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Abstract: Today, polymeric binders are regarded as playing a crucial role in solid 
propellants. Therefore, research aimed at improving the performance of the binder is 
particularly important. In this study, a new energetic random copolymer of glycidyl 
nitrate (GN) and tetrahydrofuran (THF), poly (THF-ran-GN) (Mn = 1561 g mol-1) was 
synthesized using the cationic ring-opening polymerization process. The chemical 
structure of the prepared copolymers was characterized utilizing FT-IR, 1H NMR and 
13C NMR spectroscopic techniques. The thermal properties of the copolymers and 
their molecular weights were investigated by thermogravimetric analysis (TGA), 
differential thermal analysis (DTA), differential scanning calorimetry (DSC) and 
gel permeation chromatography (GPC). The results showed that the glass transition 
temperatures (Tg) of the synthesized copolymers (Tg= −59 °C) were lower than 
those of pure PGN (Tg= −32 °C). Therefore, copolymerization led to a decrease 
in the Tg temperature. The kinetic parameters of the DSC were determined in the 
non-isothermal framework described by Kissinger. The electronic structure of the 
copolymers was also simulated with the Gaussian 09 program package in order to 
investigate the optoelectronic properties of the copolymers based on time dependent 
density functional theory (TD-DFT) computations. In addition, the existence of 
three peaks featuring significant excitations associated with electron transition in 
frontier orbitals was demonstrated. The results showed that the new synthesized 
random copolymer has energetic properties.
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Supplementary Information (SI):
SI contains  FT-IR, 1H NMR, 13C NMR spectra and electronic excitations 

in the frontier molecular orbitals and the original DSC thermograms depicted 
in Figure 8.

1	 Introduction

In the propellant literature, the relative importance of binders has been subject 
to considerable debate [1-31]. In simpler terms, binders as polymeric systems 
have an influence on the preservation and fixing of propellant elements, as well 
as their formulation and mechanical properties [1-6, 9]. Two main classifications 
of binders are neutral and energetic, such as [7, 8]:
‒	 polybutadiene acrylic acid-acrylonitrile (PBAN),
‒	 polypropylene glycol (PPG),
‒	 polyethylene glycol (PEG),
‒	 polycaprolactone (PCL),
‒	 hydroxyl-terminated polybutadiene (HTPB), and
‒	 nitrated hydroxyl-terminated polybutadiene (NHTPB),
‒	 polyglycidyl nitrate (PGN),
‒	 glycidyl azide polymer (GAP), 

respectively. In fact, neutral binders possess suitable properties such as 
loading volume of solids, low Tg, good flexibility and high tensile strength 
[10-12]. While neutral binders with these properties are generally employed, 
they do not possess suitable energetic properties [13]. In order to address these 
defects, neutral binders can be used in conjuction with the second type of binders. 
This is because the latter have the ability to increase the burning rate and impulse 
of solid propellants, give excellent explosive fire, a suitable density, and a great 
fire blast [14-18].

Modifying an energetic binder with a neutral binder is a standard method 
for producing a new binder with the desired properties. An example of an active 
and energetic binder is PGN, which is often used in solid propellant formulations 
[19]. This binder can be converted into a copolymer binder by combining it with 
the PCL, polytetrahydrofuran (PTHF), propylene oxide (PO), and some other 
polyethers [20-25]. The synthesis of PGN-based copolymers can produce a new 
class of polymer with good mechanical and energetic properties [26].

In the present work, a random copolymer was synthesized using THF and 
GN to improve the properties of the PGN binder. The synthesis of this unique 
random copolymer involves a ring-opening polymerizations. The presence of the 
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THF reduces the Tg and improves the flexibility compared to the PGN binder. 
Furthermore, the thermal and kinetic properties, such as thermal (exothermic) 
decomposition, thermal stability, and activation energies of the energetic materials 
were analyzed. The Kissinger and Flynn-Wall-Ozawa (FWO) methods were 
used in order to determine the kinetic parameters under a non-isothermal state 
[28, 29]. The standard methods used were TGA, DTA and DSC [27]. Finally, the 
optoelectronic properties of the synthesized copolymer were investigated [30, 31].

2	 Experimental

2.1	 Materials and methods
Boron trifluoride etherate (BF3·OEt2), dichloromethane (DCM), sodium 
hydroxide (NaOH), 1,4-butanediol (BDO), sodium bicarbonate (NaHCO3), 
potassium nitrate (KNO3), sodium sulfate (Na2SO4), nitric acid (HNO3, 60%), 
epichlorohydrin (ECH), and tetrahydrofuran (THF) were purchased from Merck 
company. Infrared spectra were conducted using a Mbb Bomem Mb-100 FT-IR 
spectrometer, which is based on Fourier transform infrared (FT-IR) analysis. 
1H NMR spectra were obtained using a 400 MHz Bruker spectrometer, with 
tetramethylsilane (TMS) as the internal standard and deuterated chloroform 
(CDCl3) as the solvent for product dissolution. The thermal properties of the new 
copolymers were recorded using a NETZSCH 200F3 (Germany) model, with 
a nitrogen purge and a speed of 10 °C min‒1. Gel permeation chromatography 
(GPC) was performed using an Agilent 1100 system, with THF and polystyrene 
(PS) as solvent and standard.

2.2	 Synthesis of glycidyl nitrate (GN)
A 100 mL two-necked round-bottomed flask equipped with a magnetic stirrer 
bar was utilized. The flask was fitted to a dropping funnel and a condenser. 
Solid KNO3 (12.12 g, 0.12 mol) and 60% HNO3 (20 mL) solution were added 
to the flask. The reaction temperature was maintained at 10 °C. ECH (37 g, 
2 mol) was added by a dropping funnel during 3 h with  slow stirring. After 
the addition of the ECH was complete, the temperature was kept for 3 h in the 
range of 9-14 °C. Subsequently, a 50% aqueous solution of NaOH (44.8 g) was 
added to the mixture at 7 °C during 3 h. After the addition of the NaOH, the 
mixture was kept stirring during 24 h. The organic layer was extracted with DCM 
(3×20 mL), and the combined organic layers were subsequently washed with 
water (3×40 mL). The organic layer was then dried over Na2SO4 (10 g), and the 
solvent was evaporated under vacuum conditions. Due to the energetic nature of 
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the final products, it can be distillated at 10 mmHg and 45 °C. The yield obtained 
was 28.8 g, corresponding to a percentage yield of 62%.

2.3	 Synthesis of a new random copolymer of tetrahydrofuran-
glycidyl nitrate, poly (THF-ran-GN)

In a nitrogen atmosphere, a 100 mL round-bottomed flask equipped with 
a magnetic stirrer bar was fitted with a dropping funnel. The flask was charged 
with dry DCM (10 mL) as the solvent, and BDO (0.56 g, 0.013 mol) dried with 
4 Ǻ molecular sieves was added as the polymerization initiator. Afterwards, 
BF3·OEt2 (0.5 mL, 0.004 mol) was introduced as the catalyst, still under a nitrogen 
atmosphere. The temperature was maintained at 5 °C and slowly stirred for 
10 min. During the mixing process, a mixture of GN (10.5 g, 0.088 mol) and THF 
(6.52 g, 0.090 mol) in of dry DCM (10 mL) was added dropwise over a period 
of 50 min. Stirring was continued at 5-10 °C for 48 h. A light-yellow coloured 
solution was obtained, and the reaction was then quenched using water (5 mL). 
The final product was extracted using  dry DCM (50 mL). The copolymer solution 
was washed with aqueous NaHCO3 (25 wt.%), dried with magnesium sulfate 
(MgSO4), and the DCM was evaporated under vacuum conditions. This process 
yielded the copolymer poly (THF-ran-GN). The yield was 15.7 g (80%), with 
a number average molecular weight (Mn) of 1561 g mol−1:
–	 GPC analysis: MW = 2411 g mol−1, Mn = 1561 g mol−1, PDI = 1.455,
–	 1H NMR (400 MHz, CDCl3) δ [ppm]: 1.10 (–CH2–CH2O), 3.2-4 (CH2O) 

and (CHO), 4.4-4.60 (–CH2ONO2),
–	 13C NMR, (100 MHZ CDCl3) δ [ppm]: 26 (CH2CH2O), 72.85 (–CH2O), 

73.83 (–CH2ONO2), 75.18 (CHO),
–	 FT-IR (KBr) [cm−1]: 3428, 2868, 1634, 1279, 1118 and 857.

2.4	 Ea calculation during thermal decomposition
Various methods are employed in order to investigate thermal decomposition, 
the TGA method being particularly practical. Additionally, the Kissinger method 
is used as given in Equation 1 [32-34]. 

ln(β/Tm
2) = −Ea./RTm� (1)

where β, Tm, Ea and R are the different heating rates, the maximum temperature of 
weight loss, activation energy, and universal gas constant, respectively. The graph 
slope of ln(β/Tm

2) is correlated with the measured Tm. According to Equation 1, the 
slope of the plot of ln(β/Tm

2) against )1/Tm) is equivalent to (–Ea./R). Consequently, 
the Ea value can be determined from the slope [35].
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Other methods used to calculate the Ea of decomposition include the FWO 
method in the following form [36-38]:

log β = C ‒ (0.4567Ea/RTa)� (2)

where the Ea can be determined by analyzing the slope of the log β against 1/Ta.

2.5	 Computational details
The geometric and electronic structure of the copolymer was investigated 
using density functional theory (DFT) methods in order to gain insight into its 
optoelectronic properties. The local minimum geometry of this copolymer was 
obtained with hybrid DFT exchange-correlation functional and an all-electron 
basis sets, such as B3LYP and 6-31g(d), after a DFT calibration method using 
Gaussian 09 program package [38-43]. Taking into account the ground state 
structure of the copolymer unit cell, its electronic absorption spectra was 
calculated with TD-DFT [44].

3	 Measurement and Results

3.1	 Synthesis of the new copolymer poly (THF-ran-GN)
A new random copolymer, namely poly (THF-ran-GN) (Mn = 1561 g mol−1) was 
synthesized using BF3·OEt2 as a catalyst for cationic ring-opening of GN and 
THF. The copolymerization reaction was initiated with BDO (Figure 1).
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Figure 1.	 Copolymerization reaction in the synthesis of poly (THF-ran-GN)
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3.2	Verification of poly (THF-ran-GN) copolymer
The structure of random copolymer poly (THF-ran-GN) was characterized using 
spectroscopy. The FT-IR spectra of poly (THF-ran-GN) and PGN are presented 
in the first Supplementary Information (SI, Figure S1). The structure of the 
synthesized copolymer was also characterized using nuclear magnetic resonance 
(NMR) spectroscopy, as shown in SI, Figures S2 and S3.

The poly (THF-ran-GN) FTIR spectrum displays peaks at 3428, 2868, 
1634, 1279, 1118, and 857 cm−1, which correspond to the PTHF and PGN 
fragments. These peaks represent the vibration of ‒OH, ‒CH2, symmetrical 
and unsymmetrical vibration of ‒NO2, C‒O groups and stretching of N‒O, 
respectively. These peaks confirm the presence of the copolymer structure of 
poly (THF-ran-GN).

In the NMR spectra (Figure S2), the signal observed at 1.55 ppm was 
assigned to the methylene of the opened THF ring and the catalyst methylene 
protons. Multiple peaks ranging from 3.2 to 4 ppm indicated the presence of 
methylene protons of –CH2O, while the methylene protons of –CH2ONO2 units 
were observed at 4.4-4.60 ppm. The 1H NMR spectrum indicated that the peak at 
1.2 ppm corresponded to the (O–CH2–CH3) group of the catalyst and the opened 
THF ring [45, 46]. Additionally, 1H NMR spectroscopy was used to ascertain the 
molar percentages of the two monomers used in the copolymerization process 
[47]. These results indicated that GN exhibits greater reactivity compared to 
THF in this copolymerization, with 66.36 mol% GN and 33.64 mol% THF, 
respectively. 13C NMR analysis (see Figure S3), of poly (THF-ran-GN) exhibited 
distinct peaks at 26.3 (CH2CH2O), 72.85 (–CH2O), 73.83 (–CH2ONO2) and 
75.18 (CH–O), which correspond to the structure of the newly synthesized 
copolymer [48, 49].

GPC analysis of the synthesized poly (THF-ran-GN) is shown in Figure 2,  
and revealed values of Mw, Mn, and PDI for the copolymer as 1561 and 
2411 g mol−1, and 1.455, respectively.
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Figure 2.	 GPC plot of poly (THF-ran-GN)

3.3	 Thermal properties of poly (THF-ran-GN) copolymer
The DSC thermogram (see Figure 3) displays the thermal properties of the 
copolymer poly (THF-ran-GN). The results for the random copolymer indicated 
the occurence of a single point for the Tg, which is influenced by the purity of 
THF and GN utilized in the copolymerization process. The Tg value of the new 
copolymer is lower (Tg = ‒59 °C) than that of PGN (Tg = ‒32 °C), which can 
be attributed to the presence of the flexible units in PTHF (Tg = ‒85 °C). This 
outcome suggests that the copolymerization reaction has improved the Tg value 
of the copolymer.
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Figure 3.	 DSC thermogram of PGN and poly (THF-ran-GN)

3.4	 Theoretical results
The low lying unit cell structure of the open shell copolymer was obtained 
without any symmetry constraints (C1 symmetry), see Figure 4. No imaginary 
frequency in this structure confirms the local minimization of its geometry. 
The frontier molecular orbitals in the TD-DFT framework and optoelectronic 
properties were studied using the UV spectrum. A few peaks are visible in the 
areas 295-335, 435-565, and 3235 nm, with verifiable oscillator strength. The 
existence of peaks in Figure 5 confirms the highly energetic properties of the 
copolymer. These peaks are related to electrons in the frontier orbitals with 
high excitation. The developed form of these peaks can be seen in Figure 6. 
In SI (Figure S4), a lot of electron movements in the molecular orbitals of the 
investigated copolymer are visible. It is known that α- and β-electron transitions 
increase oscillation strengths. 
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Figure 4.	 Optimized unit cell structure of copolymer at B3LYP/6-31G (d) 
level of theory

Figure 5.	 Calculated UV spectrum of the copolymer at the selected level of 
theory
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Figure 6.	 Frontier molecular orbitals of the copolymer

3.5	 Thermal decomposition of the synthesized poly (THF-ran-GN)
Various heating rates were utilized to study the decomposition of the copolymer. 
The copolymer’s DSC analysis was conducted at rates of 5, 10, 15, 20 K·min‒1, 
ranging from 25 to 400 °C. As the heating rate was increased, the decomposition 
temperature was observed to shift towards higher temperatures. Figures 7 and 8 
illustrate the relationship between heating rate and temperature, indicating that 
the decomposition enthalpy (ΔH) increased with heating rate. An exothermic 
decomposition (Figures 7 and 8 (see SI, Figures S5-S8) occurs at 204.87, 212.66, 
221.46, and 224.57 °C at heating rates of 5, 10, 15, and 20 K·min‒1, respectively. 
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The DSC curves show a reliable effect on the decomposition process of the 
random copolymer (Figure 8). According to the DSC analysis, there is a single 
peak for the synthesized copolymer; increasing the heating rate mainly leads to 
an increase in the decomposition temperature (DT) (in °C) and ΔH (in J·g‒1). 
Comparing the ΔH values of PGN (‒348 J·g‒1) [1] with those of this copolymer 
at heating rates of 5 and 10 K·min‒1, it may be concluded that the decomposition 
energy is decreased in the random copolymer at these heating rates. So, creating 
the copolymer from PGN causes a decrease in the ΔH. There are inverse trends 
at 15 and 20 K·min‒1 heating rates for the ΔH values.
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Figure 8.	 DSC thermograms and ΔH values for the copolymer in the range 
of 25 to 400 °C at heating rates of 5 (a), 10 (b), 15 (c), and 20 (d) 
K min‒1 (see original thermograms in SI, Figures S5-S8)

3.6	 Kinetic study of the thermal decomposition
In the Kissinger method, the regression (R2) analysis gave a value of 0.97, 
indicating the copolymer’s linear behaviour. According to its equation line, 
y = ‒13.74x + 19.77, the Ea value for decomposition was 114 kJ·mol‒1, as in 
other reports, 117 kJ·mol‒1 [20]. Furthermore, the degradation rate (K) and half-
life of decomposition (T1/2) of the synthesized copolymer are predicted using 
Equations 3 and 4.

K = A exp‒Ea/RT� (3)

where A, R, and T are the pre-exponential factor, universal gas constant, and 
absolute temperature, respectively.

T1/2 = 0.658/K� (4)

Based on Equation 3 and the Ea value, at 50 °C the copolymer exhibits T1/2 
value of 5.6 y.

4	 Conclusions

♦	 The synthesis of random copolymer poly (THF-ran-GN) was confirmed 
using spectroscopic techniques. A cationic ring-opening reaction was utilized 
for opening the cationic rings of glycidyl nitrate (GN) and tetrahydrofuran 
(THF) to produce poly (THF-ran-GN) (Mn = 1561 g mol−1). The new 
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copolymer consists of 66.36 mol% GN, and 33.64 mol% THF.
♦	 The results show that the Tg of this copolymer is ‒59 °C, which falls between 

the Tg values of PGN (‒32 °C) and PTHF (‒85 °C).
♦	 In terms of the kinetic study, the Ea and half-life at 50 °C are 114 kJ mol‒1 

and 5.6 y, respectively.
♦	 Theoretical analysis of the synthetic copolymer reveals that its energetic 

properties are associated with the nitro ester structure. Numerous oscillator 
electrons confirm the energetic nature of structures derived from nitrate 
esters. Moreover, significant excitations with high oscillation strengths 
suggest a highly energetic potential for this copolymer.
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