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Abstract
Understanding the physical and chemical properties of new-generation polymeric materials during the synthesis is very 
important in obtaining the desired product in design and production. Chemical, thermal, and physical parameters as well 
as degradation kinetics of the resins developed especially in recent years are the main stages that determine the polymer 
composition process that affects material selection. In this study, the potential to use RAFT agent (2-cyano-2-propyldodecyl-
trithiocarbonate, CPDT) in the synthesis of new polymers based on polypropylene fumarate phthalate has revealed important 
properties. To exemplify, the concentration of the RAFT agent affects the polymer-based mesh density associated with the 
yield of the product. Changes in swelling behavior and thermodynamic parameters of polymers synthesized in the presence 
of RAFT agent were observed. Chemical composition and stability characterizations of the synthesized grafted polymers 
were performed by FT-IR, 13C, 1H-NMR spectroscopy and TGA. The grafted polymers analyzed by SEM morphology were 
found to have hydrogel sorption potential showed signs of a loose surface and the formation of a layered and porous structure 
in comparison with the grafted polymers. The resulting compounds have a high swelling capacity and increased yield. At 
the same time, this study will shed light on the thermodynamic calculations of the graft polymers in order to determine or 
predicting the polymer composition.
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while pursuing his scientific studies.
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Introduction

To date, changing the properties of previously known poly-
mers in the production and development of polymeric mate-
rials is very important in terms of both material performance 
and application of the materials. Changes in the properties 
of known polymeric materials lead to new material prop-
erties, but at the same time, the use of extra chemicals is 
prevented. When evaluated in this context, the development 
of unsaturated polyester resins with different compositions, 
especially from previously known materials, has drawn the 
attention of researchers (Formela et al. 2022; Chen et al. 
2019; Yasko et al. 2000).

Unsaturated polyester resins (UPRs) have many applica-
tions and advantages. Due to a number of their properties, 
such as high adhesion, mechanical strength, and chemical 
resistance properties, UPRs are thermoset polymeric materi-
als used for general purposes in marine, aviation, automo-
tive, electronics, and medicine today. Compared to epoxy 
resins, lower cost and simple production techniques are 
important advantages of UPRs (Kandelbauer et al. 2014; 
Zhao et al. 2018; Baskaran et al. 2011; Naguib and Zhang 
2018; Munyati and Lovell 2007).

UPRs are highly hydrophobic by nature. However, the 
presence of reactive vinyl bonds in UPRs allows them to 
easily graft polymerize with hydrophobic vinyl monomers 

(vinyl acetate, styrene) and hydrophilic (acrylic and meth-
acrylic acids, acrylamide) monomers (Burkeev et al. 2013, 
2015a, 2015b, 2018, 2021a; Sarsenbekova et al. 2019). Thus, 
new possibilities are opened in the production of smart 
materials by adding polymeric units with desired proper-
ties to UPRs with previously known properties. The process 
of obtaining the smart material to be designed is directly 
dependent on the grafted polymer structures to be synthe-
sized. For this reason, it is very important to investigate both 
the structural and physical properties of the grafted polymers 
to be synthesized.

In traditional radical polymerizations, limitations such as 
not being able to control the polymer molecular weight in the 
synthesized polymers, obtaining polymers with high disper-
sity, and not following the kinetic process clearly create chal-
lenges in understanding the properties of the smart materials 
to be obtained. Therefore, in order to avoid such restrictions, 
controlled/living radical polymerization (CRP) techniques 
have been preferred by researchers in recent years. Con-
trolled/living radical polymerization techniques have advan-
tages such as first-order kinetic behavior, low dispersity, and 
desired architecture. Most importantly, they have the ability 
to control the polymerization process (growth of polymer 
chains, obtaining polymers with desired molecular weights, 
etc.). Therefore, these techniques enable easy and controlled 
synthesis of grafted, star-shaped, and block polymers. CRP 
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techniques are basically known as atom transfer radical 
polymerization (ATRP), reversible addition-fragmentation 
chain transfer radical polymerization (RAFT), and nitrogen-
mediated polymerization (NMP). In the ATRP technique, 
one of these techniques, the use of heavy metals (such as 
copper) and the need for additional processes to remove 
them are the disadvantages of the technique in terms of both 
time and cost (Moad and Polymerization 2015; Barner-Kow-
ollik 2008; Chat et al. 2022; Tardy et al. 2017). In the NMP 
technique, on the other hand, the fact that the polymerization 
conditions are not mild imposes limitations on industrial 
processes (Odian 2004; Ageyeva et al. 2018; Czajka et al. 
2022; Ahmadkhani et al. 2017). RAFT technique is a class 
of controlled (living) radical polymerization method that 
attracts special attention due to its unique ability to control 
the molecular weight of the polymer, molecular weight dis-
tribution, composition, and architecture of polymer chains 
in mild conditions, and heavy metals are not used in the 
polymers obtained by this technique (Truong et al. 2021; 
Xie et al. 2021; Moad et al. 2013; Tanaka et al. 2021; Abba-
sian et al. 2013, 2015; Mohammad-Rezaei et al. 2018). As 
a result, RAFT polymerization is an up-to-date technology 
for the production of new materials with different properties. 
The main reasons for the choice of the RAFT method are the 
following indicators. Firstly, the RAFT polymerization pro-
cess does not require the use of a metal catalyst; secondly, 
the polymerization process is not limited to strict reaction 
conditions such as a certain temperature range or the use of a 
particular solvent (IriSofa et al. 2019; Mahmoodzadeh et al. 
2017; Abbasian and Amirmanesh 2017; Tian et al. 2018; 
Abbasian and Khakpour 2016; Karaj-Abad et al. 2019). The 
choice of comonomers in RAFT polymerization is not lim-
ited either. Thus, comonomers can be used both with and 
without functional groups (–NR2, –OH, –CONR2, –COOH) 
(Steenberge et al. 2019; Liu et al. 2013; Zhou et al. 2019; 
Heiny and Shastri 2015; Lee et al. 2018; Muringayil Joseph 
et al. 2020; Suresh et al. 2022; Tanaka et al. 2023; György 
and Armes 2023; Clothier et al. 2023). Burkeev et al. syn-
thesized Polypropylene glycol maleate phthalate and acrylic 
acid grafted polymers using the free radical polymerization 
technique. Ag and Ni transition metal nanoparticles were 
immobilized to the synthesized grafted polymers. They 
obtained information about the catalytic properties of these 
composites as a result of the electrocatalytic hydrogenation 
reaction. They investigated the effects of pore size, diam-
eter, and size distribution of metal nanoparticles in grafted 
polymer matrices synthesized by the free radical polymeri-
zation technique. In a grafted polymer based on acrylic acid 
and polypropylene glycol maleate phthalate, a homogene-
ous distribution of metal nanoparticles was achieved and 
aggregation of the particles in the polymer volume was pre-
vented. Thus, the obtained hybrid polymer immobilized Ni 
and Ag nanoparticles were proven to be effective catalysts 

for the hydrogenation of unsaturated compounds (Burkeev 
et al. 2021b). In a study conducted in 2022, the effect of 
RAFT agent on the graft polymerization of polypropylene 
glycol maleate with acrylic acid was investigated. The reac-
tion process of radical graft polymerization of polypropylene 
glycol maleate with acrylic acid was followed when RAFT 
agent was used. When RAFT agent was used, the results 
were evaluated by determining the regularity and charac-
teristics of the polymerization, calculating the composition, 
and also examining the density of the spatial network of the 
grafted polymers obtained. It has been determined that the 
behavior of the synthesized grafted polymers during swell-
ing depends directly on the concentration of the RAFT agent 
in the polymer composition. In addition, it was concluded 
that the network structure and product yield of the grafted 
polymers depend on the concentration of the RAFT agent 
as well as the comonomers that prevent the disorder in the 
structure. Therefore, graft polymerization processes using 
the RAFT agent have the potential to turn them into promis-
ing hydrogels, making it possible to obtain grafted polymers 
with multifunctional properties (Kazhmuratova et al. 2022). 
In 2023, Zhumanazarova et al. increased the thermal stabil-
ity of polypropylene glycol fumarate phthalate (p-PFPh) and 
acrylic acid (AA)-based grafted polymers. They showed that 
the grafted polymers exposed to high temperatures have sta-
ble behavior and that these grafted polymers have the poten-
tial to be used as hydrogels for processing vegetable crops. 
It is also known that the grafted polymerization products 
of unsaturated polyester resins and vinyl monomers have 
high melting point and crosslinked grafted polymers with a 
chaotic grid position in space. The fact that radical grafted 
polymerization does not allow the full synthesis of grafted 
polymers with desired properties provides an opportunity to 
use RAFT polymerization (Sarsenbekova et al. 2023).

RAFT polymerization can offer significant advantages 
for synthesizing grafted polymers with previously known 
polypropylene fumarate phthalate. Based on this approach, 
it may be very interesting to investigate the graft polym-
erization process based on the superior properties of RAFT 
polymerization. In the detailed literature research, the effect 
of RAFT agent on polypropylene glycol maleate and acrylic 
acid grafted polymer was investigated. At the same time, 
grafted polymers of polypropylene glycol fumarate phtha-
late (p-PFPh) and acrylic acid (AA) used in this study were 
synthesized by free radical polymerization technique. The 
stability of p-PFPh and AA grafted polymer was investigated 
only at high temperature by using RAFT agent. In this study, 
unlike the literature, p-PFPh and AA grafted polymers were 
synthesized both by free radical polymerization and in the 
presence of RAFT agent, and detailed characterizations were 
carried out (Burkeev et al. 2022). According to the results 
obtained, it has been understood that the grafted polymers 
obtained in the presence of RAFT agent are more regular, 
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porous and have higher water absorption capacity than the 
polymers obtained according to the free radical polymeriza-
tion technique.

Experimental part

Materials

Propylene glycol (≥ 99.5%, Atameken chemicals), phthalic 
anhydride (≥ 99%, Sigma-Aldrich), fumaric acid (≥ 99.0%, 
Sigma-Aldrich), zinc chloride (≥ 98%, Sigma-Aldrich), 
acrylic acid (≥ 99.5%, Atameken chemicals), benzoyl per-
oxide (98%, Primechemicals group), 1,4-dioxane (≥ 99.5%, 
Atameken chemicals), and RAFT agent (2-Cyano-2-propyl 
dodecyl trithiocarbonate, CPDT) (97% (HPLC), Sigma-
Aldrich) were used without further purification.

Synthesis of polypropylene glycol fumarate 
phthalate

Polypropylene fumarate phthalate (p-PFPh) was obtained 
by the polycondensation reaction of fumaric acid, phthalic 
anhydride with propylene glycol, taken in quantities of 
0.7:0.3:1.05 mol.

After assembling the working model, the calculated 
amount of propylene glycol is loaded into a four-neck flask 
and heated to 30–40 °C, then bulk reagents (fumaric acid 
and phthalic anhydride) are added, and the reaction mixture 
is heated and boiled for 30 min at 100 °C. After 15 min, a 
yellow, transparent, homogeneous liquid forms. Next, when 
the temperature reaches 100 °C, they begin supplying nitro-
gen (1–2 bubbles per second) through an intermediate Sox-
hlett flask, making sure that the tube through which nitrogen 
enters the working model reaches almost to the surface of 
the reaction mixture. The inertness of the medium, achieved 
by supplying nitrogen to the system, prevents the unwanted 
process of gelatinization. As a result of the interaction of 
propylene glycol with fumaric acid and phthalic anhydride, 
intermediate reaction products—acid esters—are formed, 
which is accompanied by an increase in the temperature of 
the reaction mixture due to the exothermic nature of the 
addition process. After the temperature has stabilized and 
the release of water has stopped, the  ZnCl2 catalyst (anhy-
drous) is introduced into the reaction mixture in an amount 
of 0.2% of the total mass of the initial reagents. In this case, 
the synthesis is accompanied by active mixing. Polyconden-
sation is carried out in the temperature range 140–170 °C.

To study the polycondensation process, 30, 60, 120, and 
180 min after obtaining a homogeneous mixture in the reac-
tion flask, samples (0.3–0.4 g) were taken into pre-weighed 
flasks, in which the acid number and molecular weight were 
determined. Polycondensation was completed when the acid 

number reached a value corresponding to a given molecular 
weight (Flynn and Wall 1966).

Synthesis of polypropylene fumarate phthalate 
with acrylic acid (p‑PFPh‑AA)

The graft polymerization compositions were determined as 
p-PFPh with AA (50:50 mol%) (Burkeev et al. 2020b). The 
monomers mixed at this rate and the benzoyl peroxide ini-
tiator were kept in a dioxane solution, and nitrogen gas was 
passed for 30 min. Then, the temperature was increased to 
333 K, and polymerization was started. After waiting for 
52 h, the obtained grafted polymer was washed with dioxane 
solvent and kept in a vacuum oven until it reached a constant 
weight, and then the solvent and the remaining unpolymer-
ized substances were removed.

Synthesis of p‑PFPh‑AA‑CPDT via RAFT 
polymerization technique

In addition to the amounts and techniques used in the 
synthesis of p-PFPh-AA, the calculated amount of CPDT 
(RAFT agent) was added to the medium for RAFT polym-
erization; the polymer solution was filled into the ampoules, 
and the ampoules were closed by taking them in a vacuum 
unit. The calculation of the concentration of the RAFT agent 
was introduced in accordance with previous works (Kulikov 
et al. 2015; Polozov et al. 2015). Nitrogen gas was passed 
through the ampoules for 30 min. Then, the ampoules were 
placed in a thermostat, and the temperature was increased 
up to 333 K. Next, polymerization was initiated. The polym-
erization time was determined as 52 h. Ampoules contain-
ing polymer solution were immersed in liquid nitrogen for 
the precipitation of polymers. The resulting polymers were 
washed with dioxane and dried in a vacuum oven until they 
reached a constant weight.

Characterization

For the chemical structures of the synthesized polymers, 
13C-NMR and 1H-NMR spectroscopy on Jeol JNN-ECA-500 
using MestReNova software (version 14.2.0, Spain) were 
used.

PolymerLabs GPC-120 chromatography device with 
two Plgel columns was used for the molecular weight of the 
polymers. Polymers were dissolved in dioxane solvent and 
placed in vials, and GPC chromatograms were taken. Molec-
ular weights and monomer conversions of the synthesized 
polymers were calculated by drawing a calibration graph 
using standard solutions with known molecular weights. 
Polystyrene standards were used in GPC studies.
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Fourier transform infrared (FT-IR) spectra of the samples 
were recorded on a Thermo Scientific Nicolet iS10 FT-IR 
spectrometer in the wavelength range of 400–4000  cm−1.

The TGA study was performed by LabSYS Evo TG–dTA 
(Setaram, France) at a heating rate of 5°  min−1 under an  N2 
atmosphere, temperature range 25–500 °C.

Equilibrium swelling of the obtained grafted polymers 
was achieved within 1–2 days. The degree of swelling of α 
(%) polymers was measured gravimetrically and calculated 
as the ratio of the absolute mass of the swollen hydrogel at 
the equilibrium swell point to its initial dry mass (Burkeev 
et al. 2020a):

where m1 and m0 are masses of swollen and dry polymer, 
respectively.

The morphology and architecture of the grafted polymers 
were studied by scanning electron microscope (SEM, JSM-
7100F, JEOL, Tokyo, Japan, the accelerating voltage was 
5.0 kV).

Results and discussion

Radical graft polymerization of p-PFPh with AA is carried 
out at different initial mole ratios of monomers in the diox-
ane solution according to the following scheme shown in 
Fig. 1:

RAFT polymerization is characterized by the high surviv-
ability of the thiocarbonyl terminal chain for the synthesis 
of well-defined architectures and good control of molecular 
weight and molecular weight distribution of polymers.

In the study, readily available thiocarbonylthio com-
pounds were used as chain transfer agents (RAFT agents) 
to give the polymerization a living character, for example, 
CPDT is an effective RAFT agent for both acrylates and 

(1)�(%) =
m1 − m0

m0

× 100

methacrylates (Benvenuta-Tapia et al. 2018; Chong et al. 
2007, 2006; Moad et al. 2005). The scheme of the RAFT 
process with thiocarbonyl compounds is given in Fig. 2:

The initial oligomer polypropylene glycol fumarate 
phthalate was obtained by the reaction of polycondensation 
of propylene glycol, phthalic anhydride, and fumaric acid 
at temperature 503 K in the presence of aluminum chloride 
catalyst in an inert nitrogen medium (Burkeev et al. 2020a). 
When interpreting and quantitatively calculating the com-
position of the p-PFPh, it was taken into account that this 
polymer contains three groups of protons. Thus, the first 
group consists of =HC–CO– groups, which are compo-
nents of the fumaric monomer, the second group includes 
–CH2–O– and –CH groups, which are parts of the structural 
unit of the propylene glycol monomer, and the third group is 
represented by the –CH3 group propylene glycol component. 
Protons of the =HC–CO– group were detected in the region 
of 5–7 ppm. with integral 5.46 in the form of a singlet. 1H-
NMR spectra of the –CH2–O– and –CH groups appeared in 
the form of high-intensity multiplet signals in the region of 
2–5 ppm. with an integral intensity of 4.74. The –CH3 signal 
of the propylene glycol component appeared in the region 
of 0–2 ppm (doublets centered at 1.25 ppm. with 3 J 6.1 Hz, 
1.19 ppm with 3 J 6.7 Hz, 1.14 ppm with 3 J 5.9 Hz, and 
1.5 ppm. with 3 J 5.9 Hz with a total integrated intensity of 
5.65). Minor signals in other regions of the spectrum sug-
gest the presence of other functional groups of protic content 
(Fig. S1).

The presence of fumar structural groups and groups char-
acteristic of propylene glycol in the monomer was confirmed 
by 13C-NMR spectra. In the 13C-NMR spectra, high-intensity 
signals of carbon atoms of the –CH3 group were observed in 
the strong-field region of the spectrum of 10–20 ppm with an 
integral intensity of 14.56. Carbon atoms of –CH2 and –CH 
groups with an integral intensity of 26.77 were manifested in 
the middle-field part of the spectrum of 55–75 ppm. Signals 
characteristic of the unsaturated bond =C–H groups in the 
region of 130–140 ppm were manifested with an integral 

Fig. 1  Schematic representation of radical graft polymerization of p-PFPh with acrylic acid
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intensity of 20.00. In the weakest region of the spectrum at 
160–170 ppm, the ester group carbons and residues of the 
carboxylic group of fumaric acid resonated with an integral 
intensity of 10.85 (Fig. S2).

The molecular weight characteristics of the synthesized 
p-PFPh were studied by gel permeation chromatography 
(GPC), and the MW of the unsaturated polyester synthesized 
was found to be 1480 kDa.

In order to identify the functional bands of compounds, 
their FT-IR spectra were obtained. Thus, it was found that 
weak absorption bands in regions 2924 and 2964  cm−1 indi-
cated the presence of methyl groups, and wide absorption 
bands in region 3435  cm−1 were characteristic of valence 
deviations of carboxyl functional groups. Intense absorp-
tion bands in the 1000–1200  cm−1 region corresponded to 
valence deviations of the –C–O polar bonds and absorption 
bands in the 1312 and 1373  cm−1 regions corresponded to 
deviations characteristic of the –C–O–H groups. Absorption 

maxima of 1700   cm−1 were characteristic of the –C=O 
groups of the monomer molecule, and the absorption band of 
2800–2400  cm−1 indicated the OH acid group. The absence 
of intense bands in the 1640  cm−1 region in the p-PFPh 
spectra indicated the formation of a network structure of 
grafted polymers, accompanied by a break in unsaturated 
bonds –C=C (Fig. 3.).

It should also be noted that when the obtained FT-IR 
spectrum of the p-PFPh/AA/CPDT grafted polymer shown 
in Fig. 3 is analyzed, there are signals in the 3025  cm−1 
region characteristics of –CH of aromatic hydrocarbon 
group, 2920   cm−1 and 2850   cm−1 for –CH3, –CH2 and 
–CH groups of aliphatic hydrocarbon, 2260  cm−1 for –CN 
group, 1730  cm−1 for C=O group, as well as 1490  cm−1 
for the group C=C aromatic hydrocarbon, 1150   cm−1 
for –O–C, C=S stretching at 1450  cm−1, 1059  cm−1, and 
757  cm−l, in good agreement with the observed values 
of 1417  cm−1, 1083  cm−1, and 730  cm−l and 1070  cm−1 

Fig. 2  Schematic representation of the RAFT process with thiocarbonyl compounds

Fig. 3  FT-IR spectra of 
p-PFPh:AA (blue line), 
p-PFPh:AA:CPDT (red line)
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for –SC groups (Wiles et al. 1966). However, it is worth 
noting that in general the IR spectra of the p-PFPh/AA 
and p-PFPh/AA/CPDT grafted polymers have identical 
curves, but it indicates the presence of stretching signals 
cyano and C=S.

S u r fa c e  m o r p h o l o g y  o f  p - P F P h : A A  a n d 
p-PFPh:AA:CPDT grafted polymers was studied by SEM. 
The results are shown in Fig. 4. On the micrograph (Fig. 4a), 
it is observed that the surfaces of the particles of p-PFPh:AA 
samples (a) have hard and brittle cleavage sites. In the course 
of microanalysis, the p-PFPh:AA:CPDT grafted polymers 
(b) show signs of a loose surface and the formation of a 
layered and porous structure in comparison with the grafted 
polymers. In addition, the analysis revealed pores. It is evi-
dent from the SEM topography that an increase in the con-
centration of the RAFT agent leads to the formation of a 
network and affects the sizes of the formed pores (since the 
RAFT technique provides significant superiority in the con-
trol of polymer chains, it enables the adjustment of network 

structure and pore states), which give a high swelling capac-
ity to the polymers (Fig. 4b).

Thus, we synthesized a number of p-PFPh-AA-CPDT 
grafted polymers at different molar ratios [BP]:[CPDT]. 
The results of the study are shown in Table 1. The polymers 
obtained as a result of polymer synthesis are crosslinked 
p-PFPh-AA (product 1) and p-PFPh-AA-CPDT-based 
branched polymer (product 2), respectively, with a porous 
structure. As can be seen in Table 1, it is found that the 
swelling capacity increases branchedly with increasing 
CPDT concentration. The same p-PFPh-containing polymers 
significantly increased the swelling capacity by increasing 
the CPDT concentration in the starting polymer–monomer 
mixture and allowed a polymer to obtain a more flexible 
structure. It is also worth noting that as the CPDT content 
increases, so does the yield of product 2.

In the continuation of the study, the bromine number and 
the degree of unsaturation of the synthesized grafted poly-
mers were determined. The results are shown in Table 2.

Fig. 4  Surface morphol-
ogy of a p-PFPh:AA and b 
p-PFPh:AA:CPDT

Table 1  Effect of RAFT agent 
concentration on p-PFPh/AA 
graft polymerization mechanism 
in dioxane solution

Polymerization Conditions: T = 70 °C, [I] = 8 ×  10–3 mol/L,  [M1 +  M2] = 1.5x*  10–3 + 1.5 *  10–3 mol/L

Concentration of 
RAFT, [CPDT] =  103

Crosslinked polymer Branched polymer

Yield, % [m1]:[m2] Mol.% Swelling, α, % Yield, % [m1]:[m2] Mol.%

– 89.33 48.58:51.42 115.34 –
20 78.21 47.37:52.63 332.41 21.18 32.45:67.55
40 42.62 46.28:53.72 442.26 57.38 37.16:63.84
60 12.84 45.13:54.87 526.23 87.42 44.67:55.33

Table 2  Effect of RAFT agent 
concentration on p-PFPh/AA 
graft polymerization mechanism 
in dioxane solution

Reaction conditions, t = 70 °C,  [M1 +  M2] = 1.5 ×  10–3 + 1.5 ×  10−3 mol/L

Concentration of 
RAFT,  103

B.N. crosslinked B.N. branched Degree of unsatura-
tion crosslinked

Degree of 
unsaturation 
branched

– 15.42 56.23
20 14.23 24.72 40.19 76.17
40 12.74 25.14 34.16 81.12
60 11.06 27.23 28.84 91.86
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As can be seen from Table 2, as the CPDT content of the 
starting polymer–monomer mixture increases, the unsatu-
ration of the p-PFPh-AA grafted polymer of the polymer-
based mesh structure decreases, while the inverse relation-
ship is observed for the p-PFPh-AA grafted polymer of the 
branched structure.

To evaluate the chemical compositions of polymers and 
their degree of purity, a thermal analysis of the samples was 
carried out: p-PFPh-AA with CPDT agent and p-PFPh-AA 
(Fig. 5).

In particular, the changes in TGA graphs observed as a 
result of grafting the AA used in this study onto different 
polymer types are available in the literature (Burkeev et al. 
2013, 2015a, 2015b). The changes observed in this study 
are compatible with the literature, and changes in some 
parameters were detected due to the polymer type. Dur-
ing thermogravimetric analysis, the determined thermal 
stability parameters of the p-PFPh-AA grafted polymer 
were compared with the p-PFPh-AA polymer in the pres-
ence of a CPDT agent. Thermogravimetric curves (mass 
changes and mass loss rate from temperature) are shown 
in Fig. 5. As can be seen, thermograms have a similar 

character, which suggests a similar mechanism of poly-
mer behavior during degradation. It was found that for 
both grafted polymers, p-PFPh-AA, and p-PFPh-AA with 
a CPDT agent, dTG analysis showed the presence of single 
degradation peaks. The most intensive degradation of the 
crosslinked p-PFPh-AA polymer with the CPDT agent, 
associated with the cleavage of the main macromolecular 
chain (accompanied by the release of gaseous products), 
and the final degradation of the polymer, takes place in the 
314–434 °C temperature region, as evidenced by the char-
acteristic peaks in the dTG curves (Fig. 5b) with a maxi-
mum Tmax. = 344 °C at a heating rate of 5 °C  min−1. The 
p-PFPh-AA-based mesh polymer (Figs. 5c and d) shows 
a peak with a maximum of Tmax. = 330 °C in this region. 
However, in both cases, especially at lower heating rates, 
a small shoulder or even a second decomposition peak 
was observed at lower temperatures, ranging from 30 to 
200 °C. These data confirm that the mechanism of ther-
mal decomposition of grafted polymers, p-PFPh-AA, and 
p-PFPh-AA with the CPDT agent is quite complex, thus 
it involves the decomposition of the ester group followed 
by thermal decomposition of the backbone.

� �

� �

Fig. 5  Temperature Relationships of Mass Change (TG Curve), Mass Change Rate (dTG Curve) for Crosslinked p-PFPh-AA Polymer with 
CPDT Agent (a and b), and p-PFPh-AA Polymer (c and d)
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Using the data from the experiments performed (Fig. 5), 
Friedman, Ozawa–Flynn–Wall (Friedman 1964; Flynn and 
Wall 1966) evaluated the activation energies of chemical 
transformation during the degradation of the p-PFPh-AA 
polymer and crosslinked p-PFPh-AA polymer with the 
CPDT agent. A graphical interpretation of the Friedman, 
Ozawa–Flynn–Wall (Friedman 1964; Flynn and Wall 1966) 
methods is shown in Figs. 5 and 6. The values of the kinetic 
parameters of thermal destruction for one-stage processes 
are determined by the rate of change in the mass of the sam-
ple: − dw

dt
= A exp

(

−
E

RT

)

 . Since it is analytically impossible 
to solve the right side of the equation, various approximate 
methods are used in practice (Fig. 6).

For the simplest isoconversion methods, the activation 
energy is determined by the slope of the portion by two 
parameters, which are determined by T,α, and β. We will call 
them direct isoconversion methods. One of these methods 
is the method obtained by the differential Friedman method 
(Fig. 6a and c). By measuring the temperature at different 

heating rates (5.0–20.00 °C  min−1) and the dα/dTα conver-
sion rate at a fixed stage for each of the experiments, we 
can obtain E from the slope of the ln sections (β·dα/dTα) 
from the 1000/T. Ozawa–Flynn–Wall proposed a method 
for determining the value of thermolysis activation energy 
at different heating rates, at which E is determined by the 
slope of the lnβ sections from the 1000/T (Fig. 6b and d). It 
is clear that a wide range of isoconversion techniques can be 
obtained by applying different approximations.

The reliability of these methods is similar, and they are 
simple and convenient although the Ozawa–Flynn–Wall 
(OFW) method has a slight advantage in that each axis of 
the section uses only one variable (Fig. 7, Table 3). Fried-
man's method does not use mathematical approximation but 
instead uses the definition of the reaction rate at the equiva-
lent reaction stage for different heating rates.

Analysis of thermogravimetric measurements (Fig. 7, 
Table 3) shows that both the composition and, most impor-
tantly, the sequence of monomer units along the grafted 
polymer chain plays an important role in determining the 
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Fig. 6  Graphical Analysis Results Determined by Friedman, Ozawa–Flynn–Wall Methods for Crosslinked p-PFPh-AA with CPDT Agent (a and 
b) and p-PFPh-AA-based mesh polymer (c and d) at Heating Rates 5.0–20.00 °C/min
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thermal decomposition kinetics of the grafted polymers. As 
can be seen from Fig. 7, at different heating rates from 5.0 
to 20.00 °C  min−1, the obtained average activation energy 

and pre-exponential factor data are reduced in the order 
of FR (= 159.00 kJ   mol−1) > OFW (= 130.04 kJ   mol−1) 
methods for the crosslinked p-PFPh-AA polymer with 
CPDT agent, and the p-PFPh-AA-based mesh polymer FR 
(= 234.00 kJ   mol−1) > 198.00 Comparing data from the 
Friedman, Ozawa–Flynn–Wall approaches, it is clear that 
the results on activation energies are in close proximity. 
However, the first method gives Eα values 10–20% lower 
than that of the program organizational unit (POU) method. 
This is reasonable because these methods are based on rela-
tively different approximations. However, it is believed that 
the FR equation provides more reliable and accurate results 
compared to the OFW equation.

Conclusions

The initial oligomer polypropylene glycol fumarate phthalate 
was obtained by the polycondensation reaction of propylene 
glycol, phthalic anhydride, and fumaric acid at a tempera-
ture of 503 K in the presence of an aluminum chloride cata-
lyst in an inert nitrogen medium. The presence of fumaric 

��

� �

Fig. 7  Activation energy and pre-exponential factor as a function of partial peak area for a crosslinked p-PFPh-AA polymer with CPDT agent (a 
and b) and p-PFPh-AA-based mesh polymer (c and d)

Table 3  Activation energy by FR and OFW for crosslinked polymer 
p-PFPh-AA and with CPDT agent

Reaction conditions, t = 70  °C, 
 [M1 +  M2] = 1.5 ×  10–3 + 1.5 ×  10−3 mol/L

Transfor-
mation, α

FR OFW

p-PFPh-AA p-PFPh-AA 
with CPDT

p-PFPh-AA p-PFPh-AA 
with CPDT

0.1 203.23 ± 4 134.86 ± 5 174.24 ± 4 111.62 ± 5
0.2 206.18 ± 4 135.35 ± 5 181.81 ± 4 115.57 ± 5
0.3 209.09 ± 4 144.71 ± 5 189.80 ± 4 119.55 ± 5
0.4 206.45 ± 4 139.95 ± 5 197.02 ± 4 123.61 ± 5
0.5 202.57 ± 4 147.02 ± 5 198.52 ± 4 127.67 ± 5
0.6 203.92 ± 4 164.70 ± 5 205.96 ± 4 131.89 ± 5
0.7 234.29 ± 4 179.39 ± 5 213.72 ± 4 136.06 ± 5
0.8 291.13 ± 4 184.73 ± 5 222.04 ± 4 140.50 ± 5
0.9 291.73 ± 4 176.97 ± 5 223.74 ± 4 149.07 ± 5
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structural groups and the group’s characteristic of propyl-
ene glycol in the monomer were confirmed by 1H-NMR and 
13C-NMR spectra. By GPC, the MW of the polypropylene 
fumarate phthalate synthesized was found 1480 kDa. Poly-
propylene fumarate phthalate reacts in radical graft polym-
erization with acrylic acid to form polymers with a network 
structure. It is assumed that the addition of a RAFT agent 
to these systems allows changing the reaction mechanism, 
thereby forming two products as a result of the reaction: a 
crosslinked graft polymer and a soluble branched polymer. 
Analysis of crosslinked polymer samples by FT-IR spec-
trometer is identical in the nature of the curves, indicating 
the same type of crosslinking formation. At the same time, 
differences were observed in the SEM images of the hydro-
gels in order to study the effect of the RAFT agent. Mor-
phological changes were studied as a result of the change of 
the mechanism with the addition of the RAFT agent to the 
medium. Activation energies and thermodynamic param-
eters were calculated in light of detailed thermogravimetric 
analyses. As a result, due to the change of the mechanism 
of such grafted polymer systems under the influence of the 
RAFT agent, very promising results have been reported in 
obtaining new-generation products with high controllable 
swelling capacity and polymer yielding.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11696- 024- 03354-0.
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