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Abstract: Plasticizers are one of the additives that are added to polymers to increase 
the plasticity or decrease the viscosity of the material. Here, we have synthesized 
and characterized a new PGN-based reactive energetic plasticizer 
that has an oligomeric structure. The reactive energetic plasticizer can be grafted 
onto glycidyl azide polymer via a Cu-free Huisgen azide-alkyne 1,3-dipolar 
cycloaddition. The effect of the covalently bonded PGN-based plasticizer 
on the thermal properties of GAP-g-PGN copolymer has been investigated through 
thermogravimetric analysis and differential scanning calorimetry. The results 
indicate that the glass transition temperature of the prepolymer is decreased 
from –47.8 to –50.7 °C. Also, the kinetics of the thermal behaviour of GAP-g-
PGN copolymer was determined by the application of the Kissinger and FWO 
kinetic models. The activation energies calculated by the Kissinger method 
were 165 and 188 kJ/mol for peak 1 and peak 2, respectively. Furthermore, 
the critical temperature (Tb) of thermal explosion for this energetic copolymer 
was estimated to be 182 °C.
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Acronyms:
EPs  Energetic plasticizers
GAP Glycidyl azide polymer
GAP-g-PGN Copolymer of poly(glycidyl azide) and poly(glycidyl nitrate)
Mn  Number average molar mass (molecular weight) [g/mol]
Mw  Mass average molar mass [g/mol]
PDI Mw/Mn ratio
PGA Poly(glycidyl azide)
PGN Poly(glycidyl nitrate)
PTMPGN Propargyl-terminated poly(glycidyl nitrate) ester
REP Reactive energetic plasticizer
Tg Glass transition temperature [°C]

1 Introduction

A plasticizer is a low to medium molecular weight substance that is introduced 
into a polymer for control of its properties. Plasticizers are introduced into 
polymers to increase their flexibility and improve processability [1]. The addition 
of a plasticizer causes a reduction in the cohesive intermolecular forces along 
the polymer chains. The chains can then move more freely relative to one another, 
and the stiffness of the polymer is reduced [2].

Plasticizers are one of the additives that are used in propellant formulations. 
On their addition to the propellant, they impart lower viscosity for mixing 
and greater pot life [3]. Plasticizers when added to polymers significantly reduce 
the brittleness by penetrating deep inside the polymer matrix and reducing 
the cohesive forces between polymers and increasing the free volume. This causes 
an increase in segment mobility, leading to a reduction of Tg. The extent to which 
a plasticizer reduces the Tg of a polymer is used as a measure of plasticizer 
efficiency [4].

The molecular weight of plasticizers may vary from 200 to 2000, 
and thus vary their properties. Low molecular weight plasticizers tend 
to be volatile whereas higher molecular weight plasticizers are more viscous. 
Consequently plasticizers having a molecular weight in the range of 400-1000 
(plasticizers which have an oligomeric structure) are preferred. 

Energetic plasticizers (EPs) are defined as liquid materials having a positive 
heat of explosion [5]. These compounds have been used as one of the ingredients 
in solid propellants and plastic bonded explosives (PBX) formulations. 
Energetic plasticizers can improve the mechanical and thermal properties 
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of propellants, and can also enhance their energetic performance [6-9].
Migration is a common problem observed with plasticizers. Plasticizers 

incorporated into polymers migrate and exude slowly from the polymer 
matrix, which is undesirable even under moderate storage conditions [7, 9-12]. 
Loss of plasticizer is undesirable, leading to a brittle and unusable high 
energy material, as well as contamination of the surrounding environment [9] 
and increased hazardous properties of the energetic matrix.

A variety of approaches has been used [11, 13, 14] to reduce the migration, 
for example, increasing the molecular weight of the plasticizers, adding nano-
sized inorganic particles to polar plasticizer molecules and increasing 
the compatibility of the plasticizer and polymer matrix. In all of these approaches, 
the main interaction between the polymer and the plasticizer is a kind of physical 
bonding, and the problem of plasticizer migration from the polymer still remains 
a major problem.

Recently, the use of reactive plasticizers and chemically bonding 
plasticizers to the polymer main chains has attracted the attention of researchers. 
One of the types of reactive plasticizers is an alkynyl compound, which can react 
with an azido-containing energetic prepolymer through an azide-alkyne click 
reaction. Thereby, the reactive plasticizer solves the conventional problem 
of plasticizers and reduces the migration of plasticizers. The reactive energetic 
plasticizer (REP) comprises a high energy functional group as well as a functional 
group which can react with a side chain of a prepolymer [15].

Within the last two decades, attention has been focused on developing 
several azido energetic polymers including azide polymers; glycidyl azide 
polymers (GAPs); poly(3-azidomethyl3-methyl oxetane) [poly(AMMO)]; poly[3,3-
bis(azidomethyl) methyl oxetane] [poly-(BAMO)]. Of these azido polymers, 
glycidyl azide polymer (GAP) or poly(glycidyl azide) (PGA) is one of the most 
important and prominent azide polymers that is characterized by pendent 
azidomethyl groups on the main polyether chain. GAP is a high energy potential 
material with a high positive heat of formation (957 kJ/kg) and low detonation 
sensitivity, and is considered both a monopropellant and a polymeric binder. 
GAP has a low glass-transition temperature, low viscosity, high density 
compared to the same characteristics of other rocket propellant binders and good 
compatibility with all high-energy oxidizers. Because of its unique properties 
GAP is used extensively as a highly energetic binder-cum-plasticizer to increase 
burning and specific impulse of propellants [16].

In the present study, we have synthesized a typical REP that can be bonded 
onto the glycidyl azide polymer, through catalyst-free click chemistry, to form 
(GAP-g-PGN) copolymer, as a promising binder for cast cure propellants 
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and plastic bonded explosives.
Thermal decomposition behaviour of the non-migrating plasticized 

glycidyl azide polymer was investigated using simultaneous thermogravimetry-
differential scanning calorimetry (TG/DSC). Also, in this study, the thermokinetic 
parameters of the non-isothermal decomposition of the (GAP-g-PGN) copolymer 
have been determined.

2 Experimental 

2.1 Materials
GAP (Mn = 1435, Mw/Mn = 1.64) was synthesized in a two-step reaction according 
to the method in the literature [17, 18]. Glycidyl nitrate (GN) was synthesized 
according to the method reported elsewhere [19]. Epichlorohydrin (99%, Merck), 
propargylic alcohol (99%, Merck), succinic anhydride (97%, Fluka), BF3·OEt2 
(50%, Merck), thionyl chloride (99%, Merck), fuming nitric acid (63%, Merck), 
potassium nitrate (99%, Merck), methanol (99.5%, Merck), methylene chloride 
and dimethylformamide (DMF) were obtained from Sigma-Aldrich.

2.2 Instruments and measurements
The IR spectra were recorded with a Nicolet 800 spectrometer in the range 
400-4000 cm–1. 1H NMR spectra were recorded with a Bruker DPX-250 
instrument operating at 250.13 MHz and using CDCl3 as solvent; chemical shifts 
were reported in δ (ppm) from TMS. Thermogravimetric (TG), isothermal TG 
and differential scanning calorimetric (DSC) analyses were carried out using 
a Perkin Elmer, STA 6000 instrument with alumina pans under an argon 
atmosphere at temperature programmed rates of 5, 10, 15 and 20 °C/min, 
from room temperature to 450 °C. The samples masses were about 12 mg. 
The glass transition temperature (Tg) measurements were performed using 
a DSC 200F3 under a nitrogen flow of 20.0 mL/min with a heating rate 
of 10 °C/min, from –100 to 50 °C. The Tg value was computed as the midpoint 
of the heat capacity increase. Gel permeation chromatography (GPC) 
was conducted using 10 µm PL gel columns using a GPC Agilent 1100 (USA) 
instrument with a refractive index detector using an Agilent PLgel 5 µm mixed-C, 
300 mm × 7.5 mm column; THF was used as the solvent and injected at 30 °C 
at a rate of 1 mm/min and calibrated with polystyrene as standard.
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2.3 Methods

2.3.1 Synthesis of propargyl-terminated poly(glycidyl nitrate) 
ester (PTMPGN)

For the synthesis of propargyl-terminated MPGN ester (PTMPGN), PCPCl 
(1.05 g, 6 mmol) in CH2Cl2 (50 mL) was added dropwise to a stirred solution 
of MPGN (3 g, 4 mmol hydroxyl groups) and DMF (0.65 mL, 13 mmol) in dry 
CH2Cl2 (45 mL) under a nitrogen atmosphere in  an ice bath; the duration 
of this process was more than 0.5 h. The reaction mixture was stirred at room 
temperature for 11 h and then repeatedly washed with water. The organic layer 
was dried with MgSO4, filtered and evaporated in vacuo to produce 3 g of pale 
yellow PTMPGN, in 75% yield. The analytical results were as follows:
– 1H NMR (250 MHz, CDCl3, ppm) δ: 4.95(s, 2H, ≡C–CH2–O),  

4.51-4.73(m, 2H, –CHCH2ONO2), 3.37(s, 1H, HC≡), 3.4-3.79(m, 6H, chain 
–CH2O–, –CH– group, and –OCH3), 2.5-2.68(m, 4H, COCH2CH2CO),

– FTIR (KBr, cm−1) ν: 3444, 3296, 2129, 1740, 1636, 1281, 1147 and 859,
– GPC analysis revealed a molecular weight (Mn) of 731 g/mol and molecular 

weight distribution (Mw/Mn) of 1.4 (see Figure 1).

Figure 1. Synthetic route for the propargyl-terminated, methylated 
poly(glycidyl nitrate)

2.3.2 Synthesis of GAP-g-PGN
GAP (1.5 g, 1 mmol) was placed in a round-bottom flask with stirrer and PTMPGN 
plasticizer (2.2 g, 3 mmol) was added. The reaction mixture was heated to 60 °C 
with stirring in an oil bath for 48 h. In this reaction, about 20% of the azide groups 
of GAP reacted. The analytical results were as follows:
– 1H NMR (250 MHz, CDCl3, ppm) δ: 4.51-4.73(m, 2H, –CH2ONO2); 

3.29-3.79(m, 3H, chain –CH2O–, –CH– group, –OCCH2CO– and –OCH3); 
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3.4(2H, –CH2N3); 3.66(3H, CH2–CH–O); 7.29 and 7.91(s, 1H, HC=C 
(triazole ring)),

– FTIR (KBr, cm−1) ν: 3428, 2103, 1736, 1634, 1281, 1119 (see Figure 2).

Figure 2. Synthetic process for GAP-g-PGN, where R = (CH2)4

3 Results and Discussion

3.1 Characterization
The synthesized PTMPGN, GAP and GAP-g-PGN copolymer were charachterized 
by FT-IR spectroscopy, GPC, DSC. Figure 3 shows the IR spectra of the plasticizer 
PTMPGN, GAP and modified GAP (GAP-g-PGN). The analytical results 
were as follows:
– IR (cm−1): 3296(≡C–H), 2129(C≡C), 1740(–C=O), 1636, 1281(NO2), 

1147(C–O–C), 855(O–N).
In the FT-IR spectrum of GAP-g-PGN, the peak absorption of (≡C–H) 
had disappeared whereas the absorption peaks of other functional groups 
appeared. Thus, the click reaction between azide groups in GAP and the alkynyl 
group in the plasticizer was confirmed in GAP-g-PGN (see Figure 3).
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Figure 3. Comparison of FTIR spectra of PTMPGN, GAP, and GAP-g-PGN

In the 1H NMR spectrum of GAP-g-PGN, two peaks appeared as singlets 
at 7.29 and 7.91 ppm, which were assigned to the triazole ring of the two 
isomeric compounds, respectively. Thus, the 1,3 dipolar cycloaddition reaction 
between azide groups of GAP and the alkynyl group of the reactive plasticizer 
was confirmed (see Figure 4).

Figure 4. 1H NMR spectra of GAP-g-PGN copolymer
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The Mn, Mw, and PDI (Mw/Mn) values of the synthesized PTMPGN, 
GAP and GAP-g-PGN are listed in Table 1. The Mn values of GAP-g-PGN 
was around 950 g/mol, with a PDI value of 1.9.

Table 1. Composition of PTMPGN, GAP, and GAP-g-PGN
Molecular weight PTMPGN GAP GAP-g-PGN

Mn [g/mol] 731 1435 951
Mw [g/mol] 1028 2362 1813
Mn/Mw 1.406 1.64 1.9

Considerable data have been produced for the effect of plasticizer 
on the Tg values of polymer systems and have appeared in the literature [20-24]. 
PTMPGN is a reactive energetic plasticizer. Figure 5 shows the DSC thermograms 
of PTMPGN, GAP, and GAP-g-PGN. The glass-transition temperatures 
(Tg values) of the synthesized compounds are listed in Table 2. As shown 
in Table 2, the glass transition temperatures of PTMPGN, GAP, and GAP-g-PGN 
were –66.5, –47.8 and –50.7 °C, respectively. The plasticizer was used to reduce 
the Tg of GAP and to increase the processability of the binder. As may be seen, 
the Tg value of the modified GAP, relative to GAP, is reduced (see Figure 5).

Figure 5. DSC thermograms of PTMPGN, GAP, and GAP-g-PGN at 10 °C/min
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Table 2. Tg values of PTMPGN, GAP, and GAP-g-PGN
Compound PTMPGN GAP GAP-g-PGN

Tg [°C] –66.5 –47.8 –50.7

3.2 Thermal decomposition of GAP-g-PGN
Thermal analysis is frequently used in propellant research. Thermal decomposition 
can be correlated with important performance parameters, such as heat of 
explosion, detonation velocity, and detonation energy [25]. So, it was necessary 
to understand the thermal decomposition process of GAP-g-PGN. Figure 6 shows 
the thermal curves of PTMPGN, GAP, and GAP-g-PGN recorded at 20 °C/min. 

Figure 6. TGA curves of PTMPGN, GAP, and GAP-g-PGN

In the TGA curve of PTMPGN, two characteristic mass loss steps 
were observed. The first step (a) started at 170 °C and ended at 250 °C, 
and corresponded to the decomposition of –ONO2 [26]. The second stage involved 
the decomposition of the polyether skeleton between 250 and 430 °C. These two 
weight loss stages are depicted in the DTG curve (Figure 7).
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Figure 7. DTG curves of PTMPGN, GAP, and GAP-g-PGN

The TGA curve of GAP-g-PGN exhibited three mass loss steps, 
which are shown in the DTG curve of GAP-g-PGN (Figure 7). The first stage (a) 
started at 170 °C and ended at 230 °C. This corresponds to the decomposition 
of –ONO2. Thermal analysis of GAP showed that there is no decomposition 
peak up to 190 °C, and the onset of decomposition of GAP only starts above 
190 °C [27]. So, the second stage (c) corresponds to the decomposition 
of –N3. The third stage corresponds to the decomposition of the polyether 
skeleton (b) (Figure 7).

We should note that two types of energetic group, –ONO2 and –N3, 
were present in the modified GAP. The decompositions of the nitrate and azide 
groups in GAP-g-PGN approximately overlapped. By investigating the DTG 
of GAP-g-PGN, we found that the degradation stage of GAP-g-PGN between 
170 and 250 °C corresponded to the decomposition of both –ONO2 and –N3 
and the stage between 250 and 350 °C corresponded to the decomposition 
of the polyether skeleton of GAP-g-PGN (see Figure 7).
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To study the various steps in the decomposition of GAP-g-PGN, the DTG 
curves of GAP-g-PGN at different heating rates were plotted as shown 
in Figure 8. Three stages (a, c and b, respectively), due to the decomposition 
of –ONO2, –N3 groups and the polyether skeleton in the plasticizer and GAP 
became apparent (see Figure 8). The DSC thermogram of GAP-g-PGN showed 
an exothermic decomposition, with a peak temperature at 204 °C, accompanied 
by a heat release of 1795 J/g (see Figure 9). The effect of heating rate on the peak 
temperature and the onset temperature of the first exothermic decomposition 
on the DSC thermograms of GAP-g-PGN shows that with increasing heating 
rate, the decomposition peak shifted towards higher temperatures (see Figure 10).

Figure 8. DTG curves of GAP-g-PGN samples at various heating rates: 
5, 10, 15, and 20 °C/min
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Figure 9. DSC thermograms of GAP-g-PGN at different heating rates

Figure 10. Variation of the peak temperature and onset temperature of GAP-
g-PGN with the heating rate
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3.3 Thermal decomposition kinetics of GAP-g-PGN
The thermal stability and activation energy of degradation of the polymer 
was studied by the TG technique. The programmed TG curves under argon 
for the plasticizer and modified GAP, GAP-g-PGN, are shown in Figure 5. 
The plasticizer and modified GAP are stable up to approximately 170 °C. 
These results show that the plasticizer and modified GAP have approximately 
the same onset degradation temperature. The modified GAP decomposes in two 
stages around 207 and 300 °C. The initial mass loss of about 43% corresponds 
to the release decomposition of –ONO2 and –N3 groups, which are exothermic 
decompositions as understood from the DSC thermograms. The second mass 
loss corresponds to the slow decomposition of the rest of the polymer. The latter 
mass loss stage occurs without any considerable heat liberation as there 
is no exothermic peak observed after the decomposition of the energetic groups.

There are many well-known ways to perform kinetic studies of the degradation 
of polymeric materials. TG in combination with model-free methods is widely 
used [28-31]. In the Kissinger method, for example, the temperature 
at the maximum in the derivative weight loss signal (Tm) of experiments 
at different heating rates (β) is used. ln(β/Tm

2) is plotted as a function 
of the reciprocal temperature, and the slope is proportional to the activation 
energy (Ea) of the degradation step, according to Equation 1 [32, 33].

 (1)

TGA thermogram illustrates the variation of sample mass with temperature 
in percent, which is calculated by Equation 2, as a function of the temperature 
or time. Also, it can be shown as the derivative of mass loss curve 
versus temperature.

 (2)

where mt is the mass at a specified reaction time, mb is the mass at the beginning 
and me is the mass at the end of the degradation step or steps.

Figure 8 shows the GAP-g-PGN DSC thermograms obtained at various 
heating rates. In Figure 11, the corresponding Kissinger plot is depicted 
with activation energies for degradation of the modified GAP. It was found 
that the plot of ln(β/Tm

2) against 1000/Tm was a straight line, which indicates 
that the mechanism of thermal decomposition is first order and that 
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the mechanism of thermal decomposition of GAP-g-PGN does not vary during 
the decomposition at various heating rates [34]. The slope of the line is equal 
to –Ea/R. Therefore, the activation energy (Ea) was obtained from the slope 
of the graph [35] (see Figure 11). The results obtained for the activation 
energy (Ea) and other kinetic parameters for the two steps are listed in Table 3.

Figure 11. The plot of lnβ/Tm
2 versus 1/Tm (Kissinger method)

Table 3. Kinetic parameters of GAP-g-PGN
Step Tp [°C] Ea [kJ/mol] R2 lnA [s-1]

Peak 1 (ONO2) 203 165 0.995 40.86
Peak 2 (N3) 220 179 0.998 43.00

Knowing the value of the frequency factors (A) and Ea for a given 
temperature, the rate constant (k) for the decomposition reaction of GAP-g-PGN 
can be calculated by Equation 3.

 (3)



273Studies on the Effect of a Covalently Bonded PGN Based Reactive Plasticizer..

Copyright © 2019 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland

So this parameter is important for the estimation of ageing, thermal 
stability, and mechanism of decomposition of energetic materials [36]. 
Equation 3 can be solved for a temperature of 50 °C using Ea and A. The results 
of the kinetic parameters for GAP-g-PGN are summarized in Table 3.

A second model-free approach is the analysis of isothermal and linear non-
isothermal TG measurements by an isoconversional method, i.e. the Flynn-Wall-
Ozawa (FWO) method. For constant heating rates, the activation energy (Eα) 
is determined from the slope of the logarithm of the heating rate (logβ) versus 
the reciprocal temperature corresponding to a selected conversion degree α (1/Tα), 
according to Equation 4 [37-39].

 (4)

where Tα is the temperature at conversion degree (α), and C is a constant. 
According to the FWO method (Equation 4), the activation energy (Eα) 
can be obtained at each degree of degradation (α) from the slope of the logβ 
versus 1/T plot (Figure 12).

Figure 12. Plots of logβ against 1/T (FWO method) for selected values 
of conversion

Figure 13 shows the dependence of the activation energy on the degree 
of degradation evaluated for the non-isothermal data (linear heating rate). 
As the diagram reveals, the activation energy for GAP-g-PGN degradation 
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increased as the degradation proceeded, reached a maximum value 
and then decreased.

Figure 13. The dependence of Ea on percentage conversion for the thermal 
decomposition of GAP-g-PGN (FWO method)

The change of activation energy vs. conversion percentage has also shown 
proper fitting of the FWO method. In the first decomposition step, cleavage 
of the nitrate groups of PGN pendant chain produces an alkoxide radical and NO2, 
but at 30% conversion NO2 plays the role of a catalyst for the decomposition 
of the nitrate group and reduces the activation energy of decomposition. 
In the second decomposition step, the azidomethyl groups of GAP-g-PEG 
decompose to a nitrene via loss of N2, and subsequent insertion of the reactive 
intermediate into a C–H bond to afford an imine (Figure 14).
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Figure 14. Proposed mechanism for the first and second steps of GAP-g-
PGN decomposition

3.4 Thermal decomposition thermodynamics of GAP-g-PGN
The thermodynamic parameters of GAP-g-PGN decomposition were calculated 
from Equations 6-8, and the results are listed in Table 4.

 (6)
∆H‡ = Ea – RT (7)
∆G‡ = ∆H‡ – T∆S‡ (8)

where k is the reaction rate constant in s−1, ∆G‡ is the free energy in kJ/mol, 
∆H‡ is the enthalpy in kJ/mol, ∆S‡ is the entropy in J/mol·K, h is Planck’s constant, 
and KB is Boltzmann’s constant [40].

Table 4. Thermodynamic parameters of GAP-g-PGN
T ∆G‡ [kJ/mol] ∆H‡ [kJ/mol] ∆S‡ [J/(mol·K)]

Tp1 159 161 4.22
Tp2 178 175 6.08

3.5 Critical explosion temperature
For safe storage and process operations, one of the important parameters 
for energetic materials such as propellants is the critical explosion temperature (Tb). 
This is defined as the lowest temperature to which a specific charge may be heated 
without undergoing thermal runaway [41, 42]. Tb may be calculated 
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from inflammation theory and appropriate thermokinetic parameters, namely 
the activation energy, the pre-exponential factor, and the heat of reaction. 
To obtain Tb for GAP-g-PGN, Equations 9 and 10 were used [43].

Te = Te0 + aβi + bβi
2 , where i = 1-4  (9)

 (10)

where a and b are coefficients, βI is the heating rate, R is the universal gas 
constant (8.314 J/K·mol), and Ea is the activation energy. Te0 is defined as the onset 
temperature (Te) corresponding to βI → 0 by Equation 9. The plot of the onset 
temperature versus the heating rate was fitted as second-order with R2 = 0.995 
(Figure 9). Then Te0 was obtained as 188.56 ±0.05 °C for the 20% modified GAP. 
Values of Tb obtained from Equation 10 were 182.02 ±0.05 and 182.23 ±0.05 °C 
for the 20% modified GAP by using FWO and Kissinger data, respectively.

The self-accelerating decomposition temperature (TSADT) is an important 
parameter that characterizes the thermal hazard under transport conditions 
of condensed self-reactive substances. The TSADT value is a very important 
parameter for assessing the safe management of reactive substances in storage, 
transportation, and use. It is defined as the lowest temperature at which 
self-accelerating decomposition may occur in a reactive substance packed 
for transportation purposes. The TSADT value determines whether the substance 
should be subject to temperature control during transport. The TSADT value 
was estimated using the kinetic parameters, based on the Semenov model. 
Equation 11 was used [44, 45] to obtain the self-accelerating decomposition 
temperature (TSADT) for GAP-g-PGN.

 (11)

where Te is the thermal explosion temperature, R is the universal gas 
constant, Ea is the activation energy (J/mol). The TSADT value obtained 
from Equation 11 was 173 and 172 °C for the 20% modified GAP using FWO 
and Kissinger data, respectively.
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4 Conclusions

A reactive energetic plasticizer was synthesized in good yield. This plasticizer 
was reacted via Cu- free conditions, by a click reaction with GAP and afforded 
GAP-g-PGN as a likely energetic binder.

The TGA/DTG results showed that the thermal degradation of this energetic 
copolymer occurs in three steps, related to the thermal degradation of the nitrate 
ester groups, the azidomethyl groups, and the polyether skeleton, respectively. 
The peaks for each stage were at 200, 220 and 285 °C. In addition, the thermal 
decomposition kinetics were determined by the Kissinger method and have shown 
the activation energies for these three decomposition steps are 165.12 ±0.05, 
179.74 ±0.05 and 147.99 ±0.05 kJ/mol, respectively.

The glass transition temperature (Tg) value of GAP-g-PGN was lower 
than the initial GAP. The critical temperature of thermal explosion (Tb) 
was 182.02 ±0.05 and 182.23 ±0.05 °C using FWO and Kissinger data, respectively. 
The self-accelerating decomposition temperature (TSADT) was 172.86 ±0.05 
and 171.97 ±0.05 °C using FWO and Kissinger data, respectively.
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