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Abstract

In this study, synthetic methods and physical properties for a new class of glycidyl azide polymer (GAP) were investigated
for energetic thermoplastic elastomers (ETPE). Four kinds of GAP copolymer polyols were synthesized by introducing nucleo-
philes such as azide, alkoxide and alkyl amine into poly(epichlorohydrin) (PECH). The GAP copolymer synthetic reaction
can be evaluated as an environmental benign and efficient synthetic method due to the simultaneous one-step reaction using
two kinds of nucleophiles and the complete consumption of sodium azide. The relative stoichiometric substitution ratio analy-
sis and the progress of reaction were checked and monitored by inverse gated decoupled *C NMR and Fourier transform
infrared (FT-IR) spectroscopy. The glass transition temperature and molecular weight were measured by differential scanning
calorimetry (DSC) and gel permeation chromatography (GPC) analysis. The synthesized poly(GAos-butoxideys),
poly(GA 7-n-butylamine, ), poly(GAys-dipropylaminey;) and poly(GAo7-morpholinegs) had a glass transition temperature
ranged from -39 to -26 C.

Keywords: Solid propellant, Glycidyl azide polymer, Glycidyl azide polymer copolymer, Poly(epichlorohydrin), Energetic
thermoplastic elastomer
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Figure 1. Examples of energetic polymer binder.

I QU 7-8]. ©]213}t non-energetic HTPBE UAISh= A2 vl
I glycidyl azide polymer (GAP), poly[3,3-bis(3-azidomethyl)oxetane]
(poly(BAMO)), poly[(3-azidomethyl)methyloxetane] (poly(AMMO))<2}
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FE] FREAE fEA 2l 7 7171E E8Eslth o
A-ZH(inverse gated decoupling) “C NMR spectrat= Bruker NMR
(400 MHz) spectrometer 2} zipg30 pulse programs AH-3F3ATE Fourier
transform infrared (FT-IR) spectrai= 4,000~400 cm” ] M= 714 di-
amond ATR accessory”’} 2% Bruker Alpha FT-IR spectrometers
AH2-5FAT). Differential scanning calorimetry (DSC)2] “4-$- TA instru-
ments Q1,0000] AF-S ARSI o A #917] skl 10 C/min]
27102 90 CTolA 20 T 2% UM Z43I90Th Gel per-
meation chromatography (GPC):= WATERS 5155 A8-5}%] 9 THF
EHlZ 1.0 mL/min®] F710® ZA3lrh Aol ARESE Aloke
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Figure 2. Structure design for the GAP copolymers by one step
substitution reaction.

triethyl amine), Sigma Aldrich (sodium hydride, sodium azide, n-butyl
amine, dipropyl amine, morpholine)®] #|¥#-& A glo] AF-3sI31.oH
WS SuiES] A e Al A wek AAlste] ARSIl
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Poly(GAgs-butoxides,) (1). *C NMR (100 MHz, CDCl;): & 172,
127, 79, 78, 77, 76, 69, 67, 63, 61, 53, 52, 51, 49, 43, 40, 35, 35,
26, 21, 17, 13, 8; IR (ATR): 2,092, 1,724, 1,664, 1,636, 1,443, 1,347,
1,277, 1,097, 935, 900, 827, 733, 665, 555 cm’.
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Table 1. Amount of Reagents in the Synthesis of Alkyl Amino GAP Copolymer

Product Alkyl amine PECH* Sodium azide TEA® Yield (%)
3 n-butyl amine 21.60 mL (218.5 mmol) 6.74 g (72.8 mmol) 332 g (51.1 mmol) 5.08 mL (36.44 mmol)  7.32 g (93%)
4 dipropyl amine 31.14 mL (227.7 mmol) 7.02 g (75.9 mmol) 345 g (53.0 mmol) 529 mL (36.6 mmol) 7.80 g (88%)
5 morpholine 10.22 mL (117.3 mmol) 7.29 g (78.8 mmol) 3.59 g (55.0 mmol)  5.49 mL (39.4 mmol) 7.60 g (86%)

a. Poly(epichlorohydrin) (PECH) b. Triethylamine (TEA)

Table 2. Molecular Weight Comparison of GAP Copolymer by GPC 3
Composition M, M., PDI I i
PECH 1,600 1,900 1.17
AP 1,850 2,100 1.15
G ? ’ Hfo{o%fo}r« a
POly(GAo_g-bUIOXideo_z) (1) 1,300 2,000 1.65 a“N; 0870 0.2
Sodium butoxide, H-O > q |
H-O OrH Sodlum Azide o e
0 2 || I J
cn DMSO, 90°c 24h \ S| OO, PO YUY Y NS
PECH PQ|y(GA08_butoxideOZ) (1) 180 170 160 50 140 130 120 10 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure 5. *C NMR spectrum of poly(GAos-butoxideyz) (1) in CDCI.
Figure 3. Synthetic process of alkoxide based GAP copolymer. gure P poly(GAos 12) (1) >

1,442, 1,277, 1,099, 747, 556 cm’™.

g Poly(GAg7-morpholinegs) (5). *C NMR (100 MHz, DMSO-de): 8
g4 78, 77, 70, 68, 66, 59, 54, 53, 51; IR (ATR): 2,092, 1,453, 1,275,
-8 1,113, 1,008, 864, 556 cm™.
NI | 3. Zu 9 nE
§ 8 1 ——  Poly (GA, -butoxide, ) (1) 1h j
I I T 3.0, UZA| AL GAP copolymer®] B 2 4]
T e A0 00 UL 7K ather ATHE C.C AR 43} 3
7 Poly (G4, butoxide, ) (1) 24n Aol AR FAT Jlow g IR }\HET RSA 2 alkoxide
N, bond peak = X7A3s}o] p-butanol®] A3 © 7 sodium butoxideE HA]
33T Figure 304 HojA= viel o] PECHE EU=Z=E 3
4000 s500 5000 2500 2000 1800 1000 500 o] C-Cl unit thalel] 4gst HlEE oA 7|8} oHE7]|Z 13

Wavenumber cm-1

poly(GAog-butoxideg2) 5 A& = USATh
WA ZF E<F poly(GAs-butoxidey 2)(1)4 C-Cl 939 7h20d¥ol
C-N; 339 EAIFE ufolslr] gslo] AR AMES AFH sk

Figure 4. IR spectrum comparison of poly(GAs-butoxide,z) (1).

DMSO 25 mLE 100 mL Ze}~=0) ¥ar 50 T2 523 3 wykst FT-IRZ W& ZUEH 3 tKFigure 4). IR ¥4 =3 4 h o]
™ triethylamine (TEA)¥} &4 o}ilE %?— TRtk BE Aok B4 o c-Cl 2% I=7} AR E AL & 10}0ﬂ oW N; A% FJ37H A
o] gkREW 3 YAVIE AAEtL EE 90 T7HA] 52 2‘5}?24 e AS 4 4 JAUTk 9 1 h 3 1,634 em™ F2olA Af2E-
h TRE & A=271A2] WZAAIZ T 1S %ﬂ“ ol ole obAElo]E ¥ 97} Yeh=d, o] PECHS] C-Cl 9]l butoxide® QI3 F-4
mLE 21 DMSOE AlI7sk] Slall &= 100 mLE 35 Hlﬂohiﬁ} ﬂ Aog AAREGe] ot o]Fd o] A= Aor HEHSITH
FE g oMHPPIE R7]15E MgSOE 5 AAT § 7w [29-30].

sigith & 5 olld obMElo|Ex 7St Stell Xﬂ7io AT Az F ol& TAIZ o7 gelsly] g8 BC NMRS Ea AAEAS X3
A2 AAS man LA A 54 Sghes Aotk 37 4 33l Figure 5914 BoA]i= nkel o] °C NMReIA] C-N; 9] gha

ofvlef upE A|52] U 82 Table 104 HoIx|+= uhel Zrh
Poly(GAo--n-butylaminey3) (3). °C NMR (100 MHz, DMSO-d): &
78, 68, 51, 50, 49, 31, 19, 13; IR (ATR): 3,307, 2,093, 1,665, 1,444,

7} 51 ppmell A B om, 13, 17, 35 ppmolA 5231824 butyl
ether?] linear chain carbon®] ¥ 3.5 EA5F3IT) SFA|RE 127 ppm -
9] ¥ 37} e = Zlo 2 Kol A AN o Z Qlg)] FEAQl &3t

1,276, 1,104, 556 cm.
Poly(GA 7-dipropylamine,;) (4). *C NMR (400 MHz, DMSO-d):
o 78, 71, 68, 56, 53, 51, 50, 44, 21, 20, 11; IR (ATR): 2,093, 1,651,

=9 S d1Fd 5 ATk
GPC 412 53l PECH, GAP, #/3% &A1 Al92] GAP copoly-
mer?] RS W] 3 THTable 2). 24 A2 2] GAP copolymer
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Figure 6. Glass transition temperature of poly(GAys-butoxide,z) (1).

H—o<—(\o>H Sodium Azide H,O%COXACO% Alkyl amine, TEA H-O%(\o%(\o%
_ . —_ .

N3 O. 0.7 03

3 N3 NR;R;
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PECH 2) Poly(GAg 7-aminey 3) (3-5)
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03
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Poly(GAq 7-n-butyl amineg 3)
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Figure 7. Synthetic process of alkyl amine based GAP copolymer.
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Figure 8. IR spectrum comparison of poly(GAy7-n-butyl amineys) (3).
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Figure 9. IR spectrum comparison of poly(GA,;-dipropyl amineyz) (4).
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Figure 10. IR spectrum comparison of poly(GA7-morpholine,s) (5).
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MZEE A A7 oplS =181 Y8l 37HA] opilS X793}
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=
a
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ohl& ARRsle] FA] A8 AlEEIIARE ol x| B9}k 4k oY
o] ulg o] o#f ¢, WA 0.7 H&9] o =F X3 F Fge] &
7 olE AREEte] 0.3 HlE9] & olIVIE WAFOE X3k
WS Aelsisitl, & opile 13} o}l © 2 pobutylamineS A7 3}
a1, 22 oIS 2 dipropylamine™} morpholine= 41743} linear}
ring FES] A olvle] AHE vBlud 7 JEF 3 thFigure 7).

FT-IR #4102 C-Cl 932 7403 Fel C-N; I39 N-H 377}
YER =] #ashd 24 h B9 WS FUER S1QIk(Figures 8-10).
Poly(GAo-n-butylamine,s) (3)2] 7%, W& AJzto] 71l wke} 743
em’ AT A7} 4819 4 WA E7FFE Ny 9171(2,092 em™) 7}
71 oPde] HESAIZR A FAE A o7 Kol N; X|§0] 4 h ool ¢
Ax= A & 5 ATE =3k 9 2 h FFE] N-H bond peak
(3,336 cm™)7F BEE A th(Figure 8). Poly(GA -dipropylamineys) (4)<]
Aol c-Cl A 97743 em™)7} Alzko] S7FE ) Wl BAE
4 h o)FHE N; ¥F(2,092 em™)2] W3} Qs AR Hol X3
Hhgo] O ol XA ¢k A& g1 THFigure 9). S di-
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Table 3. Comparison of Azido Group and Amine Group Ratio in “C NMR Spectrum
. Azido group ratio (%) Amine group ratio (%)
Composition
Design Experiment Design Experiment
Poly(GA7-n-butyl amineys) (3) 70 72 30 28
Poly(GA, ;-dipropyl amine,s) (4) 70 69 30 11
Poly(GA, ;-morpholiney3) (5) 70 75 30 25
Table 4. Molecular Weight Comparison of GAP Copolymer by GPC il : W
Composition M, M, PDI
Hfoéfo%fo%
PECH 1,600 1,900 1.17 Ny 072
L_o
GAP 1,850 2,100 1.15 L
Poly(GA7-n-butyl amineys) (3) 374 886 2.36
Poly(GAy ;-dipropyl aminegs) (4) 1,500 2,000 1.30
Poly(GAy ;-morpholiney ;) (5) 1,300 1,800 1.42 ‘
IR VA
H- oéﬁ Xﬁ > ¢ ba

a N 07NH03
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Figure 11. 3C NMR spectrum of poly(GAy.7-n-butyl amineys) (3) in
DMSO-dg.
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ST
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Figure 12. ®C NMR spectrum of poly(GAoJ-dipropyl aminey ;) (4) in
DMSO-dg.

propylamine2 AFE-EHl| %= 4 h o] Fof| = oI5| C-Cl A7) LN
Holle A& #RIskl A, ©li= dipropylamined] Aol =2 n-butyl-

Figure 13. BC NMR spectrum of poly(GA;-morpholiney;) (5) in
DMSO-d.

—— Poly(GA, ,-n-butyl amine ,)(3)
—— Poly(GA, ,-dipropyl amine ,)(4)

—— Poly(GA, ,-morpholine ,)(5)

0.04

-0.14

Heat flow(mW)

-0.2 4

r .
20 0
Temperature(°C)

Figure 14. Glass transition temperature of poly(GAP,7-alkyl amine3).
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-9} 0|3 o2 4 h ool C-Cl unit?]
A& #FESIHFigure 10).

n-Butylamine, dipropylamine, morpholine © = X3k Z}F7}+8] GAP co-
polymert= 7ll#l] HEd BC NMRS o]43o] FehirdS Arlste]
(Figures 11-13), Table 33} 72o] ox|=7]9} o}w17]2] H]&-S RIFIA
k. Poly(GAy-n-butylamineys) (3)2] *C NMROIA 51 ppme] C-N;9] &+
Ay, 49, 31, 19, 13 ppmi’J butyl amine 2] linear chain carbon?] 3=
= 21 4= At (Figure 11). C-N; 3} o}719] B4 22282 0.7 1 027
o] vlEE A5 AARIRAE oA =714 olWl719] 0.7 1 03 HIEI fA

& Bow AN 4 ok

!
A @Rkgo] Sy
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3k oz #AEITL Poly(GAy--morpholingys) (5)2] “C NMROIAE
poly(GAo7-n-butylamineys) (3)@ WERZHAZ AANA v]&H FAFSH
A3 Figure 13)5 A2 WP, poly(GA,s-dipropylamineys) (4)2] 73-¢- *|
A 82 20%2] C-Cl unit®] =17} Folgle] dipropylamine®] YA
Aol 2 Qleh W2 wkeAE A1 Figure 12).
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