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Abstract Samples of an organic—inorganic hybrid were
prepared by solvolysis and polycondensation in formic acid
of tetraethoxysilane and diethylbenzyl phosphonate,
simultaneous with the oxidative polymerization of aniline.
The thermal behavior of the samples in dynamic air
atmosphere and non-isothermal conditions was determined
by a coupled thermogravimetric/evolved gas analysis. Two
significant thermal events were established: the elimination
from the polymeric matrix of low mass molecules,
respectively the thermooxidative degradation of the
organic part of the matrix. The kinetic analysis was per-
formed with the Flynn-Wall-Ozawa, Friedman and modi-
fied Non-Parametric-Kinetic methods. Only the last one
allowed an objective analysis of the first process as a
process of two simultaneous thermally induced phenomena
with the Kinetic functions of the type o™(1 — o)".
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Introduction

The combination of organic and inorganic components into
one certain material give them new and attractive proper-
ties [1-3].
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Most of the properties of these materials are based on
the synergism between the properties of the components,
are a direct result from their chemical and structural
composition and so they can be tailored. For instance,
coatings based on organic—inorganic hybrid materials are
capable to combine the flexibility and easy processing of
polymers with the interesting properties of the inorganic
part: hardness, thermal stability, electrical and electro-
chemical distinguished properties [4].

The combination of silica, organophoshorus compounds
and polyaniline (PANI) is attractive because:

— ceramics exhibits excellent mechanical and optical
properties such as surface hardness, modulus, strength,
transparency, high refractive index;

— organophosphorous acids and their derivatives are
highly promising coupling molecules that allow the
anchoring of organic groups to inorganic solids [5];

— PANI as conducting polymer is attractive due to its
electrical and optical characteristics [6-9].

PANI/silica matrices have been obtained by sol—gel
technique [10-12] and it was observed that it is difficult to
polymerize aniline once the dried gel was obtained [13].

The topic of the present work is to investigate the
thermal behavior of an hybrid organic—inorganic material
obtained by a non-hydrolytic sol-gel method from tetra-
ethoxysilane (TEOS), diethyl-benzyl phosphonate esther
(DEBF) and aniline. The thermal behavior was investi-
gate by the coupled TG-FTIR-EGA method and by a
kinetic analysis of the TG data obtained in air under non-
isothermal conditions. The immediate interest is on the
thermal behavior in air, because such a material is ded-
icated to work in normal atmosphere. At higher tem-
perature the oxygen has a significant degradative
potential.
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Table 1 Synthesis of the

organic—inorganic hybrid Sample Amount of reagents
samples Formic TEOS Aniline DEBF Oxidant (g)
acid (cm®) (cm?) (cm®) (cm?)
Al 15 1.07 0.435 1 1.09
A2 15 1.07 0.435 - 1.09
A3 20 2.14 0.435 2 1.09
Experimental (a)
| 0.8005  15.57 i +-26.96
0.0 14 e ‘w‘/ 1-20
Synthesis E 2; e —— Ot -10
g oal ! o = . e +0 g
The hybrids were prepared by the solvolysis and poly- % 0.4 g" i [ s
condensation of TEOS with DEBF, simultaneous with the = 22 ;%’ 8 iz g
oxidative polymerization of aniline. The formic acids plays - lo @
two roles: non-aqueous solvent and catalyst for the poly- Rl I - 11 2
silicate-poly-phosphonate network. 2102 100 200 8
iy . . . . Temperature (°C)
Reagent grade aniline, tetraethoxysilane, formic acid (Sigma (b)
Aldrich), ammonium peroxidisulphate (Merck) and diethyl- | 2351y 182y —— / =T o 0.01606
benzyl-phosphonate esther (Merck) were used as received, l o1 13‘{,—5_--* = \"“ R __——_Z; £
except aniline which was double distilled a priori to use. 2 oog pH—— —\ —— 1os 2
. . . . =y € \ | \ 'k =
The hybrid composites were obtained in one pot syn- fg 2 7] Ty s E
thesis. First, in formic acid the oxidant (ammonium per- L aj V9 ZZ %
oxidisulphate) was added and vigorously stirred until - | \ - J_// o §
complete dissolvation. After this the aniline was added, the 5 42 44132761 T e B o T i B el Z
mixture vigorously stirred until the slightly blue color Temperature (“C)
appears and then the TEOS and DEBF were added. The (c)

. . . . | 0.03136 ] 16.68 - . : -25.83
final mixture was stirred 5-30 min (depending on N Vi e |
the quantity of DEBF added) at room temperature and the 1o WS | ; \ 0o
reaction was finished after 1 day at 75-85 °C. The quan- E 02 121 1 ™ — 2

> S \ ) =2
tities of reagents are presented in Table 1. £ osE |l [\., T 10 g
. 2 = s \ I/ s o 2
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3 -0es85 ) 439 i - T lar77
-19.54 100 200 300 400 500 547.9

The thermoanalytical curves, i.e. TG, DTG, and DTA were
obtained on a Perkin Elmer Diamond device, in dynamic air
atmosphere (100 cm? min_l), using Al crucibles. The
measurements were performed at four heating rates: 10, 12,
15 and 20 °C min™", in order to carry out a kinetic analysis.

Supplementary information on the decomposition pro-
cess were obtained using the EGA technique, i.e. by cou-
pling the furnance outlet to an IR gas chamber of a Perkin
Elmer Spectrum 100 device. The FTIR spectra were ana-
lyzed by means of the Sadtler Gas Vapour Library.

Results and discussions
Thermal decomposition

The thermoanalytical curves at 10 °C min~" for the pre-
pared samples are presented in Fig. 1. The thermal
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Temperature (°C)

Fig. 1 The thermoanalytical curves obtained in air at heating rate of
10 °C min™' for a Al; b A2; ¢ A3

behavior is rather similar: two decomposition steps, both
endothermic, the first one in the range of 140-250 °C, the
second between 250 and 350 °C and a total mass loss of
47-54%.

The peculiarities are in connection with the values of the
DTG/DTA peaks and especially with the shape of the TG
curves: by samples Al and A2 there are two well-separated
steps, whereas by A3 the first step presents one clear TG
curve.

Regarding the EGA, in Fig. 2 one example is given and
in Table 2 the significant data are summarized. Remark-
able is the symmetry between the DTG and the Gramm-
Schmidt curves.
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Fig. 2 Example of EGA: a thermoanalytical curve obtained in air at
heating rate of 10 °C-min~" for A2 with abscissa converted into time
units; b corresponding Gramm-Schmidt profile

According to the data in Table 2, the first process cor-
responds to the endothermic elimination of the low mole-
cule of unreacted reagents (formic acid, respectively
aniline) or secondary reaction products (primary alcohols).

Indeed, the initial step of solvolysis of TEOS and DEBF
lead to ethanol as secondary reaction product (see
Schemes 1, 2).

Not too surprising is the high amount of aniline in the E.G
by sample A2. The absence of DEBF increases the solvolysis
rate in formic acid, which already is higher in comparison
with the rate of hydrolysis [14]. Therefore the gaps available
for PANI trapping are small and the time available for
the oxidative polymerization is short. Consequently an

Table 2 Significant EGA data
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important quantity of aniline remain unreacted and untrap-
ped inside the matrix, being easy eliminated.

Regarding the second process, a complex mixture of
gases and vapours was evolved. The identification of car-
bon dioxide, water, benzoic acid and phenol is an indica-
tion of a more or less deep oxidative destruction of the
organic component of the matrix, i.e. the benzyl radical.

Kinetic analysis

The kinetic analysis was performed on the first process of
the thermal degradation. For the kinetic analysis a strategy
based on three different methods was used, all of them in
agreement with the ICTAC protocol 2000 [15]. This
strategy was successfully used in a recent paper [16].

(i) Theintegral method of Flynn-Wall [17] and Ozawa[ 18]

Considering isoconversional conditions, i.e. for a certain
conversion ¢; the corresponding temperature Tj; at different
heating rates f;, the equation

E;

A
m@_mﬁzﬁa—L%%u‘—iﬂl (1)

1

Sample Process Decomposition Max of DTA/ Corresp. time Evolved gas identification
range (°C) heat flow (°C) (min)
Al I 140-211 190 Endo 18.3 Primary alcohol 1,062 cm™'
Formic acid, 953, 1,271 cm™!

I 275-365 304, 335 Endo 26.5, 30 Benzoic acid, phenol
A2 1 160-210 193 Endo 18.1 Majority aniline (see Fig. 3a)

11 275-350 308 Endo 27.1 Carbon dioxide (see Fig. 3b), Benzoic acid, phenol
A3 I 150-250 193 Endo 19.3 Primary alcohol 1,062 cm™!

Formic acid, 953, 1,271 cm ™!
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Fig. 3 Spectra of evolved gas by: a the first step for A2; b the second
step for A2

allows to determine the activation energy (E;) for each o,
when the data at different heating rates were processed.
Because the conversion function g(x) is not explicit, the
FWO method is considered a “model free” kinetic.

In Fig. 4. the variation of E vs. a is presented. The
variation of E vs. o is rather significant. The integral
methods take into consideration the “history” of the sam-
ples, therefore a main value of E would be of interest for a
possible first discrimination between the samples.

The main values of E were 72.9 + 24.8 kJ mol ! for Al,
77.1 +23.7 kJ mol ™' for A2, respectively 79.4 & 24.6
kJ mol ™" for A3 sample, this values being near. By means of
the EGA, the first process was assigned to the elimination of
low molecules entrapped in the matrix. This elimination
process being rather similar by the three samples, the near
value of E are not surprising, if E is considered a general
characteristic of the thermal events.

(ii) The differential method of Friedman [19]

At isoconversional conditions, the differential form of
the reaction rate is

(A1) = A £~ o @)

Being a differential method, this offer the actual value of
E and a possible strong influence of o can be evidenced.
According to Fig. 5 an important and non-monotonous
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Fig. 4 Activation energy (FWO) versus degree of conversion a Al; b
A2; ¢ A3

variation of E vs. o is the case of our samples and this is a
doubtless sign of a complex multi-step process. So, a more
sophisticated method of data processing is necessary.

(iii) The Non-Parametric Kinetic method [20, 21]

This method was selected due to some facilities proved
in our previous papers [22-30].

Considering as a fundamental hypothesis that the reac-
tion rate can be described by a product of two functions
[a temperature dependent function f(T), respectively a
conversion function g(o)] the proper value of the reaction
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Fig. 5 Activation energy (FR) versus degree of conversion a Al; b
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rate at a temperature T; and a conversion ¢; represents an
element of matrix

M = {rj} = {f(T) - g(«)} (3)
Using the Singular Value Decomposition (SVD) [31],

the matrix M is decomposed according to

M = U(diag - s)VT 4)
A vector u; given by the first column of the matrix U is

analysed in respect of conversion; for this one we suggest
the equation by Sestak-Berggren [32]:

Table 3 Kinetic parameters of NPK method

Sample Step (%) E&Imol™) A(@min™') m n
Al 1 64 72.3 147 x 108 0 0.1
2 27 73.5 1.14 x 108 1 1
A2 1 58 80.6 256 x 108 03 0
2 37 46.3 1.06 x 10° 0 0.1
A3 1 49 88.7 1.63 x 10° 2 1
2 45 80.8 448 x 108 0 0.2
gla) =o™(1 —a)" (5)

A similar vector vy, corresponding to matrix V, is
checked for an Arrhenius type temperature dependence.

In case of a multi-step process, the initial matrix M will
be decomposed according to:

M=>"M, (6)

the contribution of each step to the observed process being
expressed by the individual explained variance 4;, so that
>4 = 100%.

The results of data processing with this strategy are
systematized in Table 3.

By inspecting the data in Table 3, the following obser-
vations are noticeable:

— in all cases, the first process of the thermal degradation
is a complex two step process;

— by samples Al and A3, containing DEBF, the kinetic
behaviour is similar, (the values of E for the process 1
and 2 are very near) and from these two process, one
depends on both o and (1 — «), the another depends
only on (I — a);

— by A2 the two process presents significant different
values of E and the conversion dependence is also
different, i.e. one depends only on o, the another only
on (1 — a).

This different kind of kinetic behaviour, the samples Al
and A3 on the one hand and the sample A2 on the other hand,
can be in connection with the peculiarities of A2: synthesis
without DEBF (high gelation rate), respectively majority
aniline in the gases evolved by this process. But we consider
that a deeper discussion or other attempts of correlation are
risky with these data. However, by means of the NPK
method it was possible to separate the two simultaneous
steps of an apparent simple thermodegradation process.

Conclusions
By the thermal decomposition in air, under non-isothermal

conditions, of an organic-inorganic hybrid containing silica,
organic phosphonate and aniline, two processes were observed.
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The first one corresponds to the elimination of low
molecular compounds of reagents and/or secondary reac-
tion products. By the sample prepared without the phos-
phonic ester, due to a high gelation rate, a great part of
aniline is not polimerizated and is easy eliminated.

The second process correspond to the oxidative ther-
modegradation of the organic part of the hybrid matrix.

For a deeper and lees speculative understanding of
processes involved by thermal decomposition under non-
isothermal conditions of complex compounds, a kinetic
analysis using different data processing strategies was
necessary.

The NPK method allowed a separation between the
temperature, respective the conversion dependence of a
reaction rate and at the same time allowed an objective
analysis of the relevance of the two steps of the first pro-
cess, assigned to the endothermic elimination of small
molecules.
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