderer analoger Komplexe.
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Pesiome. — Hccnenosan TepMmopacnan 21 xomrnexca tuna [Co(DH),(amMua)]NCS B ycnosusax
TEPMHYECKOTO aHAIIN3A, IIPH HCIIOTL30BAHMM PA3HbIX CKOpOCTEil Harpesa. 110 TepMOrpaBrMETPH-
9ECKOM KPUBOYM paciuTanbl KAXYIIHECH KHHETHYECKAES MAPAMETPLI MHPOIATHIECKON PEAKIMH C
TIOMOIIIBIO M3MEHEHHOro Merona Jdoitna. C yBenmucHneM CKOPOCTH HATPEBA KAXMHILIMICS HOps-
JIOK PeaKUHH YBeIMIUBACTCS M KAKYNIAACH JHCPIUs aKTHBALNA YMCHBITACTC TakuMm 06pazom,
paciMTAHHBIC KUMHETHYECKHMEe ITAPAMETPH! HE XapaKTEePH3YIOT WCKIIOYATEIHHO XUMHYECKYIO
peaxiuio, a KOMIUICKCHBIA Ipoiiece B nesioM. B pabore guckytupyerca nabnromaeMetit adidexr.
Pe3ynsTaTsl CPABHUBAIOTCH C NAHHBIMMU, TIOJIYYCHHBIME T HOOOGHLIX KOMIUIEKCOB.
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