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‘MODEL-FREE’ APPROACH IN THE STUDY OF DECOMPOSITION
KINETICS FOR CLUSTER COMPOUNDS AND COORDINATION

COMPOUNDS

V. Logvinenko®

Nikolaev Institute of Inorganic Chemistry, Siberian Branch of Russian Academy of Sciences, Lavrentyev Ave. 3

Novosibirsk-90, 630090 Russia

‘Model-free’

approach was used for the study of decomposition kinetics:

the dehydration of cluster compound

[{Mg(H,0)s},ResSs(OH)s]-H,O and the phase transformation under partial pyrolysis of bismuth oxohydroxolaurate

BigO4(OH)4(C11H2;CO0)c.

The primary calculation of accurate activation energy values and the obvious discrimination of separate decomposition steps
allow using further linear and non-linear regression methods for more accurate and full kinetic description.
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Introduction

‘Model-free’ approach is well known and widely
distributed working method in the study of decom-
position kinetics of solid substances. ‘Model-free’
approach in kinetics is connected with classical and
important works of Kissinger [1], Anderson [2],
Friedman [3, 4], Ozawa [5], Flynn and Wall [6] and
Vyazovkin [7, 8].

This method of kinetic investigation is not the
only one of its kind: there is Dispersive kinetics by
Plonka et al. [9], Third-law methodology for kinetic
parameters calculation (directly on the base of
thermodynamic data) by L'vov [10], Meaningful
kinetic constants in solid-phase reactions by
Korobov [11, 12], Mechanistic interpretation of ther-
mal processes in crystals by Galwey [13].

We prefer to use ‘model-free’ approach because
of its possibility to calculate straight values of
activation energies for the every point of experi-
mental curves (TG, DSC, DTA).

Thermogravimetric curves are used for kinetic
investigations usually, and accompanying DTG
curves help to check steps of decomposition process.
DSC data seldom are in use; in particular the
additional problem is the baseline positioning, it can
increase the calculation error.

In general the stages resolution of the multi-step
decomposition can be quite different (or better, or
worse) on TG or DSC curves. The steps contributions
in the mass loss sum and in the heats sum are quite
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different because of the difference in molar mass of
evolved gases and in reactions molar enthalpy.

The decomposition of studied cluster com-
pounds and coordination compounds has important
peculiarities.

Cluster compounds, being usually synthesized
from water solutions, are hydrates, with coordinated
and/or uncoordinated water molecules, so the decom-
position beginning is dehydration process, without
any destruction of stable cluster ions.

As for coordination compounds (e.g. with carb-
oxylic acid anion as a ligand), we studied complicated
reactions of full decomposition, affected the inner
coordination spheres. In these multi-step complex
reactions the ‘model-free” approach was useful for the
more distinct interpretation of individual steps,
especially if we used different kinetic curves — TG,
DSC — for processing.

Experimental

Used thermo-analytical methods are: thermogravi-
metry (with linear heating), differential scanning
calorimetry. Used equipments: TG-209, DSC-204,
(Netzsch), DSC-822¢/700 (Mettler). Sample masses
7-35 mg, argon flow: 20-100 cm® min .

TG and DSC data were processed using the
computer program  ‘Netzsch  Thermokinetics’
(version 2001.9d); publications [4—6, 14—16] are the
scientific base. Data processing can be done without
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the preliminary information about the kinetic topo-
chemical equations.

Studied kinetic curves must be obtained under
several different heating rates; the minimum set is two
curves.

Results and discussion
Cluster compounds

For cluster compounds (synthesized from water
solutions) the essential problems are the stability of
the cluster ion itself and appropriate ligand selection,
but also the obligatory insertion of water molecules
for the formation of stable structures.

Coordination cluster compounds are usually
synthesized in small-scale quantity, most of them are
non-soluble in water; it is difficult to obtain their
dissociation constants or reaction constants in
solution (traditional quantitative characterization for
coordination compounds). From this point of view the
thermo-analytical investigation may give quite
interesting quantitative data on kinetic and thermo-
dynamic stability of these compounds in dehydration:
reactions, deeply affected compound structure.

We studied rhenium cluster compounds.
Coordination polymer compounds based on rhenium
chalcohalide and chalcogenide clusters are known for
a long time [17, 18]. Molecular octahedral rhenium
cluster complexes have complex anions [ReqQsLs]
(where Q=S, Se, Te and L=appropriate terminal
ligands) [19, 20].

[{Mg(H20)5}2R6688(OH)6]6H20 — this formula
is for the known detailed structure of the monocrystal,
but the compound easily dehydrates in the air, so we
studied the cluster compound practically without
uncoordinated water molecule (Fig. 1):

[{Mg(H20)s}2ResSs(OH)g]-HO —
[MgoResSs(OH)q] + 11H,O
(Am(calc.) = 10.3%)

E/k] mol ™!
2

Fig. 2 Ozawa—Flynn—Wall analysis for
[{Mg(H,0)s},ResSs(OH)s]-H,O dehydration: the acti-
vation energies depending on the conversion degree.
Perpendicular lines — standard deviation of calculation
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Fig. 3 Friedman analysis for [{Mg(H,0)s},ResSs(OH)s]-H,O

dehydration: the activation energies depending on the
conversion degree. Perpendicular lines — standard

Table 1 Cluster compound [{Mg(H,0)s},Re>Sg(OH)s]-H,O.
Data of F-test on fit quality (the search of the best
kinetic description: a=0.05-99.95%)

No. Eq. Feyp ((1; gg) Fau CCOc;rfrt{

1 Dy 1.00 1.15 585 0.996874
2 F, 1.42 1.15 584 0.995708
3 CnB 1.42 1.15 583 0.995708
4 Bia 2.09 1.15 583 0.996021

It is clear that the dehydration process is step-
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Fig. 1 TG and DTG curves for
[{Mg(H,0)s},ResSs(OH)6]-H,O dehydration; standard

806

sample holder, heating rates 3.5, 7.1 and 10.7 K min~

3 . -1
argon flow 30 cm” min

s

wise (Figs 1-3).
We tried to find the best kinetic equations
(Table 1). It is unusual that the best equation is the

diffusion one (both for =0.05-99.95%, and
0=40.00-90.00%).
Activation parameters for diffusion step:

E=56.1 kI mol', 1g4=4.0 (a=0.05-99.95%) and
E=59.5 kI mol ', 1gA=4.5 (0=40.00-90.00%).

So as the dehydration is three-step process
(DTG curves, Fig. 1), we used the non-linear
regression for kinetic parameter calculations and
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examined three-stepped process (F,, F,, D3). Results
of the calculation are:

D) fi(a)=(1 —a)"®; E; = 67.7+0.6 kJ mol ",

lgd, = 6.740.1;
2) fa(a) = (1 — a)*"; E; = 78+3 kJ mol ",
lgd, = 11+1;

3) file) = (1 - o)"/[(1 —a) " = 1];
E;=185+5kJ mol ', Igds = 23.0+0.8.

The first two equations are n™ order equations
with big reaction orders (and without simple
topochemical content). We tried other equation
combinations (D3, D3, D; and CnB, F,, Ds), but the
quoted variant is the best (59 calculation cycles,
correlation coefficient 0.999935).

This non-linear regression can distort kinetic
parameters for distant parts of curves. The above
calculation results in big increase of activation energy
for the third (diffusion) step.

We repeat this calculation, after fixing param-
eters £5=59.5 kJ mol ™', 1g4;=4.45 for the third step.
Results of the recalculation are:

D) fi(a)=( —a)"®; E, = 68.6£0.8 kJ mol ™,

Igd; = 6.840.1;
2) (o) = (1 —)*'; E, = 772 kI mol ',
1gd, = 11.540.5;

3) fi(0) = (1= )" /[(1 — )" ~ 1];
E3=159.5 kI mol™', Ig4; = 4.45.
Correlation coefficient is 0.999931.
All activation energies are in the area, obtained

by ‘model-free’ method (Fig. 4), and correlation
coefficient is quite good.
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Fig. 4 Data processing for [ {Mg(H,0)s},ResSs(OH)s]-H,O
dehydration. Curves fitting of non linear regression,
simulated with F, (the first step) and F, (the second

step), D; (the third step). Experimental points,
calculated lines

J. Therm. Anal. Cal., 93, 2008

So the better approach is to calculate prelimi-
narily kinetic parameters for the farther step, and then
use them fixed for all other calculations.

We do not think that the third step is water
molecules diffusion through the product layer. It can
be so called ‘inner diffusion’: the process of inter-
changeable sorption and desorption removing water
molecules within the channels and cages, formed in
the cluster structure during the dehydration process.

Coordination compound

Bismuth oxohydroxolaurate
BisO4(OH)4(C,1H23CO0O)s has layer structure, the
interlaminar distance=37.50 A, under heating this
liquid-crystalline state has the mesomorphic trans-
formation, turns to the amorphous state, decomposes
stepwise with the formation of well-ordered layers of
bismuth nanoparticles [21].

The thermal decomposition of this coordination
compound was studied earlier [22]. Linear heating
and plate-like sample holder were used for kinetic
studies; sample mass was 20 mg, heating rate 2.5, 5
and 10 K min"; helium flow 120 cm® min .

There are three decomposition steps:

* The decomposition with small mass loss and endo-
thermic effect (353-403 K);

* The decomposition with small mass loss and
exothermic effect (423483 K);

» The decomposition with noticeable mass loss and
inessential heat effect (473-553 K). We studied the
kinetics of this part of decomposition at 373—-533 K
(upon TG curves); the constancy of the activation
energy was observed at 50-90% of decomposition
degree (that is 473-553 K interval). The final
results: E=44-46 kJ mol'; 1g4=1.2-2.0 [21].

TG and DSC curves (Figs 5 and 6) were obtained
by means of thermoanalyzer Netzsch STA 449C;
experimental conditions: sample mass was about
10 mg (DSC) or 60 mg (TG), standard aluminum
sample holder for DSC measurement (the lid with
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Fig. 5 TG curves for the decomposition of bismuth
oxohydroxolaurate BigO4(OH)4(C,;H,;COO)g; standard
aluminum sample holder for DSC measurement (the lid
with holes), helium flow 30 cm® min™', heating rates
2 and 3 K min™'
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Fig. 6 DSC curves for the decomposition of bismuth
oxohydroxolaurate BigO4(OH)4(C,H2;COO); standard
aluminum sample holder for DSC measurement (the lid
with holes), helium flow 30 cm® min™", heating rates 3,
5and 10 K min™*

holes), helium flow 30 cm® min"'. The temperature
interval of this exothermic effect (403—463 K at
3K min’l) corresponds to the very beginning of the
decomposition on TG curve (full Am~1.2% only,
Fig. 5). We did not succeed in the calculation of
kinetic parameters according to TG curves (2, 3, 5 and
10 K min ") because of the improper steps resolution.

In general the resolution of stages for the multi-
step decomposition can be quite different (better or
worse) on TG or DSC curves. The difference in molar
mass of evolved gases and in molar enthalpy of
reactions results in the difference in the step
contributions in the mass loss sum and in the heats
sum. So we tried to obtain the kinetic parameters of
the very initial stage of decomposition (353483 K),
by processing the DSC data of this reaction.

Data of three DSC curves, obtained under linear
heating (3, 5 and 10 K min "), were processed by
Friedman analysis. The constancy of the activation
energy exists in the extent of conversion interval
20-80%, E,=103%1 kJ mol ' (Fig. 7).

Kinetic parameters for this decomposition step
were calculated by Borchardt—Daniels regression
method (for the selected region of conversion:
0.20<0<0.80). The checking equations: F,, CnB, B,,,
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Fig. 7 Friedman analysis for the decomposition of bismuth
oxohydroxolaurate BigO4(OH)4(C,1H;COO)g: the acti-
vation energies depending on the conversion degree.
Perpendicular lines — standard deviation of calculation
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Ry, D3, A;z. The equations Fn (n=0.54+0.3), CnB and
R, are indistinguishable by F-test (the autocatalysis
contribution is small).

The equation of the contracting cylinder (R;) is
more probable: E,=106+1 kJ mol', logd=10.0+0.5.
There is no diffusion hindrance in the process kinetics.

According to the mass spectrometric analysis,
the beginning step of chemical transformations under
heating proceeds inside polyatomic cation layers with
lauric (dodecanic) acid elimination (403—483 K). This
step has very small mass loss and noticeable exo-
thermic effect (393-473 K); we believe that the
studied process kinetics is connected in majority with
the structure lattice reconstruction, but not with the
remarkable decomposition process itself.

The equation of the contracting cylinder can be
connected with the compound structure: arrange-
ments of long chains —CH,— in its crystal structure.

It is turned out that the stages resolution for this
studied multi-step reaction is better in DSC curves
(because of the suitable difference in molar mass of
evolved gases and in reactions molar enthalpy).

Conclusions

The method of calculation of kinetic parameters, well
known as ‘model-free’ approach, is very useful in the
study of decomposition processes in non-isothermal
conditions.

For crystalline hydrates, where the decom-
position process is simple: Agiig<BsoliaTCoas, 1t 15
possible to calculate the set of activation energies for
the every decomposition point, single out steps (if
they are present), and further, — using the regression
methods (both of linear and non-linear regres-
sion) — to calculate kinetic parameters for reactions.
For this aim the primary activation energies can be
regarded as the ‘real’ ones (being not depending on
the equation). During the calculation with regression
methods you can compare these, newly calculated
values (for certain topochemical equation), with those
‘real’ energies. The non-linear regression method
often leads to topochemical equations, not clear from
the physical-chemical point of view.

The complicated decomposition proces-
ses, — with intricate intramolecular reactions of oxida-
tion or pyrolysis, — are not formally the processes for
nonisothermal solid-state kinetics to deal with. But
‘model-free’ approach allows marking out the indi-
vidual reaction step. For very complicated decom-
position with pyrolysis we can change kinetic curves,
from TG to DSC, and can calculate the separated
individual step of complicated decomposition. But it
will be the kinetic description of the structure trans-

J. Therm. Anal. Cal., 93, 2008
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formation (which accompanied the decomposition
process itself).

Quantitative data of non-isothermal kinetics have
understandable physical-chemical meaning only for
special series of compounds. Such series are: inclusion
compounds with one and the same host matrix and
different guests, inclusion compounds with different
host matrix and one and the same guest, coordination
compounds with one central atom and different ligands,
coordination compound with different central atoms and
identical ligand, etc. In this work we try to show that the
‘model-free’ approach gives the best fit for this; studied
compounds are next specimens from such series, studied
earlier [23-25]. It is the contribution to the solid-state
chemistry of coordination compounds and cluster com-
pounds nowadays.
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