Polymer(Korea), Vol. 43, No. 4, pp. 503-511 (2019)
https://doi.org/10.7317/pk.2019.43.4.503

AESIZ|E X[H AUT-PNIMMOZS| &

ISSN 0379-153X(Print)
ISSN 2234-8077(Online)

al
=

dst

Xiaochuan Wang, Ping Li**“, Xianming Lu, Hongchang Mo, Minghui Xu, Ning Liu, and Yuanjie Shu

Xi’an Modern Chemistry Research Institute
*School of Mechanical and Electric Engineering, Guangzhou University
018 119 179 H<s, 2019939 39 18Y 47, 2019 5¥€ 3 A=)

Synthesis and Curing of AUT-PNIMMO with Three Functional Groups

Xiaochuan Wang, Ping Li*'", Xianming Lu, Hongchang Mo, Minghui Xu, Ning Liu, and Yuanjie Shu
Xi’an Modern Chemistry Research Institute, Xi’an 710065, China

*School of Mechanical and Electric Engineering, Guangzhou University, Guangzhou, 510006, China
(Received November 17, 2018; Revised March 18, 2019; Accepted May 3, 2019)

Abstract: T-PNIMMO with three functional groups was synthesized by cationic ring opening polymerization of NIMMO
(3-nitratomethyl-3-methyloxetane) in the presence of TMP (trimethylolpropane) catalyzed by BF;-OEt,. Then AUT-
PNIMMO was synthesized by T-]PNIMMO and allyl isocyanate. The polymers were characterized by FTIR, '"H NMR,
*C NMR, and their thermal stability was estimated by DSC. Moreover, tensile testing was used to evaluate the mechan-
ical properties of polyurethane elastomer based on T-PNIMMO and toluene-2,4-diisocyanate (TDI), and isoxazoline elas-
tomer based on AUT-PNIMMO and tetramethyl-terephthalobisnitrile oxide (TTNO). This showed an increase of tensile
strength from 2.0 to 4.0 MPa and elongation at break from 150% to 500%, respectively. These results indicated that AUT-
PNIMMO exhibited a good thermal stability, had satisfactory mechanical properties and was expected to be used in the
composite solid propellant and polymer bonded explosives.

Keywords: energetic binder, 3-nitratomethyl-3-methyloxetane, polymerization, isoxazoline elastomer.

Introduction

Hydroxyl-terminated polybutadiene (HTPB) has been used
in composite solid propellant and polymer bonded explosives
for a very long time for binding the oxidizer, metallic fuel, and
other additives.'* In recent years, the replacement of HTPB by
energetic polymeric binders such as glycidyl azide polymer
(GAP) and poly(3-nitratomethyl-3-methyloxetane) (polyNIMMO)
to develop advanced rocket propellants is a new trend in the
field of energetic materials. They are usually cross-linked by
the curing agent of isocyanate to form polyurethanes.”™ How-
ever, the reaction of hydroxyl terminated prepolymers with the
isocyanates suffers from the humidity sensitivity in the curing
process.'™ Furthermore, the curing of isocyanate system
needs high temperature.

The curing system with 1,3-dipolar cycloaddition of nitrile
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oxide is a different one which can decrease the curing tem-
perature in comparison with isocyanate system.'*'” Nitrile
oxides are organic compounds which contain -CNO bound
directly to carbon atom.'®?' Sterically hindered bifunctional
nitrile oxides are definitely stable at room temperature. The
—CNO groups react with C=C bonds to form the isoxazoline.
Therefore, tetramethyl-terephthalobisnitrile oxide (TTNO) can
be used as a room-temperature curing agent for curing unsat-
urated polymers.”2°

In this study, AUT-PNIMMO was synthesized by T-
PNIMMO and allyl isocyanate. For there are three C=C bonds
in each AUT-PNIMMO molecule, the 1,3-dipolar cyc-
loaddition reaction between nitrile oxide and C=C groups can
be used to cure AUT-PNIMMO. T-PNIMMO with three func-
tional groups was synthesized by cationic ring opening polym-
erization of 3-nitratomethyl-3-methyloxetane (NIMMO) in the
presence of trimethylolpropane (TMP) catalyzed by BF;-OEt,.
The structures of these compounds were confirmed by FTIR,
'H NMR, "*C NMR, and their thermal stability was estimated
by DSC. The mechanical properties of isoxazoline elastomer
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based on AUT-PNIMMO and TTNO was compared with those
of polyurethane elastomer based on T-PNIMMO and TDI.

Experimental

Materials and Methods. 3-hydroxy-3-methyl-oxetane
(HMMO), trimethylolpropane (TMP), toluene-2,4-diisocya-
nate (TDI) were purchased from J&K Scientific Ltd. (Shang-
hai). BF;-OEt,, CH,Cl,, Na,CO;, MgSO, were supplied by
Chengdu Kelong Chemical Reagents Company. Allyl isocy-
anate, HNO; and acetic anhydride were purchased from
Energy Chemical (Shanghai).

FTIR spectra were measured with a Bruker Tensor 27 instru-
ment (KBr pellet) with a resolution of 4 cm™ in range of 400-
4000 cm™. 'H NMR and "*C NMR spectra were recorded with
a Bruker 500 MHz instrument using CDCl; 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. According to GB/T 528-2009, the elastomer was
cut out dumbbell-shaped samples for tensile test. The test was
carried out on an Instron 4505 computer-controlled electronic
testing machine at a rate of 100 mm/min.

Synthesis of 3-Nitratomethyl-3-Methyloxetane (NIMMO).”
HNO; (20 mL, 0.476 mol) was dropwise added into a stirring
mixture of CH,Cl, (100 mL) and acetic anhydride (47.35 g,

o (CH3CO),0 0

HMMO

NIMMO

Scheme 1. Synthesis route of 3-nitratomethyl-3-methyloxetane.

T™MP

Scheme 2. Synthesis route of T-PNIMMO.
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0.463 mol) at 10 °C. After stirring for an additional 30 min at
10 °C, the reaction mixture was cooled to -4 °C. Then 3-
hydroxy-3-methyloxetane (HMMO, 35 g, 0.343 mol) was
added dropwise for 2 h to the stirring solution. The mixture
was stirred for another 10 min. And then, the reaction was
halted by the addition of aqueous solution of Na,COs;. The
organic phase was separated and washed with distilled water,
and then evaporation of CH,Cl, gave colorless oil (40.22 g,
79.7%) (Scheme 1).

Synthesis of T-PNIMMO. TMP (1.3 g, 0.01 mol) was dis-
solved in CH,Cl, (20 mL) in a three-necked round bottomed
flask fitted with a thermometer, BF;-OEt, (1.4 g, 0.01 mol)
was then added into the flask and stirred for 30 min at 25 °C.
NIMMO (22 g, 0.15 mol) was added dropwise for 2 h. After
addition of the monomers, the reaction was left to react for
another 48 h. And then, the reaction was halted by the addition
of aqueous solution of Na,CO;. The organic phase was sep-
arated and washed with distilled water, and then evaporation of
CH,Cl, gave yellowish T-PNIMMO (22.43 g, 96.7%) (Scheme
2).

Scheme 3 shows the synthesis route of T-PNIMMO via cat-
ionic polymerization.?®

Preparation of Polyurethane Elastomer Based on T-
PNIMMO and TDL® Polyurethane elastomer based on T-
PNIMMO and TDI was prepared via mixing T-PNIMMO and
TDI at a NCO/OH ratio of 1.1. A typical synthesis procedure
was as follows: T-PNIMMO was mixed with TDI and
degassed at 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 7 days at 65 °C. The obtained poly-
urethane elastomer was cut into dumbbell-shaped specimen to
measure the mechanical properties.

Synthesis of AUT-PNIMMO. T-PNIMMO (22 g, 0.01 mol)
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Scheme 3. Synthesis route of T-PNIMMO via cationic polymerization.
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Scheme 4. Synthesis route of AUT-PNIMMO.

was added in a three-necked round bottomed flask fitted with
a thermometer. Allyl isocyanate (2.49 g, 0.03 mol) was added
dropwise for 10 min at 50 °C. After addition of allyl iso-
cyanate, the reaction was left to react for 12 h at 75 °C. And
then, yellowish AUT-PNIMMO (24.49 g, 100%) was obtained
(Scheme 4).

Preparation of Isoxazoline Elastomer Based on AUT-
PNIMMO and TTNO. The TTNO was synthesized with four
steps in total yield of 72%. The synthetic scheme was shown
as the following formula.*® After recrystallization from meth-
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anol-methylene chloride, the TTNO was obtained analytically
pure. 'H NMR (500 MHz, CDCL,), & 2.41 (s, 12H); “C NMR
(125 MHz, CDCl;), & 138.1, 117.5, 18.6. Anal. Calcd for
C,H;pN,O,: C, 66.65; H, 5.59; N, 12.96. Found: C, 67.21; H,
5.76; N, 11.90 (Scheme 5).

Preparation of isoxazoline elastomer based on AUT-
PNIMMO and TTNO was conducted via mixing AUT-
PNIMMO and TTNO at a CNO/C=C ratio of 1. A typical syn-
thesis procedure was as follows: TTNO was mixed with CH,.
Cl, to achieve a clear solution. The solution was mixed with

Polymer(Korea), Vol. 43, No. 4, 2019



X. Wang et al.,

_Br

[ NO, THO
(cH0), [ A T
™~ HBrHOAc -~ ‘“'|f’ ™ KOHW, isopropanol - 77
CHO
B
CH=N—0OH GNO
NH;OH T NaOCl *-,__,;«‘-\I,./
alcohol P CHCl; S
H=N—0OH CNO

Scheme 5. Synthesis route of TTNO.

AUT-PNIMMO for 5 h. The mixture was then cast into a
petrie dish and left to react 7 days at 25 °C. The obtained isox-
azoline elastomer was cut into dumbbell-shaped specimen to

NMR and *C NMR as presented in Figure 2. As shown in Fig-
ure 2(A), the signals observed at 0.96-1.00 ppm were
attributed to the methyl protons (denoted c) of the side chain.
The signals at 3.25-3.37 ppm were due to the methylene pro-
tons (denoted b) of the main chain. The signals at 4.31-
4.49 ppm were attributed to the methylene protons (denoted a)
of the side chain.”® The polymerization reaction was also con-
firmed by C NMR spectrum. As shown in Figure 2(B), the
resonances of methyl carbons (denoted a, b) in side chain were
presented at 7.5 and 16.9 ppm, respectively. The resonances of
methylene carbons (denoted c) in side chain were presented at
17.3 ppm. The resonances of quaternary carbons (denoted d, e)
in the main chain were presented at 40.4 and 66.4 ppm, respec-
tively. Meanwhile, the resonances of methylene carbons

measure the mechanical properties.

Results and Discussion

Structure of T-PNIMMO. Figure 1 shows the FTIR spectra
of NIMMO and T-PNIMMO. In the FTIR spectrum of the
NIMMO, the symmetric and unsymmetric stretching vibration
of -NO, was observed at 1630 and 1281 cm™'. The observed
peak at 2886 cm™ is attributed to stretching vibration of C-H.
The FTIR spectrum of T-PNIMMO shows same characteristic
peaks of NIMMO at 2886, 1630, and 1281 cm™, the peak at
1112 cm™ is attributed to stretching vibration of C-O in the
chain.*'** Moreover, the absorbance peak at 3444 cm™ is

attributed to O-H in T-PNIMMO.

The structures of T-PNIMMO were characterized by 'H
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Figure 1. FTIR spectra of NIMMO and T-PNIMMO.
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Figure 2. (A) 'H NMR; (B) *C NMR of T-PNIMMO.
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(denoted f, g and h) in the main chain were presented at 71.5,
73.7 and 74.9 ppm, respectively. The resonances of methylene
carbons in the side chain were presented at 75.8 ppm (denoted 1).

Thermal Properties of T-PNIMMO. Figure 3 shows the
DSC glass transition temperature (7,) curve of T-PNIMMO.
The T-PNIMMO shows very low glass transition temperature
(-42°C). The T, value is much lower than polyNIMMO
(-30 °C).** Furthermore, T-PNIMMO has a single 7. The sin-
gle 7, of T-PNIMMO indicates that it is a single polymer.

Figure 4 shows the DSC curve of T-PNIMMO. The deg-
radation of polyNIMMO initiated via the breakage of nitrate
ester groups at around 215 °C.** As can be seen, an exothermic
decomposition peak is observed around 217 °C corresponding
to degradation of —ONO, energetic segment.

0.3 4

0.2 <

0.0 4

-0.1 <

Heat Flow (mW/g)

0.2 4

-03 4

Temperature {'C)

Figure 3. DSC glass transition temperature (7,) curve of T-
PNIMMO.

Structure of AUT-PNIMMO. Figure 5 shows the FTIR
spectra of T-PNIMMO and AUT-PNIMMO. In the FTIR spec-
trum of the AUT-PNIMMO, the stretching vibration of N-H
was observed at 3443 cm™. The in-plane bending vibration of
N-H was observed at 1518 cm™. The peak at 1727 cm™ is
attributed to stretching vibration of C=0.%*" The FTIR spec-
trum of AUT-PNIMMO shows same characteristic peaks of T-
PNIMMO at 2887, 1632, and 1281 cm™.

The structures of AUT-PNIMMO were characterized by 'H
NMR and *C NMR as presented in Figure 6. As shown in Fig-
ure 6(A), the signals observed at 0.96-1.00 ppm were
attributed to the methyl protons (denoted c) of the side chain.
The signals at 3.25-3.28 ppm were due to the methylene pro-
tons (denoted b) of the main chain. The signals at 4.39 ppm
were attributed to the methylene protons (denoted a) of the side
chain. The signals at 5.85, 5.24, and 5.13 ppm were due to the
alkenyl protons (denoted d, e and f) of the main chain. The sig-
nals at 4.01 and 3.80 ppm were due to the methylene protons
(denoted g, h) of the main chain. The reaction was also con-
firmed by C NMR spectrum. As shown in Figure 6(B), the
resonances of carbons are similar with T-PNIMMO. The dif-
ference is shown as follows. The resonances of alkenyl car-
bons (denoted j, k) in the main chain were presented at 116.3
and 134.3 ppm. The resonances of carbonyl carbons (denoted
1) in the main chain were presented at 155.9 ppm. The res-
onances of methylene carbons (denoted m) in the main chain
were presented at 43.5 ppm.*

Figure 7 shows the GPC curves of T-PNIMMO and AUT-
PNIMMO. It was observed that the synthesized polymer T-
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Figure 4. The DSC curve of T-PNIMMO.
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Figure 5. FTIR spectra of T-PNIMMO and AUT-PNIMMO.
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PNIMMO had a relatively narrow molecular weight distri-
bution (PDI=M,/M,=1.42) and M,=2900 g/mol. The M, of the
AUT-PNIMMO increased from 2900 to 3100 g/mol (PDI=M,/
M,=1.38) after reaction. The GPC result was lower than the
theoretical molecular weight of AUT-PNIMMO (around 3500
g/mol), it may be attributed to the unexpected transfer and ter-
mination processes involved in the polymerization. These
results confirmed the successful synthesis of the polymer T-
PNIMMO and AUT-PNIMMO.

Thermal Properties of AUT-PNIMMO. Figure 8 shows
the 7, curve of AUT-PNIMMO. The 7, value (-26 °C) of AUT-
PNIMMO is higher than T-PNIMMO (-42 °C). Furthermore,
AUT-PNIMMO has a single 7,. The single 7, of AUT-
PNIMMO indicates that it is a single polymer.”

Figure 9 shows the DSC curve of AUT-PNIMMO. As can
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Figure 6. (A) 'H NMR; (B) "C NMR of AUT-PNIMMO.
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be seen, an exothermic decomposition peak is observed around
217 °C corresponding to degradation of —-ONO, energetic seg-
ment. This is similar with the DSC curve of T-PNIMMO and
indicates that AUT-PNIMMO has thermal stability.

Thermal Property of Isoxazoline Elastomer. The thermal
stability of energetic materials plays an important role in the
application of elastomer. Hence, that is important to research
the thermal decomposition behavior for isoxazoline elastomer
based on AUT-PNIMMO and TTNO. In order to investigate
the dependence of elastomer structure to thermal behavior of
elastomer, DSC measurement was performed. Figure 10 shows
the DSC curve of isoxazoline elastomer based on AUT-
PNIMMO and TTNO. An exothermic decomposition peak is
observed around 220°C corresponding to degradation of
polyNIMMO energetic segment.
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Figure 7. GPC curves of T-PNIMMO and AUT-PNIMMO.
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PNIMMO.
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Figure 9. DSC curve of AUT-PNIMMO.
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Figure 10. DSC curve of isoxazoline elastomer.

Residual solvent in the elastomer is expected to affect their
physical properties. The TGA curve is used to prove that there
is no residual solvent in the isoxazoline elastomer obtained
after curing. The TGA curve of the isoxazoline elastomer is
shown in Figure 11. The TGA thermogram displays two dis-
tinct regions of weight loss. The first weight loss temperature
occurred at 220 °C with a sharp weight loss of around 40%
with respect to the total, corresponding to the decomposition of
—ONO, energetic segment. The second main weight loss
occurred at 240-400 °C with a gradual weight loss was due to
the main-chain thermal decomposition of the isoxazoline elas-
tomer.

The Mechanical Properties of Isoxazoline Elastomer
and Polyurethane Elastomer. Tensile testing evaluated the
ultimate mechanical properties of polyurethane elastomer
based on T-PNIMMO and TDI and isoxazoline elastomer
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Temperature {'C)

Figure 11. TGA curve of isoxazoline elastomer.

Table 1. Mechanical Properties of Isoxazoline Elastomer and
Polyurethane Elastomer

Energetic binder Stress (MPa)  Strain (%)
T-PNIMMO TDI 2.0 150
AUT-PNIMMO TTNO 4.0 500

Curing agent

based on AUT-PNIMMO and TTNO (Table 1). The tensile
strength and elongation at break of polyurethane elastomer
were 2.0 MPa and 150%, respectively. The tensile strength and
elongation at break of isoxazoline elastomer were 4.0 MPa and
500%, respectively.

The FTIR spectra of the mixture of AUT-PNIMMO and
TTNO, isoxazoline elastomer and AUT-PNIMMO are shown
in Figure 12. Comparison of the spectra shows that the dis-
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Figure 12. FTIR spectra of the mixture of AUT-PNIMMO and
TTNO, isoxazoline elastomer and AUT-PNIMMO.

Polymer(Korea), Vol. 43, No. 4, 2019



510 X. Wang et al.,

CNO

g

Figure 13. Formation of isoxazoline elastomer.

appearance of strong absorption peak (2291 cm™) of -CNO
indicates the completion of 1,3-dipolar cycloaddition reaction.
There are three C=C bonds in each AUT-PNIMMO molecule
and two —CNO groups in each TTNO molecule. The -CNO
group of TTNO reacts with C=C bond of AUT-PNIMMO to
form the isoxazoline. As a result, the FTIR absorption peak of
—CNO group disappeared. These can confirm successful prog-
ress of the reaction of nitrile oxides with vinyl end groups in
AUT-PNIMMO.

Figure 13 shows the formation of isoxazoline elastomer
based on AUT-PNIMMO and TTNO. As can be seen, the
strong hydrogen bonding interaction existing in urethane and
isoxazoline has remarkable effect on the mechanical properties
of the isoxazoline elastomer.*’ As a result, the isoxazoline elas-
tomer based on AUT-PNIMMO and TTNO has showed
improved mechanical properties than polyurethane elastomer
based on T-PNIMMO and TDL

Conclusions

AUT-PNIMMO was synthesized by T-PNIMMO and allyl
isocyanate to produce a material for energetic binder for poly-
mer bonded explosives and solid rocket propellant. T-
PNIMMO with three functional groups was synthesized by
cationic ring opening polymerization of 3-nitratomethyl-3-
methyloxetane (NIMMO) in the presence of trimethylolpro-
pane (TMP) catalyzed by BF;-OFEt,. The structures of these
compounds were confirmed by FTIR, 'H NMR, *C NMR, and

Zay, A|4338 A43, 20193

their thermal stability was estimated by DSC. Tensile testing
evaluated the ultimate mechanical properties of polyurethane
elastomer based on T-PNIMMO and TDI and isoxazoline elas-
tomer based on AUT-PNIMMO and TTNO. That showed an
increase of tensile strength from 2.0 to 4.0 MPa and elongation
at break from 150% to 500%, respectively. These results indi-
cated that AUT-PNIMMO exhibited a good thermal stability,
and was expected to be used in the composite solid propellant
and polymer bonded explosives.
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