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Abstract: A tri-functional NIMMO-THF copolyether (T-NT) was synthesized 
by polymerization of 3-nitratomethyl-3-methyloxetane (NIMMO) 
and tetrahydrofuran (THF) in the presence of trimethylolpropane and catalyzed 
by BF3·OEt2. The allyl urethane NIMMO-THF copolyether with three 
functional groups (AUT-NT) was synthesized from tri-functional NIMMO-
THF copolyether and allyl isocyanate. The polymer was characterized by FT-
IR, 1H NMR, and 13C NMR. Furthermore, an elastomer that was prepared 
from allyl urethane NIMMO-THF copolyether with three functional groups 
and trimethylisophthalodinitrile oxide (TINO) had satisfactory mechanical 
properties and good thermal stability. The elastomer is expected to be used 
in composite solid propellants and polymer-bonded explosives (PBX).
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1	 Introduction

There are a lot of polymers with special structures and excellent performance, 
such as hydroxyl-terminated polybutadiene (HTPB), hydroxyl terminated 
polyether   (HTPE),  polyethylene glycol   (PEG) and so on [1-6] . 
In recent years, a new trend has been the replacement of these inert binders 
by energetic binders such as glycidyl azide polymer (GAP) [7-11] and poly[(3-
nitratomethyl)-3-methyloxetane] (polyNIMMO) [12-18], in order to develop 
advanced rocket propellants and polymer-bonded explosives (PBX). 
PolyNIMMO is an energetic polymer with high energy output and good 
compatibility with highly energetic oxidizers. However, its higher Tg (–30 °C) 
and its mechanical properties are not suitable for use as a propellant binder. 
The preparation of a copolymer of tetrahydrofuran (THF) and NIMMO 
may provide a rather more suitable energetic propellant binder, although there 
is energy loss when replacing polyNIMMO with the proposed copolymer [19, 20].

These are telechelic polymers terminated at each end with a hydroxyl 
functional group, which are usually cross-linked by an isocyanate curing 
agent to form polyurethanes [21-29]. The polyurethane’s three-dimensional 
network exhibits excellent mechanical properties. However, there are some 
disadvantages of hydroxyl-terminated polymer and isocyanate systems. 
The inherent incompatibility of isocyanates with ammonium dinitramide 
(ADN) and the humidity sensitivity of the curing process demand 
a new curing system [30-33].

Nitrile oxides are organic compounds which contain the –CNO group 
bound directly to a carbon atom [34-38]. Sterically hindered bifunctional 
nitrile oxides are stable indefinitely at room temperature. They can be used 
to crosslink unsaturated polymers. The –CNO groups react with C=C 
bonds to form isoxazolines. Since there are two –CNO groups in each 
trimethylisophthalodinitrile oxide (TINO) molecule, TINO can be used 
as a room-temperature curing agent for curing unsaturated polymers [39, 40]. 
Furthermore, since there are three C=C bonds in each allyl urethane NIMMO-
THF copolyether molecule and two –CNO groups in each TINO molecule, 
a cross-linked network can be obtained by the curing system, via 1,3-dipolar 
cycloaddtion of the nitrile oxide and the C=C group.

In the present study, allyl urethane NIMMO-THF copolyether with three 
functional groups (AUT-NT) was synthesized via the tri-functional NIMMO-
THF copolyether and allyl isocyanate. The tri-functional NIMMO-THF 
copolyether (T-NT) was synthesized by polymerization of NIMMO and THF 
in the presence of trimethylolpropane (TMP) catalyzed by boron trifluoride 
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etherate (BF3·OEt2). The structures of these products were confirmed by FT-
IR, 1H NMR, 13C NMR, and their thermal stability was estimated by DSC. 
The mechanical properties of an isoxazoline elastomer based on AUT-NT 
and TINO were compared with those of a polyurethane elastomer based on T-NT 
and hexamethylene diisocyanate (HDI). 

2	 Experimental

2.1	 Materials
NIMMO was prepared based on a reported method [41]. BF3·OEt2, dichloromethane, 
Na2CO3, and MgSO4 were obtained from the Xi’an Chemical Reagents Factory 
(Xi’an, Shaanxi province, China). THF, TMP, and HDI were purchased from J&K 
Scientific Ltd. (Shanghai, China). Allyl isocyanate was purchased from Energy 
Chemical (Shanghai, China).

2.2	 Characterization methods 
FTIR spectra were measured with a Bruker Tensor 27 instrument (KBr pellets) 
with a resolution of 4 cm–1 in the range 400-4000 cm–1. 1H NMR and 13C NMR 
spectra were recorded with a Bruker 500 MHz instrument using CDCl3 
as solvent. DSC, conducted with a TA Instruments DSC Q1000, was used 
to thermally characterize the samples using a heating/cooling rate of 10 °C·min–1.
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2.3	 Preparation 

2.3.1	Synthesis of tri-functional NIMMO-THF copolyether (T-NT)
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Scheme 1	  Synthetic route for T-NT

TMP (0.65 g, 0.005 mol), BF3·OEt2 (2.1 g, 0.015 mol), and THF 
(5.4 g, 0.075 mol) were added to a 3-necked round-bottomed flask fitted 
with a thermometer and stirred for 30 min at 25 °C. NIMMO (11 g, 0.075 mol) 
was then added dropwise over a period of 2 h. After the addition of the monomers, 
the reaction was left to react for another 24 h. The reaction mixture was then 
dissolved in dichloromethane. The reaction was halted by the addition 
of an aqueous solution of Na2CO3. The mixture was separated, the organic layer 
removed and the CH2Cl2 evaporated to leave the polymer. The yield of T-NT 
was 16.87 g (98.9%).

2.3.2	Preparation of the polyurethane elastomer based on T-NT 
and HDI

The polyurethane elastomer based on T-NT and HDI was prepared via mixing 
T-NT and HDI at an NCO/OH ratio of 1.1. A typical synthesis procedure 
was as follows: T-NT was mixed with HDI and degassed on a rotary evaporator 
for 30 min. The mixture was then cast into a Teflon® mold with a thickness 
of approximately 2 mm and left to react for 7 days at 65 °C. The polyurethane 
elastomer obtained was cut into dumbbell-shaped specimens for measurement 
of the mechanical properties.
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2.3.3	Synthesis of allyl urethane NIMMO-THF copolyether (AUT-NT)
T-NT (16.87 g, 0.01 mol) was added to a 3-necked round-bottomed flask fitted 
with a thermometer. Allyl isocyanate (1.25 g, 0.015 mol) was added dropwise 
over a period of 10 min at 50 °C. After the addition of allyl isocyanate, 
the reaction was left to react for 12 h at 75 °C. Orange AUT-NT (18.12 g, 100%) 
was obtained (Scheme 2).
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Scheme 2.	 Synthetic route for AUT-NT
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2.3.4	Preparation of an isoxazoline elastomer based on AUT-NT 
and TINO 

The trimethylisophthalodinitrile oxide (TINO) was synthesized in four steps 
in a total yield of 42%. The schematic synthetic route is shown in Scheme 3. 
The crude TINO was recrystallized from acetone. An SEM image of TINO 
(purity of 99% or more) is shown in Figure 1. The crystal morphology of TINO 
can be observed from the SEM image. It is colorless, crystalline and sparkles 
in the sunshine.
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Figure 1.	 The SEM image of TINO cultivated from acetone

The isoxazoline elastomer based on AUT-NT and TINO was prepared 
via mixing TINO and AUT-NT at a CNO/C=C ratio of 1. A typical synthetic 
procedure (see Figure 2) was as follows: TINO was mixed with CH2Cl2 to obtain 
a clear solution. The solution was mixed with AUT-NT for 5 h. The mixture 
was then cast into a Petri dish mold and left to react for 7 days at 25 °C. 
The isoxazoline elastomer obtained was cut into dumbbell-shaped specimens 
for measurement of the mechanical properties.
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Figure 2.	 The preparation flow chart for the isoxazoline elastomer

3	 Results and Discussion

3.1	 FT-IR spectra of T-NT and AUT-NT
Figure 3 shows the FT-IR spectra of T-NT and AUT-NT. In the FT-IR 
spectrum of T-NT, the symmetric and unsymmetric stretching vibrations 
of NO2 were observed at 1630 and 1280 cm–1. The observed peak at 2865 cm–1 
was attributed to the stretching vibration of C–H. In the FT-IR spectrum 
of AUT-NT, the stretching vibration of N–H was observed at 3444 cm–1. 
The in-plane bending vibration of N–H was observed at 1518 cm–1. 
The observed peak at 1727 cm–1 was attributed to the stretching vibration 
of C=O. Moreover, the other peaks, including 2865, 1633, 1280 and 1111 cm–1, 
are the same as with T-NT.
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Figure 3.	 FT-IR spectra of T-NT and AUT-NT

3.2	 NMR spectra of T-NT and AUT-NT
As shown in Figure 4, in the 1H NMR spectrum of T-NT the signals observed at 0.96-
1.00 ppm were attributed to the methyl protons of the side chain. The signals 
at 1.50-1.60 ppm were due to the methylene (not adjacent to O atoms) protons 
of the main chain. The signals at 3.25-3.37 ppm were due to the methylene 
(adjacent to O atoms) protons of the main chain. The signals at 4.31-4.49 ppm 
were attributed to the methylene protons of the side chain [42]. In the 1H NMR 
spectrum of AUT-NT, the signals at 5.85, 5.24, 5.13 ppm were due to the alkenyl 
protons (denoted a, b and c) of the main chain. The signals at 4.01 and 3.80 ppm 
were due to the methylene protons (denoted d and e) of the main chain.
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Figure 4.	 1H NMR spectra of T-NT and AUT-NT

The successful reaction was also confirmed by the 13C NMR spectrum. 
As shown in Figure 5, the resonances of carbons are similar to those of T-NT. 
The differences were as follow. The resonances of the alkenyl carbons 
(denoted c, d) in the main chain appeared at 116.3 and 134.3 ppm. The resonances 
of the carbonyl carbons (denoted a) in the main chain appeared at 155.9 ppm. 
The resonances of the methylene carbons (denoted b) in the main chain 
appeared at 43.5 ppm.
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Figure 5.	 13C NMR spectra of T-NT and AUT-NT

3.3	 FT-IR spectra of the blend of T-NT and HDI, polyurethane 
elastomer and T-NT

FT-IR spectra of the blend of T-NT and HDI, the polyurethane elastomer 
and T-NT are shown in Figure 6. Comparison of the spectra shows that 
the disappearance of the strong absorption peak (2275 cm–1) of –NCO indicates 
completion of the reaction. There are three –OH groups in each T-NT molecule 
and two –NCO groups in each HDI molecule. The –NCO groups of HDI react 
with the –OH groups of AUT-NT to form the polyurethane. As a result, the FT-
IR absorption peak of the –NCO groups disappeared.
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Figure 6.	 FT-IR spectra of the blend of T-NT and HDI, polyurethane elastomer 
and T-NT

3.4	 FT-IR spectra of the blend of AUT-NT and TINO, 
the isoxazoline elastomer and AUT-NT

FT-IR spectra of the blend of AUT-NT and TINO, the isoxazoline elastomer 
and AUT-NT are shown in Figure 7. Comparison of the spectra shows that 
the disappearance of the strong absorption peak (2291 cm–1) of –CNO 
indicates completion of the 1,3-dipolar cycloaddition reaction. There are three 
C=C bonds in each AUT-NT molecule and two –CNO groups in each 
TINO molecule. The –CNO groups of TINO react with the C=C bonds of AUT-
NT to form the isoxazolines. As a result, the FT-IR absorption peak of the –CNO 
groups disappeared.
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Figure 7.	 FT-IR spectra of the blend of AUT-NT and TINO, isoxazoline 
elastomer and AUT-NT

3.5	 The mechanical properties of the isoxazoline elastomer 
and the polyurethane elastomer

Tensile testing was used to evaluate the ultimate mechanical properties 
of the polyurethane elastomer based on T-NT and HDI, and the isoxazoline 
elastomer based on AUT-NT and TINO (Table 1). The tests were performed 
according Chinese standards GB/T 528-2009 and the test conditions were: 
dumbell-shaped specimens at 20 °C with speed of extension 500 mm/min. 
The tensile strength and elongation at break of the polyurethane elastomer 
were 1.0 MPa and 135%, respectively. 

Table 1.	 The mechanical properties of the isoxazoline elastomer and the 
polyurethane elastomer

Energetic binder Curing agent Stress [MPa] Strain [%]
T-NT HDI 1.0 135

AUT-NT TINO 3.0 300
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The formation of the isoxazoline elastomer is shown in Figure 8. The –
CNO groups react with the C=C bonds to form the isoxazoline as the crosslinking 
points, making the system a three-dimensional network. The network structure 
based on AUT-NT is more regular, so the mechanical properties of the isoxazoline 
elastomer are better. Because of the extra dipole-dipole interactions 
and strong hydrogen-bonding interactions of the urethane and the isoxazoline 
in the hard segments, microphase separation of the isoxazoline elastomer 
is enhanced compared with the conventional isoxazoline elastomer without 
urethane segments [43, 44]. The isoxazoline elastomer consists of soft segments 
and hard segments arranged alternately, and chemically linked together along 
a macromolecular backbone, as schematically shown in Figure 9.

Figure 8.	 The formation of the isoxazoline elastomer
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Figure 9.	 The illustration of microphase separation in the isoxazoline elastomer

The formation of microphase-separated structures arose from hard and soft 
segmented chemical incompatibility. The hard segments, including urethane 
and isoxazoline, self assembled into the hard domain. Although some hard 
segments are dispersed into the domains of the soft segments, the extent 
of microphase separation is due to thermodynamic factors. Soft domains mainly 
affect the elasticity of material at low temperatures. Generally, the inclusion 
of hard segments into the soft microphase can cause appreciable elevation 
of the mechanical properties of a material [45, 46].
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As a result, the isoxazoline elastomer based on AUT-NT and TINO 
has shown improved mechanical properties compared to the polyurethane 
elastomer based on T-NT and HDI. The tensile strength and elongation at break 
of the isoxazoline elastomer were 3.0 MPa and 300%, respectively.

3.6	 The compatibility of TINO and AUT-NT 
with energetic materials

The DSC curves of ADN, TINO/AUT-NT and their mixtures are shown 
in Figure 10. The respective compatibility of TINO and AUT-NT with energetic 
materials (HMX, RDX, CL-20, Al and ADN) was studied. Their maximum 
exothermic peak temperatures are shown in Table 2, and the evaluated standards 
of compatibility for explosive and contacted materials [14] are listed in Table 3.

(a)
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(b)
Figure 10.	 DSC curves of ADN (a, b), TINO (a), AUT-NT (b) and their 

mixtures (a, b)

Table 2.	 Data of single and mixtures obtained by pressure DSC

Mixture system Single 
system T 1

p
a [°C] T 2

p
b [°C] ΔT c

p [°C] Rating

TINO/Al

TINO 131
133 –2

Compatible

TINO/CL-20
TINO/RDX
TINO/HMX 134 –3
TINO/ADN 135 –4
AUT-NT/ADN ADN 191 197 –6
AUT-NT/RDX

AUT-NT 216
222 –6

AUT-NT/Al 218 –2
AUT-NT/CL-20 212 4 Slightly 

sensitizedAUT-NT/HMX HMX 284 280 4
a T1

p is the maximum exothermic peak temperature of a single system; b T2
p is the maximum 

exothermic peak temperature of a mixture system; c ΔT 
p = T1

p – T2
p
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Table 3.	 Data of single and mixture systems obtained by pressure DSC
ΔTp [°C] Rating Note

≤ 3 A  Compatible Safe for use in any explosive design.
3-5 B  Slightly sensitized Safe for use in testing; not to be used 

as a binder material.
6-15 C  Sensitized Not recommended for use 

with explosive items.
>15 D  Poorly compatibility Hazardous. Do not use under 

any conditions.

From Figure 10 and Tables 2 and 3, ADN is compatible with TINO and AUT-
NT. The TINO/HMX, TINO/RDX, TINO/CL-20, TINO/Al, AUT-NT/RDX, 
AUT-NT/ADN and AUT-NT/Al binary mixtures have good compatibility. 
However, the AUT-NT/HMX and AUT-NT/CL-20 binary mixtures 
are slightly sensitized.

4	 Conclusions

An allyl urethane NIMMO-THF copolyether with three functional groups (AUT-
NT) was synthesized from tri-functional NIMMO-THF copolyether (T-NT) 
and allyl isocyanate, to produce material as an energetic binder for polymer 
bonded explosives and solid rocket propellants. T-NT with three functional 
groups was synthesized by cationic ring opening polymerization of NIMMO 
and THF in the presence of TMP and catalyzed by BF3·OEt2. The structures 
of these polymers were confirmed by FT-IR, 1H NMR, and 13C NMR. 
Tensile testing evaluated the ultimate mechanical properties of a polyurethane 
elastomer based on T-NT and HDI and an isoxazoline elastomer based 
on AUT-NT and TINO. These showed an increase in tensile strength from 1.0 
to 3.0 MPa and elongation at break from 135 to 300%, respectively. These results 
indicated that AUT-NT exhibited satisfactory mechanical properties, 
and is expected to be used in composite solid propellants and polymer 
bonded explosives.
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