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Abstract

The thermal behaviour of the heterocyclic compound 2,2’-bipyridyl and its copper complex formed in situ, both intercalated between the
layers of y-zirconium and y-titanium phosphates was studied by simultaneous thermogravimetry and differential scanning calorimetry techniques
using non-isothermal constant heating rate conditions up to 873 K under a stream of air. In all the obtained intercalation materials, which are
found to be stable up to 600 K, the ligand shows an oxidative decomposition practically in only one step. Model-free isoconversional method
of Ozawa-Flynn-Wall, applied to the vaporization of pure 2,2'-bipyridyl and to the oxidative decomposition step occurring in each intercalation
material examined, yields practically constant activation energies for values of the fraction decomposed « < 0.7. The activation energies calculated
using the best fit between calculated and theoretical g(a) models do not differ significantly from the corresponding mean E values selected using
the isoconversional OFW method in the range « <0.7. Activation energies derived by the Kissinger method show a good agreement with the
mean values derived by the former method, and the Arrhenius rate constants determined using also the pre-exponential factor values enable to
conclude that the bipyCu intercalation materials show a destabilizing effect with respect to the corresponding bipy intercalation materials (negligible
difference in the oxidative decomposition temperatures, but a significant difference in the rate constant values: at least one order of magnitude).

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Acid phosphates of tetravalent metals such as Zr, Ti and
Sn are insoluble ion-exchangers that can be prepared in crys-
talline forms with nonrigid layered structures. The most studied
among these materials, y-zirconium and ~y-titanium phosphates
(y-ZrP, y-TiP) [1-3], are well known to exchange metal ions
[4,5], to intercalate organic bases [6,7] and to support non-
polar molecules [8,9]. The intercalation compounds that were
obtained by intercalating polar organic bases easily exchange
transition metal ions that are subsequently coordinated to the
base through the layers, giving rise to complexes formed in situ
between the layers of the host matrices. In the present study,
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as a follow-up of our previous studies [10,11], y-ZrP and ~-
TiP were intercalated with the organic base 2,2'-bipyridyl (bipy)
and denoted as y-ZrPbipy, y-TiPbipy. The two obtained mate-
rials were subsequently exchanged with copper ions to give
complex formed in situ (y-ZrPbipyCu, y-TiPbipyCu). These
materials were prepared with a particular view to obtain either
catalysts or catalyst precursors to be used in heterogeneous
catalysis by complexes usually utilized in the homogeneous
catalysis [12-14]. The present study is devoted to character-
ize the thermal oxidative decomposition of these intercalation
materials using different kinetic methods and provide reliable
Arrhenius parameters and a suitable model function for each pro-
cess studied. On the other hand, to the best of our knowledge, no
relevant information are available in literature on the oxidative
decomposition kinetics of bipy not intercalated or intercalated
(as such or as a copper complex) between the layers of these
ion-exchangers.
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2. Experimental and method
2.1. Chemicals

The copper acetate, zirconyl chloride, titanium oxide, phos-
phoric acid and 2,2’-bipyridyl were supplied by Aldrich (reagent
grade) and used without further purification.

2.2. Materials

The precursors (y-ZrP and +v-TiP), the intercalation com-
pounds obtained with bipy (y-ZrPbipy and +-TiPbipy) and
the copper complexes formed in situ (y-ZrPbipyCu and +y-
TiPbipyCu) were prepared as reported in literatures ([2,3] and
[15,16], respectively). Intercalation of bipy and formation of the
bipyCu complex between the layers of the exchangers evidenced
by X-ray photoelectron spectroscopic measurements in [17] are
outlined in Fig. 1 for y-ZrP as an example.

2.3. Physical measurements and chemical analysis

Copper ions were determined in the supernatant solutions,
before and after contact with the exchangers with a GBC 903
A.A. spectrophotometer. Phosphates were determined colori-
metrically [18]. X-ray powder diffraction (XRPD) was used to
study phase changes in the materials by monitoring the reflection
and its armonics. A Philips diffractometer (model PW 1130/00)
was used with Ni-filtered Cu Ka radiation (% = 1.541 A).

2.4. Thermal measurements

Water and the bipy contents and the thermal behaviour of the
tested materials as well as of pure bipy were determined with a
simultaneous TG/DTA Stanton Redcroft 1500 thermoanalyzer,
Pt crucibles, heating rate 10 K min~—? calcined up to 1373K to
constant weight in an airflow. The TG and DSC experimental
measurements were carried out on a simultaneous Stanton Red-
croft 625 thermoanalyzer, connected to 386 IBM-compatible
personal computer. Thermodynamic quantities were calculated
using the Stanton Redcroft Data Acquisition System, Trace 2,
version 4. Temperature and heat flow rate scales were calibrated
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with very pure standards (indium, lead, tin, zinc), whose melt-
ing temperatures and enthalpies are well known [19]. Samples of
6-8 mg were weighed into Al pans in an argon-filled dry box to
avoid a possible sample degradation, and then in the thermoana-
lyzer, where the purge air stream fluxed to continuously remove
the gases given off during the thermal heating process experi-
ment. As far as the thermal analysis study is concerned, three
TG/DSC experiments were made for each material at 8 K min—1
using fresh samples only and a good precision of experimental
data was obtained (<1%). On the other hand, for the Kinetic
analysis the TG/DSC measurements have been carried out at
different heating rates (2, 4, 6 and 8 K min—1) up to 873 K under
a 100 mI min—1 stream of air.

3. Theory

Kinetics of solid-state reactions is usually described by the
following basic equation:

do

— = k(T 1
5 = KDf@) €
where « is the fraction decomposed defined as « =

1/ Otot) fof (dQ/dr)dr (being Qo and dQ/dr the overall heat of
reaction and the heat flux, respectively), flr) the model function,
which assumes different mathematical forms depending on the
reaction mechanism [20] and &(7) is the specific rate constant,
whose temperature dependence is commonly described by the
Arrhenius equation:

k(T) = Aexp (—5) 2

where E is the activation energy, A the pre-exponential factor,
R the gas constant and 7 is the absolute temperature. Moreover,
taking into account that under non-isothermal condition the heat-
ing rate 8 = dT7/ds, where ¢ is the time, by combining Egs. (1) and
(2), it results

do  da df A E
ar ~ drdT (ﬂ) exp (_RT> f(@) 3)

Most of the methods that describe the Kinetics of reactions in
solids use Eq. (3) as well as several approximation of its integral

{b) /
\P\ Vo N/
7 a
H H
T "
8, © %, ©°

AN AN

Fig. 1. Possible arrangements of bipy (a) and bipyCu complex (b) between the layers of the y-ZrP exchanger.
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Table 1
Most commonly used differential and integral model functions to describe the thermal oxidative decomposition processes
N Model function fAa) gla) =kt

1 Power law 4(c)¥ ()

2 Power law 3(x)?3 ()3

3 Power law 2(cr) 12 ()12

4 Power law 2/3(c)~ 112 ()32

5 One-dimensional diffusion 1/(2) («)?

6 Mampel (first-order) l-« —In(1—«)

7 Avrami-Erofeev 4(1 — a)[-In(1 — )3 [-In(1 — )]V

8 Avrami-Erofeev 31 —a)[-In(1 — a)]¥3 [-In(1 — )R

9 Avrami-Erofeev 2(1 — a)[-In(1 — &)]+2 [-In(1 — @)]¥?
10 Three-dimensional diffusion 312(1 — a)B[1—-(1 — x)1P] L [1—(1— )32
1 Contracting sphere 3(1—a)?B 1-(1—a)'B
12 Contracting cylinder 21 — )2 1-(1—a)1?
13 Zero-order 1 o
14 Second-order (1—a)? l-a)y1-1
form Kissinger method [26] that uses the following equation:

A\ [T E B AR E 1
a)=|— exp | —— | dT 4 Inl =) =In|= _= = 7
=) [ oo () @ ()= [F] (%) (&) ®
where where Ty, is the DSC peak temperature at a given heating rate
o i B. From the slope of Eq. (7) a single activation energy value for
gla) = /0 (f(e)) " da () each step of mass loss is given.

is the integral form of the model function that does not depend
on the heating rate used.

3.1. Model-free methods

However, due to the complexity of the kinetic description
concerning the solid-state decomposition processes it is usu-
ally assumed that the activation energy is not a constant value
but depends on « [21,22]. Therefore, in order to establish if
such dependence exists or not, the kinetic procedure adopted
in this work was first based on two multi-heating rate methods.
Both approaches determine the activation energy using thermal
analysis data carried out at different fixed heating rates with-
out choosing a priori a defined model function. In particular,
the first kinetic method used was the isoconversional method
of Ozawa-Flynn-Wall (OFW) [23,24] that is based on the inte-
gral form of Eq. (1) according to the following isoconversional
equations:

AQE
In(B)y = In { y “} — In g(er) — 5.3305
—1.052 (Ea> (1> (6)
R T,
Once the Doyle’s approximation [25]:

Inp(x)=-5.3305—-1.052x, where x=E4/(RT,) and
20 <x<60) is verified to be valid over the entire range
of «, then at any selected value of «, from the slope of the
related regression straight line derived by the In(8)q vs. 1/T,
plot, the corresponding E, value is derived as a function of
a. The present kinetic study was also performed using the

3.2. Model-fitting methods

In a usual model-fitting procedure particular differential or
integral model functions fla) or g(w«), respectively (Table 1),
assumed to solve Eq. (3) or Eq. (4), and determine the Arrhenius
parameters by fitting the kinetic equation to the experimental
data. However, Vyazovkin and Wight [27] revealed that this
approach usually gives unreliable results for two kinds of rea-
sons. In fact, the model-fitting method is unable to show the
variation of the activation energy with the extent of reaction
that is generally observed especially in multi-step processes.
Furthermore, it is difficult to select among the different model
functions on the basis of the best fit to the experimental data. To
overcome this difficulty, we have previously verified that both
the E and A values practically do not depend on « by using the
above-mentioned isoconversional OFW method. Subsequently,
TG data derived by a single linear heating rate experiment were
fitted to some of the integral model functions g(«) reported
in literature [27] using the Coats—Redfern (CR) method [28].
This method makes the assumption that the integral model
function

o[s2)n (2D} o

where the subscript j is related to the selected reaction model and
(T is the average of the experimental temperature range. Each
gj(«) expression in Table 1 is inserted in Eq. (8) and from the
slope of the linear regression obtained by plotting In[gj(a)/TZ]
against 1/7 the corresponding Arrhenius parameters E; and A;
are obtained for each model function j. These Arrhenius param-
eters related to all the different model function j of the same
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process are linearly correlated (compensation effect). The linear
regression parameters obtained were used to estimate the iso-
conversional In A, value at each given conversion by replacing
the E; values with the isoconversional E,, ones in the regression
equation [22].

3.3. Reconstruction of the reaction models of the processes
examined

OFW, Kissinger and CR methods do not enable the pre-
exponential factor and the model function of the process
examined to be suitably analyzed. On the other hand, the
integrated model function g(«) can be numerically recon-
structed using an artificial isokinetic relationship [22,29] if E,
were practically independent of . Once the values of InA,
and E, are determined the integrated model function g(«) is
reconstructed by substituting the selected estimates of A, and
E, in EQ. (4). The explicit form of the model function can
be determined by comparing the selected numerical depen-
dence of g(«) vs. o with the model dependencies displayed in
Table 1.

4. Results and discussion
4.1. Materials

The proposed chemical formulas along with their interlayer
distances d are summarized in Table 2. As it can be seen the
amount of bipy in y-ZrPbipyCu and y-TiPbipyCu is lower than
that of y-ZrPbipy and y-TiPbipy materials. This is ascribed to the
small elution of bipy noticed after the formation of the Cu com-
plex in both the exchangers due to the steric hindrance occurring
during the Cu?* exchange [30].

4.2. XRPD

From the XRPD patterns of the intercalation materials at
room temperature an appreciable increase of the d (about 1.55
and 2.75,&) is observed when bipy is intercalated between
the layers of the two considered exchangers compared to
those of their precursors y-ZrP and y-TiP (Table 2). The d in
+v-ZrPbipyCu is appreciably higher (16.96 A) than that of -
ZrPbipy (13.85 A). By contrast, identical 4 values are found in
v-TiPbipy and y-TiPbipyCu. It is worth noting that the complex
formation not always occurs with an increase of the d.

Table 2

Chemical composition and interlayer distances d of the examined materials
Materials d(A)
v-ZIP v-Zr(PO4)(H2P0O4)-2H,0 12.30
y-ZrPbipy ¥-Zr(PO4)(H2POy4) bipyo 48-0.30H,0 13.85
v-ZrPbipyCu v-Zr(PO4)(H1.20P0O4)Cug.40bipyp 43-0.40H,0 16.96
v-TiP v-Ti(PO4)(H2P0O4)-2H,0 11.60
~-TiPbipy ~v-Ti(PO4)(H2PO4) bipyo.43-0.40H,0 14.35
v-TiPbipyCu v-Ti(PO4)(H1.24P0O4)Cug 38bipyo.40-0.38H,0 14.35

100 +

80 T

60 T

Mass (%)

40 T

20 T

Endo «—— Heat Flow (mW)

t -17
273 313 353 393 433 473
Fig. 2. TG and DSC curves of pure bipy at 8 K min—! under a stream of air.

Table 3
Melting and vaporization enthalpies of bipy at different heating rates

B (Kmin—1) AHsys (kJmol—1) AHygp (kJmol~1)
2 176 £ 0.7 58.6 + 2.0
4 175 £+ 0.6 59.0 + 2.3
6 176 £ 0.8 58.8 + 2.4
8 17.4 £ 0.7 58.4 + 24

4.3. Thermal and kinetic analysis

4.3.1. 2,2'-Bipyridyl

The TG and DSC curves of pure bipy are shown in Fig. 2.
After melting at about 343 K a single step of mass loss is shown,
accompanied by an asymmetric endothermic DSC peak ascribed
to vaporization. From the area of the DSC peaks obtained by
carrying out experiments at different heating rates the corre-
sponding AHsys and AHyqp Values of pure bipy are selected and
given in Table 3. No actual dependence of AHys and AHyap
values on g can be observed.

The dependence of E values on « for vaporization of pure
bipy is displayed in Fig. 3. Practically constant £ values around
61 4 2 kJmol~! were found (changes lie within the associated
uncertainties). According to these results, the x values (x = E/RT)
are slightly higher than 20, which is the lower limit to apply the
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Fig. 3. Dependency of the activation energy on o (OFW method) for the vapor-
ization process of pure bipy.
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Fig. 4. Kissinger plot for the vaporization process of pure bipy.

Doyle’s approximation. On the other hand, from the slope of
the regression line obtained by fitting the In(8/ T,%) experimen-
tal data against 7 (Fig. 4) according to Eg. (7), the activation
energy of vaporization for pure bipy equal to 54 + 3kJmol~1 is
found. The result obtained is very close to the average vaporiza-
tion enthalpy (Table 3). In addition, a good agreement is found
between the activation energies derived from OFW method and
the E value derived by the Kissinger method. The Arrhenius
parameters for vaporization of pure bipy are also determined
by the CR model-fitting method for all the model functions of
Table 1 and given in Table 4 with their R? values. A single func-
tion cannot be discriminated since the four power law, one- and
three-dimensional diffusion, contracting and zero-order mod-
els seem to be statistically equivalent fitting models. On the
other hand, Fig. 5 shows a comparison of g(«) derived from

Table 4
Arrhenius parameters related to vaporization of pure bipy at 8 K min—! obtained
by the Coats—Redfern method for the most commonly used model functions

N E (kJmol~1) INA (min—1) R?
1 11.6 1.1 0.9962?2
2 17.9 2.7 0.99742
3 30.4 6.2 0.99812
4 105.5 26.9 0.99882
5 143.0 37.0 0.9988?2
6 87.4 22.6 0.9893
7 16.5 25 0.9827
8 24.4 4.7 0.9856
9 40.1 9.3 0.9877
10 42.9 9.8 0.99842
11 17.9 2.7 0.99742
12 77.0 18.8 0.99812
13 67.7 16.7 0.99862
14 112.5 30.1 0.9520

@ Statistically equivalent models.

Fig. 5. Conversion dependence of g(«) for the model functions listed in Table 1
(—) and for the experimental data (O) related to vaporization of pure bipy.

experimental vaporization data (using Eq. (4)) with the model
functions reported in Table 1. The closest match over the entire
range of conversion is fulfilled by the zero-order function. This
result was already found by other authors in their studies on
vaporization without decomposition [31-33]. Moreover, as a
further confirmation of the reliability of the result obtained the
associated E value in Table 4 is in excellent agreement with the
mean isoconversional E value.

4.3.2. Intercalation materials

On the other hand, the TG and DSC curves of the intercala-
tion materials are given in Fig. 6. It is evident that their thermal
behaviour is quite different from that of pure bipy. In fact, in
all four examined intercalated materials noticeable exothermic
effects ascribed to oxidative decomposition of bipy occur from
550 to 873 K after more or less evident dehydration processes.
All four intercalated materials show the ligand oxidative decom-
position occurring in only one step between 650 and 873K,
accompanied by a very intense exothermic effect shown in the
DSC curves.

Our attention was then focused on the kinetic study of the
oxidative decomposition process by applying the OFW and
Kissinger methods. As far as the results of the OFW method
is concerned, the E, values were determined from the slopes of
the (In B), vs. L/T, linear equations and presented in terms of the
conversion dependence of the activation energy in Fig. 7. Activa-
tion energies practically independent of the fraction decomposed
a were found in the range @ < 0.7. In spite of the complex nature
usually shown in oxidative decomposition processes an increas-
ing trend of E values was observed only in the range « > 0.70 for
the intercalated bipy materials, while for the bipyCu materials
E practically does not change over the entire range of «. These
results suggest that, contrary to what it could be expected, the
main part of the reaction has a single-step nature describable by
a single reaction mechanism.

For comparison purposes, the E and In A values of the oxida-
tive decomposition for the intercalation compounds were also
calculated using the Kissinger method from the slope and
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Fig. 6. TG and DSC curves at 8 K min—1 under a stream of air for (a) y-ZrPbipy, (b) y-ZrPbipyCu, (c) y-TiPbipy and (d) y-TiPbipyCu.

intercept of the In(,B/Tn%) vs. T regression line (Eq. (7)),
respectively (Fig. 9). Onthe other hand, in order to better individ-
uate the Ty, values the DSC curves at different heating rates were
reported in Fig. 8 for all the intercalation materials investigated.
The derived regression and kinetic parameters are reported in
Table 5. The average E values selected with the OFW method
(even if actually slightly higher) agree quite well with those
of the Kissinger one within the associated experimental errors.
In addition, because of the negligible dependence of E on the
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degree of conversion « for the oxidative decomposition process
of all the intercalated materials examined in the range « < 0.7,
the most suitable model functions were selected from the best
agreement between the g(«) values determined by Eg. (4) with
those calculated using the expressions in Table 1. If the com-
parison is suitably restricted in the range « < 0.7, a reasonable
agreement with a single model is found for the oxidative decom-
position of each intercalation compound even if some deviations
are still observed in the range « > 0.8. Fig. 10 shows that for the
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Fig. 7. Dependency of the activation energy on « (OFW method) for the oxidative decomposition process in (a) y-ZrPbipy, (b) y-ZrPbipyCu, (c) y-TiPbipy and (d)

v-TiPbipyCu.
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Table 5

Regression and Arrhenius parameters for the oxidative decomposition process by the Kissinger method

In(8/ T2) = a + b(10%/ Tm)
a b

Materials

R? E (kJmol~1) INA (min—1)

—10.7 £ 0.6

—73+03
—-116 £0.1
—10.0 £ 0.4

8.1+0.7
46 +0.7
10.0 £ 0.2
82+ 0.6

vy-ZrPbipy
y-ZrPbipyCu
~-TiPbipy
v-TiPbipyCu

181+ 1.0
143 £ 0.6
20.1 +0.2
182+ 0.8

0.9941
0.9961
0.9997
0.9943

194 £ 11
133+ 6
211 +£3
182 + 8

The associated uncertainty are standard deviations.
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Fig. 9. Kissinger plot for the oxidative decomposition process in y-ZrPbipy (4),
y-ZrPbipyCu (M), y-TiPbipy (®) and y-TiPbipyCu ().

oxidative decomposition processes of y-ZrPbipy, y-ZrPbipyCu,
v-TiPbipy and v-TiPbipyCu the closest matches are found for
the models denoted as 13, 6, 4 and 12, respectively, even if
these models, except in the case of y-ZrPbipyCu, do not show
unexpectedly the best linear fit of Eq. (8). The corresponding
activation energies obtained by the CR method for these above-
mentioned models (Tables 6 and 7) are 192.6, 143.9, 291.7 and
242.6 kJmol~1 for y-ZrPbipy, y-ZrPbipyCu, y-TiPbipy and -
TiPbipyCu, respectively. It is interesting to note that these E
values do not differ significantly from the corresponding mean
E values selected using the isoconversional OFW method in the
range o <0.7.

Finally, the Arrhenius parameters obtained by the Kissinger
method for the oxidative decomposition step as well as the
corresponding rate constants derived using the Arrhenius
equation for the intercalation materials containing bipy were
compared in Table 8 with the corresponding values for the
intercalation materials containing 1,10-phenanthroline [10] and
2,9-dimethyl-1,10-phenanthroline [11]. As far as the bipy and
bipyCu intercalation materials are concerned, being activation
energies, pre-exponential factors and decomposition tempera-
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Fig. 10. Conversion dependence of g(«) for the model functions listed in Table 1 (—) and for the experimental data (O) related to oxidative decomposition of (a)

v-ZrPbipy, (b) y-ZrPhipyCu, (c) y-TiPbipy and (d) y-TiPbipyCu.

tures of decomposition for intercalation bipyCu materials lower
than those of the corresponding intercalation bipy materials
(Table 8), the material having the highest kinetic stability must
be selected only taking into account the only suitable kinetic
stability (lability) parameter, which is the rate constant at fixed
temperature (k({T))). Thus, a comparison of these values in
Table 8 reveals that both the bipyCu intercalation materials show

Table 6

a destabilizing effect with respect to the corresponding bipy
intercalation materials (negligible difference in the oxidative
decomposition temperatures, but a significant difference in the
rate constant values: at least one order of magnitude). In addition,
the intercalation materials containing the most hindered lig-
and (2,9-dimethyl-1,10-phenanthroline), except for the y-TiPL
materials where no significant differences were observed among

Arrhenius parameters related to oxidative decomposition of y-ZrPbipy and y-ZrPbipyCu materials at 8 K min— obtained by the Coats—Redfern method for the most

commonly used model functions

N vy-ZrPbipy y-ZrPbipyCu
E (kJmol~1) In(A min—1) R? E (kJmol~1) In(A min—1) R?
1 50.2 4.9 0.9625 18.2 0.4 0.9331
2 71.4 8.2 0.9671 28.4 18 0.9513
3 113.7 14.9 0.9710 48.8 5.1 0.9633
4 368.0 53.1 0.9752 171.2 24.8 0.9737
5 495.1 71.2 0.9757 232.4 34.3 0.9747
6 311.6 44.8 0.99812 143.9 21.1 0.9965%
7 67.9 7.8 0.99742 26.7 1.7 0.99318
8 94.9 12.1 0.99772 39.7 3.8 0.9946°
9 149.1 20.4 0.99792 65.8 8.2 0.99572
10 156.1 21.1 0.9727 69.2 8.5 0.9677
11 71.4 8.2 0.9671 28.4 1.8 0.9513
12 273.6 38.2 0.9899 125.7 17.2 0.9884
13 192.6 174 0.9742 90.8 15.9 0.9715
14 403.8 59.2 0.9926 188.0 28.8 0.9885

@ Statistically equivalent models.
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Arrhenius parameters related to oxidative decomposition of y-TiPbipy and y-TiPbipyCu materials at 8 K min—1 obtained by the Coats—Redfern method for the most
commonly used model functions

N v-TiPbipy v-TiPbipyCu
E (kmol~1) In(A min—1) R? E (kJmol~1) In(A min—1) R?
1 37.7 3.1 0.8499 43.6 4.3 0.9043
2 54.7 5.8 0.8704 62.3 74 0.9162
3 88.5 11.2 0.8872 99.8 135 0.9262
4 291.7 42.4 0.9052 324.9 48.9 0.9370
5 393.3 57.7 0.9072 437.5 66.3 0.9382
6 251.4 36.9 0.9632 278.0 42.2 0.9808
7 53.0 5.7 0.9482 60.0 7.2 0.9738
8 75.1 9.3 0.9540 84.2 11.2 0.9765
9 119.2 16.3 0.9590 132.7 19.0 0.9788
10 122.4 16.5 0.8945 137.3 19.5 0.9305
11 54.7 5.8 0.8704 62.3 7.4 0.9162
12 218.4 30.8 0.9356 242.6 35.6 0.9610
13 127.7 16.9 0.9011 121.2 17.0 0.9345
14 332.0 49.9 0.9936° 364.4 56.4 0.9978?2

2 Best linear fitting model.

Table 8

Comparison of Arrhenius parameters obtained by the Kissinger method for the oxidative decomposition step of the intercalation materials containing different

heterocyclic compounds as ligand

Material L E (kJmol~1) In(A min—1) (N4 (K) k(1)) (10~* min~1)
y-ZrPL phen? 192+5 17.5+0.7 810 0.17
dmpb 182 19.8 680 0.043
bipy®© 194+11 18.1+1.0 806 0.20
v-ZrPLCu phen? 180+4 17.94+0.6 749 0.16
dmp® 139 15.3 615 0.071
bipy®© 133+6 14.3+0.6 753 9.52
y-TiPL phen? 206+7 19.840.9 776 0.053
dmpb 185 20.4 673 0.032
bipy® 211+3 20.1+0.2 768 0.024
v-TiPLCu phen? 165+ 4 16.6 +0.5 754 0.63
dmpb 138 16.3 573 0.032
bipy®© 18248 18.2+0.8 753 0.19

& phen = 1,10-phenanthroline [10].

b dmp = 2,9-dimethyl-1,10-phenanthroline [11].

¢ This study.

4 (T) = average of the experimental temperature range considered.

the k((T))) values calculated, usually show the higher kinetic sta-
bility effect. This results are mainly due to the lower values of
decomposition temperature ((7)) selected for the decomposi-
tion of dmp in the intercalation materials considered (Table 8),
regardless the values of E and In A.

5. Conclusions

Taking into account all the presented results, the following
remarks can be drawn:

(i) Vaporization of bipy is described by a single step of mass
loss with negligible change in E values, which agree quite
well with the vaporization enthalpy derived from DSC mea-
surements.

(ii) The oxidative decomposition of bipy practically occurs in
only one step for all the intercalation compounds exam-

ined. As far as the oxidative decomposition of bipy is
concerned, a destabilizing effect is shown by the bipyCu
intercalation materials with respect to the corresponding
bipy intercalation materials (comparable oxidative decom-
position temperatures, but at least one order of magnitude
between the rate constant values). The formation in situ of
bipyCu complex, between the layers of these materials sig-
nificantly increases its thermal stability (thermal oxidative
decomposition does not occur up to 673 K) and occurs in
only one step.

(iii) Activation energies determined by the OFW method do
not depend significantly on the degree of conversion for
a < 0.7. Therefore, it was possible to reconstruct the model
function g(«) for vaporization of pure bipy and oxidative
decomposition concerning the intercalation compounds
examined even if sometimes more functions seem to show
equivalent linear fit of the model-fitting equation (CR
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method). These E values do not differ significantly from
the corresponding mean E values selected using the iso-
conversional OFW method in the range « < 0.7.

(iv) By comparing the Kinetic results presented here with those
of the previous our studies on the intercalation materials
containing 1,10-phenanthroline and 2,9-dimethyl-1,10-
phenanthroline it was shown that a comparable stabilizing
effect is shown in all the three intercalation y-TiPL mate-
rials due to a sort of compensation effect between the
enthalpic contribution of activation energy and the entropic
contribution of pre-exponential factor. For all the other
intercalation materials the lower temperature regions in
which the decomposition of dmp occurs with respect to
those (comparable) of phen and bipy is the main parameter
influencing the kinetic stability.
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