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Abstract—The results from thermogravimetric and kinetic studies of copolymers of polypropylene glycol
maleate with acrylic acid at different molar ratios are presented. The results from conventional thermogravi-
metric studies are used to determine kinetic characteristics of the process of thermal decomposition, i.e., acti-
vation energy and pre-exponential factors. These parameters are determined in three ways: the Achar, Free-
man–Carroll, and Sharp–Wentworth methods. Activation energies calculated using all the three methods
confirm the dependence of the destruction process on the ratio of components in a synthesized copolymer.
It is shown that the obtained values of the activation energies and thermodynamic characteristics allow us to
predict a copolymer’s composition.
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INTRODUCTION
In searching for materials with specific properties

unsaturated polyester resins continue to be of interest.
Solutions of unsaturated polyesters in monomers are
solidified at both room and relatively low temperatures
with virtually no formation of side products; this
played a large role in developing the manufacture of
these products.

Due to the low molecular weight of unsaturated
polyesters, their solutions generally have low viscosity,
allowing us to process them without using high pres-
sure and often without complex technological equip-
ment.

Interaction between unsaturated polyester resins
and vinyl monomers was first referred to as the copo-
lymerization reaction by Benig in [1], and this term is
now generally accepted.

The ability of unsaturated polyesters to copolymer-
ize with vinylacetate, styrene, and methyl methacry-
late was revealed in [2]. The range of comonomers was
subsequently extended to allyl ethers [3] and esters [4],
vinyl formates [5], and so on. The discovery of unsat-
urated polyesters’ ability to copolymerize with differ-
ent monomers resulting in the formation of valuable
products led to the rapid development of their manu-
facture and extension of their fields of application.

The authors of [6] described polyester resins con-
taining methyl acrylate. Samples of panels made of
glass-fiber plastics based on these resins underwent

tests under conditions of accelerated aging in fadeom-
eters and weatherometers. It was found that partially
or completely replacing styrene with methyl acrylate
improves the stability of a material’s coloring and the
resistance of its surface layer to fiber erosion, and
helps preserve its luster.

A search of the literature and patents reveals there
are virtually no data on the solidification of unsubsti-
tuted polyester resins with ionogenic comonomers. At
the same time, the copolymerization of polyesters
with such monomers allows us to obtain spatially
cross-linked polymers with a charged network [7].

The aim of this work was to study the thermal
destruction of copolymers of polypropylene glycol
maleate with acrylic acid in an inert gas medium and
in air.

EXPERIMENTAL

Polypropylene glycol maleate was obtained via
polycondensation of maleic anhydride with polypro-
pylene glycol according to the standard technique [8];
the reaction was controlled through acid number
determination. Reagents of analytical grade were used.

The values of molecular weight of polypropylene
glycol maleate determined from the acid number and
via optical scattering [9] were very similar and are
approximately equal to 2000.0.
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Copolymers of polypropylene glycol maleate (p-
PGM) with acrylic acid (AA) in molar ratios 9.1 : 90.9
and 87.0 : 13.0 were obtained through copolymeriza-
tion in dioxane solution at the monomer mixture : sol-
vent mass ratio of 1 : 1 with benzoyl peroxide as an ini-
tiator at 333 K.

The synthesized copolymers were washed with
dioxane and dried to a constant weight in a vacuum
oven at 313 K.

The composition of synthesized copolymers was
determined from the quantities of unreacted mono-
mers in the dioxane mother liquor solution by means
of potentiometry [10] and gas chromatography on an
Agilent 180 device.

Equilibrium degree of copolymer swelling α was
determined gravimetrically as the mass of water per
unit mass of dry gel, according to the formula

where m and m0 are the masses of the swollen (in equi-
librium) and dry gels, respectively (g).

The degree of unsaturation for the synthesized
copolymers was determined using the bromide–bro-

−α = ×0

0

100%,m m
m

mate method [11]. The copolymers’ IR spectra were
recorded on an FSM 1201 IR-Fourier spectrometer.

The copolymers’ thermal properties were studied
on a Labsys Evolution differential scanning calorime-
ter (DTA/DSC) under dynamic conditions. Samples
were heated in an Al2O3 crucible in the temperature
range of 30–500°C at a rate of 10 K/min, in both a
nitrogen atmosphere and in air.

RESULTS AND DISCUSSION

The presence of unsaturated double bonds in the
polypropylene glycol maleate molecule allows us to
use them as a matrix for producing spatially cross-
linked copolymers, the mechanism of formation of
which has been described in many works [12]. This is
due to the rather high resistance of polyester resin to
aggressive media and its good electrical and mechani-
cal characteristics [13, 14].

In this work, copolymers of polypropylene glycol
maleate with acrylic acid were synthesized for the first
time, and their thermal stability in an inert medium
and in air was estimated.

Fig. 1. Temperature dependences of the mass changes (TG curve), mass change rates (DTG curve), and thermal f lux (DTA
curves) for p-PGM:AA copolymers at initial М1 : М2 ratios, mol %, of (а) 10.1 : 89.9 and (b) 90.4 : 9.6 (in a nitrogen atmosphere).
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The composition and properties of copolymers of
polypropylene glycol maleate with acrylic acid
obtained through radical copolymerization in solution
are shown in Table 1.

As can be seen from Table 1, degree of swelling α
falls along with the fraction of acrylic acid in the initial
mixture, while the content of maleate groups grows,
due probably to the lower number of transverse
branches and the increase in the fraction of polypro-
pylene glycol maleate.

It was therefore of interest to compare the energy
and thermodynamic characteristics of the synthesized
copolymers.

The parameters of thermal destruction were deter-
mined by means of dynamic thermogravimetry and
processed using the Achar [15], Freeman–Carroll
[16], and Sharp–Wentworth methods [17].

Figures 1, 2a, 2b show thermograms of the copoly-
mers of polypropylene glycol maleate with acrylic acid
at a constant heating rate of 10 K/min in the tempera-
ture range of 30–500°C in nitrogen and air.

Comparing the thermogravimetric curves of the
copolymers of p-PGM with AA of compositions of
9.1 : 90.9 and 87.0 : 13.0 mol % (Figs. 1a, 1b), we can

see that the first copolymer is characterized by an
intense drop in sample mass in the temperature range
of ~171–375°C, as is indicated by the shape of the TG
curve (the reduction in sample mass on the curve is
~77.27%). This section of the TG curve corresponds
to maxima of changes in the rate of mass reduction on
the DTG curve at ~303 and ~375°С (Fig. 1a). In this
temperature range, the DTA thermogram (Fig. 1a)
displays a small exothermal effect at ~236°C and a
broad intense peak at ~375°C due to decomposition.
Such behavior is also characteristic of a p-PGM:AA
composition of 87.0 : 13.0 mol %; as can be seen from
the peak on the DTG curve, the maximum rate of
sample decomposition is observed at ~370°C. Here,

Fig. 2. Temperature dependences of the mass changes (TG curve), mass change rates (DTG curve), and thermal f lux (DTA
curves) for p-PGM:AA copolymers at initial М1 : М2 ratios, mol %, of (а) 10.1 : 89.9 and (b) 90.4 : 9.6 (in air).
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Table 1. Composition and properties of copolymers of
p-PGM with AA in dioxane solution (T = 333 K)

M1 and M2 are the compositions of the initial mixtures, mol %;
m1 and m2 are the composition of the polymer, mol %; μ is the
content of the maleate groups, %; and χ is the output, %.

M1 M2 m1 m2 χ α μ

10.1 89.9 9.1 90.9 49.4 623.3 47.9
90.4 9.6 87.0 13.0 34.7 246.3 75.2
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the total reduction in mass for the second copolymer
upon heating was ~78.50% (Fig. 1b). The destruction
of both samples was virtually complete at ~500°C.
The DTA and DTG data agreed well with one
another. The reduction in mass at low temperatures
(~117°C) in p-PGM:AA copolymers was due to the
removal of water, as is also confirmed by the DTA
data (Figs. 1a, 1b).

To complete our work, thermogravimetric studies
of copolymers of p-PGM with AA were performed in
air (Figs. 2a, 2b). According to the TG curve, the sam-
ples’ mass falls in the temperature range of ~161 to
~365°C. As can be seen on the DTG curve (Fig. 2a),
the thermal destruction of p-PGM:AA copolymer
with the composition 9.1 : 90.9 mol % occurred at
~344–365°С: here, the total reduction in sample mass

Table 2. Kinetic and thermodynamic parameters of thermal destruction of copolymers p-PGM:AK

A, Achar; Sh–W, Sharp–Wentworth; F–C, Freeman–Carroll; А, pre-exponential factor.

p-PGM:AA 
ratio

A Sh–W F–C –∆S#, 
J/(mol K)

∆G#, 
kJ/molЕ, kJ/mol А, min–1 Е, kJ/mol А, min–1 Е, kJ/mol n

in a nitrogen atmosphere
10 : 90 22.09 3.81 27.77 8.13 25.85 0.29 174.15 136.89
90 : 10 40.68 20.73 53.53 86.29 47.31 0.53 87.94 105.91

in air
10 : 90 23.26 4.44 29.04 9.65 26.62 0.32 168.90 134.76
90 : 10 46.87 41.23 55.03 113.08 48.95 0.64 80.31 102.54

Fig. 3. IR spectra of p-PGM:AA copolymer (9.1 : 90.9 mol %) (а) before and after heating in (b) nitrogen and (с) air.
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Fig. 4. Linearization of the thermogravimetry data for the p-PGM:AA copolymers studied using the (a) Achar; (b) Sharp–Went-
worth, and (c) Freeman–Carroll methods (R is the correlation coefficient; σ is the relative error of the experimental dots [19]).
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Fig. 4. (Contd.)
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was ~72.80% of the initial sample mass. Thermograv-
imetric (TGA) studies of our p-PGM:AA copolymer
with the composition 87.0 : 13.0 mol % were per-
formed in parallel (Fig. 2b). The DTA and TGA data
agreed well with one another: the onset of the destruc-
tion of the copolymer samples in air was observed at
lower temperatures (~358°С) than in the inert
medium (500°C), as can be seen both from the
changes in the DTA signal (Fig. 2b) and from the
reduction in mass.

A comparison of the obtained data for heating in
nitrogen (Fig. 1a) and in air (Fig. 2a) shows that
p-PGM:AA copolymers are thermally stable. Com-
parative analysis of the IR spectra of the initial
p-PGM:AA copolymer with the composition 9.1 :
90.9 mol % and the sample heated to 500°C in nitrogen
and air shows that as the temperature rose, the intensity
of bands at 1236 cm−1 characterizing the C–O groups
gradually fell (Figs. 3a, 3b), indicating the destruction
of the ester bonds of polypropylene glycol maleate.

Figure 3 shows the IR spectra of our p-PGM:AA
copolymer with the composition 9.1 : 90.9 mol %
before and after heating to 500°C in nitrogen and air.

For convenience, the curves are shifted along the
vertical axis. The sample spectrum before thermal
treatment (Fig. 3a, curve 1) corresponds to the litera-
ture data [18]. On our spectrum, we can see absorption
bands around 2986 cm−1 corresponding to vibrations
of the С–Н-bonds of methyl groups and intense

absorption bands around 3260 cm−1 caused by stretch-
ing vibrations of the О–Н-bonds of interacting
hydroxyl groups. The absorption around 1600 cm−1

was caused by the stretching vibrations of С=С bonds;
we can also see intense absorption bands around
1236 cm−1 corresponding to C–O vibrations and
bands at 1723 cm−1 corresponding to carboxyl group
vibrations.

The effective values of the activation energy, pre-
exponential factor, and destruction reaction rate were
determined graphically (Fig. 4).

Thermodynamic characteristics (changes in Gibbs
energy ∆G# and activation entropy ∆S#) were calcu-
lated using the obtained activation energy values
(Table 2) [20, 21].

The thermodynamic values of destruction showed
that copolymers containing smaller quantities of poly-
propylene glycol maleate were destroyed as readily in
the inert medium as in air.

CONCLUSIONS
We synthesized copolymers of polypropylene gly-

col maleate with acrylic acid for the first time and
determined their kinetic characteristics and thermo-
dynamic parameters. Activation energy values calcu-
lated using the methods of Freeman–Carroll, Sharp–
Wentworth, and Achar confirm the dependence of the
destruction process on the ratio of components in the
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synthesized polymer. It was been shown that the
obtained values of activation energy and thermody-
namic characteristics allow us to predict copolymer
compositions.
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