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Abstract Thermogravimetric analysis of azo-peroxyesters
revealed two decomposition stages on TG curves. Molecular
nitrogen is released in the first stage and carbon dioxide in the
second. Fitting the thermogravimetric data by means of the
three-parameter model and a classic one based on an
Arrhenius-type kinetic equation showed that the former
approach satisfactorily describes the process within the wide
range of the extent of decomposition. It was found that two
coefficients of the three-parameter equation are related to the
temperature of maximum reaction rate. One of the coeffi-
cients of the three-parameter equation is also related to the
activation energy. The compounds investigated can be
grouped with respect to their kinetic characteristics, structure
and stage of decomposition.

Keywords Azo-peroxyesters - Thermal decomposition -
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Introduction

There are growing demands in different branches of
industry for polymeric materials with customized physical
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and chemical properties. This has prompted investigations
into new types of polymers and new polymerization tech-
niques. It is difficult, however, to design homopolymeric
materials with customized properties: it is much easier to
design block or star-like copolymers, for example. To
obtain such materials numerous polymerization techniques
and different bi- and polyfunctional initiators are used.
Such initiators contain two or more identical or different
groups in their structure that can initiate polymerization
according to radical or ionic mechanisms. In this way,
block, linear and branched copolymers can be obtained [1].

Azo-peroxy compounds containing azo and peroxy
groups (of different thermal and photochemical stability) in
their structure are bifunctional initiators. These compounds
can initiate polymerization at various copolymerization
stages according to a free radical chain mechanism. The
polymerization of various unsaturated monomers initiated
by azo-peroxyesters has been tested [2—4].

The details of the synthesis of azo-peroxyesters by the
reaction of sodium salts of organic hydroperoxides with
acid chlorides, as well as investigations of their spectro-
scopic features and stability are given elsewhere [5]. On
the other hand, peroxy and azo compounds have been
analysed by isothermal and dynamic thermoanalytical
methods [6-8]. These investigations enable the activation
energies for decomposition, decomposition rate constants
at different temperatures, and thermal ranges of decom-
position to be determined. The kinetic data enables the
conditions of polymerization under which these com-
pounds are used as initiators to be established. Thermal
analysis also supplies information on the safe storage and
handling of the compounds [2]. We found that in the case
of compounds containing both azo and peroxy groups it is
more convenient to perform analyses under dynamic con-
ditions with a constant rate of temperature increase [2].
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Scheme 1 The compounds investigated: 1 (n =2, R = #-Bu),
2m=3 R=¢tBu),3 n=4, R=1tBu), 4 (n =2, R=1tAm),
5mn=3,R=1t+Am),6 (n=4,R =rAm)

Here we report the results of thermoanalytical investi-
gations of compounds containing terz-butyl (z-Bu) and zert-
amyl (--Am) substituents and alkyl chains of different
length between the azo and peroxy groups (Scheme 1).

The results of DSC investigations of these compounds
showed that in the first stage, at lower temperatures, azo
groups decompose, while at higher temperatures, the
peroxyester fragments break down [5]. N, is released in the
first stage and CO, in the second (Scheme 2).

DSC analyses revealed that both stages are partially
superimposed. Additionally the endothermic signal of
melting overlaps with the signal of the first decomposition
stage, which made the analysis difficult. That is why we
used dynamic thermogravimetric analysis and complex
kinetic analysis to describe the overall chemical changes
during the decomposition of the compound investigated.

Experimental

The compounds investigated were synthesized as described
elsewhere [5]. Thermogravimetric measurements were
carried out using a Mettler Toledo TGA/SDTA-851
instrument under the following conditions: platinum cru-
cible, sample mass 1-1.5 mg, heating rate 1-6 K min~!,
N, atmosphere (gas flow rate, 100 cm® min~Y).

Scheme 2 Thermal (e}

decomposition pathways of azo-
peroxyesters
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investigated (1-3) are presented in Fig. 1. Two quite well-
resolved decomposition stages are seen. N, is released in
the first stage, CO, in the second. Analysis of mass loss on
the basis of TG curves indicates that in the second stage
volatile products other than CO, are formed (the mass loss
is greater than that predicted from the stoichiometry of the
reactions shown in Scheme 2). The further mass loss
(at higher temperatures) seen in TG curves is difficult to
ascribe by any simple chemical process. The characteristic
temperatures extracted from DTG curves, T; and T,
i.e. temperatures of the onset of decomposition and the
maximum of the DTG peak, respectively, are presented in
Table 1. Analysis of these characteristic temperatures
indicates that decomposition of all samples occurs in a
similar temperature range, from 357-364 K to 398—403 K,
in the first stage and from 398-403 K to 450—453 K in the
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Fig. 1 TG and DTG curves for compounds 1-3: 1 (solid line),
2 (long dashed line), 3 (short dashed line) (for details see Scheme 1)

CH, CHj

I
R—o—o—g — (CH,),—C —N==N—C — (CH,), —C —0—0—R

CN CN
First stage
i i
2R—0—0—C —(CH), —C * N,
CN

Second stage

<|3| C|JH3 CH,

Y : |
RO"+'0—C —(CH,), —(I: CO, + (CH,), _(];

CN CN




Analysis of the thermal decomposition of azo-peroxyesters 983
Table 1 Characteristic temperatures of the thermal decomposition of do A —E/RT
azo-peroxyesters dr gf (a)e (1)

Compound no.* First stage” Second stage”

T; T T; T

1 363 387 402 432
2 364 386 401 429
3 369 384 402 428
4 357 383 398 426
5 361 386 403 424
6 359 387 399 425

? For details see Scheme 1
° Temperatures in K

second stage. Compounds 4-6 generally decompose at
somewhat lower temperatures than 1-3. This may be due to
differences in their chemical structure—different R
(Scheme 1).

Discussion

The thermal decomposition of azo-peroxyesters proceeds
in two stages reflected by the two peaks on the TG curves.
Methods based on Arrhenius-type kinetic equations are
usually used to fit thermogravimetric data and to determine
kinetic parameters [9-13]. These methods are widely
applied in the case of dynamic measurements carried out at
different heating rates. In this paper, the thermogravimetric
data obtained at one heating rate was analysed with
Arrhenius-type and three-parameter equations.

Arrhenius-type equation

The differential kinetic equation for dynamic conditions
takes the form

where o the extent of reaction, 7 temperature, A pre-
exponential factor, E activation energy, R gas constant,
q heating rate (d7/dt = const, 7 time) and f{«) differential
function reflecting the kinetic model of the process.

After integration of Eq. 1 one obtains

T

o
dr _A / e E/RTGT 2)

s fl@) g )

0
where g(a) the integral function representing the kinetic
model of the process. We applied the Coats—Redfern

approximation [14, 15] of the temperature integral in Eq. 2,
which gives the following equations [16]

ART? _
) =% et )
AR E
In e(®) =In——— 4)
72 gE RT

To obtain the kinetic parameters from Eq. 1, flx)
functions were selected using the criteria proposed in [17].

Average activation energies (E) were calculated for
selected models from the relationship

— 1 E
E= > . (5)
where N the number of models and b the coefficient for the
model (1 for F and R, 1/2 for A2, 1/3 for A3 and 2 for D).
The results are presented in Table 2. There are signifi-
cant differences in E values for the first stage of decom-
position. Moreover, both stages of decomposition are well
described by the F1, A2 and A3 models, and that in the
majority of cases the F1 model gives the best fit.

The results indicate the existence of the isokinetic
effect—a linear relationship between the logarithm of the

Table 2 Average activation energies and pre-exponential factors obtained by fitting thermogravimetric data for azo-peroxyesters with an

Arrhenius-type equation

Compound no.* First stage”

Second stage”

E/kJ mol™! InA > 0.98 E/KJ mol ™! InA > 0.98
1 188 17.1 Fl, A2, A3 182 13.0 Fl, A2, A3
2 169 14.1 Fl1, A2, A3 195 14.8 Fl, A2, A3
3 223 223 Fl, A2, A3 188 14.0 Fl, A2, A3
4 153 11.7 Fl, A2, A3 183 13.4 Fl, A2, A3
5 150 112 Fl1, A2, A3 180 13.0 Fl1, A2, A3
6 143 10.1 Fl1, A2, A3 175 122 Fl1, A2, A3

* For details see Scheme 1

° E values were calculated using Eq. 5; InA values were calculated by replacing E with In A in Eq. 5; /* represents the determination coefficient
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Fig. 2 Isokinetic effect in the thermal decomposition of azo-
peroxyesters (numbers indicate the compounds investigated—for
details see Scheme 1)

pre-exponential factor and the activation energy (Fig. 2)
[18]. The straight lines resulting from the approximation
have the following analytical forms
InA =152x 10*E —11.6 > = 1.000 (first stage)

(6)
InA =1.30 x 107*E — 10.6 r* = 0.994 (second stage)

(7)

In Fig. 2 the points related to compounds 1-3 are placed

on the left-hand side, whereas those corresponding to
compounds 4-6 are on the right-hand side. In the first stage
of the decomposition, the points representing compounds
1-3 and 4-6 are more widely separated than in the second
stage. Values of E (175-195 kJ mol™") for the second
stage (CO, removal) are similar to those found for other

organic compounds [19, 20], but are lower than the ones
determined for the decomposition of calcium carbonate [9].

Three-parameter equation

Following [17] we applied the three-parameter model to
the TG curve fitting, which links the extent of reaction (o)
with temperature (7) without the integral g(«). The model
is represented by the equation [21]

lna:ao—a—T]—azlnT (8)

where ag, a; and a, are characteristic coefficients related
to the kinetics and thermodynamics of the thermal
decomposition.

The three-parameter equation arising from the van’t
Hoff’s isobar enables the dissociation enthalpy to be
determined, since it is proportional to Inoq / (1 / Teq) —
(1/T) (where oq and T,q denote the extent of reaction and
temperature, respectively, under equilibrium conditions)
[22]. Tt was found that a, changes linearly with changes of
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az

Fig. 3 Relationships between coefficients in the three-parameter
equation (numbers indicate the compounds investigated—for details
see Scheme 1)

both ay and a; [23-26]. Figure 3 shows one of these
dependences for the compounds investigated.

The differentiation and transformation of Eq. 8 yields
the relationship for the relative rate (r) expressed by the
formula [26]

r_doc/dT ,  dna

P ayr) -~ “ el ®)

Further transformation of Eq. 9 produces relationship 10
determining the zero-order temperature profile [24]
T? T?

= =T+T, i
r T—Tl +1+T—Tl

(10)

In the kinetic analysis we also applied the relationships
11 and 12 that we derived earlier [27]

ro = Tm<1 + /1 —|—a2>

And

(11)

(12)

rm=a; —aTy

where r,, represents the maximum reaction rate.
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Fig. 4 Relationship of r versus T for compound 1 (for details see
Scheme 1)
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Table 3 Coefficients obtained from the fitting of thermogravimetric data with the three-parameter equation
Compound no.* First stage” Second stage”

a; x 10° a» P T AT, a; x 10° a» P T AT,
1 462 1155 0.940 387 -0.5 333 739 0.982 432 -23
2 361 904 0.916 386 —-04 449 1010 0.971 429 22
3 488 1215 0.929 384 —6.0 418 939 0.969 428 -25
4 329 822 0.907 383 -35 502 1140 0.991 426 -0.8
5 334 833 0.915 386 —1.1 484 1100 0.985 424 -29
6 323 804 0.901 387 -0.8 449 1020 0.985 425 —-1.8

? Values a;, Ty(calculated) and ATy, are in K; values of a; and a, were obtained by fitting Eq. 8 to thermogravimetric data; values of Ty,
(calculated) were derived by using Eq. 13; AT, = Ty, (calculated) — T, (measured)

By combining Eqgs. 11 and 12 one obtains a relationship
that links coefficients a; and a, with the temperature of the
maximum reaction rate

a=To(1+a+V1+a) (13)

Plots of reaction rate (r) versus temperature (7) are
presented in Fig. 4. Their linear sections correspond to a
quite wide range of o values from 0.2 to 0.9 for the first
stage and from 0.05 to 0.9 for the second one. This follows
previous findings, which show that it is more convenient to
apply the relative rate of thermal decomposition than the
hitherto used DTG data (Fig. 1). Values of a;, a, Ty,
(calculated from Eq. 12) and ATy, for both decomposition
stages are presented in Table 3. If we take relationship 9
into account, we see that an increase in a, also leads to an
increase in reaction rate (r) in terms of do/dT, but not
always in terms of dw/dt, which is considered to be the
primary formula for the determination of r [28]. According
to our investigations, ay and a; increase when a, does so.
Calculated values of T, are generally higher than its
measured values, although both sets of values correspond

1500
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1200 2 /0
. 3
1100 5/ 1

o/

1000
Q / /3/ 2

900 ‘2
6 4 /{

800 {52
700 1

600

500 v v T v - v T v
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E/KJ mol™!

+ First stage
® Second stage

a

Fig. 5 Dependence of a, coefficient versus activation energy (E) for
azo-peroxyesters (numbers indicate the compounds investigated—for
details see Scheme 1)

quite well to each other. This implies that our approach is
reliable.

Values of a, are relatively high: 804—1215 for the first
stage of thermal decomposition and 739-1140 for the
second. They are typical of chemical processes rather than
physical ones [17]. The rate of mass loss after these two
stages can be obtained from relationship 10, which appears
to be formally a zero-order activationless process [24].

Relations between a, and E can be grouped on the basis
of differences in the structures of the compounds (1-3 and
4-6) and the stages of decomposition (Fig. 5). Linear
trends are observed for a given group of compounds and
stage of the process. This may indicate that chemical
structure is the main factor affecting the kinetic charac-
teristics of thermal decomposition.

Conclusions

The thermal decomposition of azo-peroxyesters proceeds
in two stages—N, is released in the first and CO, in the
second. The mass loss seen on the TG curves indicates that
after the second stage other volatile products are evolved
(the mass loss is greater than that predicted from the stoi-
chiometry of the reactions shown in Scheme 2).

The fitting of non-isothermal thermogravimetric data
obtained at one heating rate using an Arrhenius-type
kinetic equation provided an opportunity to determine the
basic kinetic characteristics of the decomposition of azo-
peroxyesters. The isokinetic effect due to the chemical
similarity of the samples was found to have occurred. The
kinetic characteristics obtained by this approach do not
discriminate the compounds investigated.

The three-parameter model fits the thermogravimetric
data linearly within a wide range of the extent of decom-
position. This follows previous findings, which showed that
the relative rate of thermal decomposition is more conve-
nient than the hitherto used DTG data. The results indicate

@ Springer
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that ay and a; increase as a, does so. Furthermore, the
temperature of the maximum rate of decomposition is
linked to a; and a,. The predicted temperatures at which
the rate of decomposition is a maximum correlate well with
values of this quantity determined directly from DTG
curves.

The results of this research confirm that the three-
parameter model is more useful and convenient than the
classical methods based on Arrhenius-type equations in the
kinetic analysis of thermal decomposition processes.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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