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I I 235 4 X 3R 5 0 ) R 8 T 200 R R R A L AL
i, USR5 FLAT 5wy e /K P SO0 T A e
3 RERE S RIE R

1 KERSY

1.1 RFENEE

WA 23, 4- &I (DAF) VR B IR , Tk R S0
TR G RN, A, TR BRER R, AW b, SN,
N, N-ZH 38 H B e (DMF) , = 5846l 2, Bk (BF, - OE,) ,
PL 38 2k o3 W 40, T 1 ] 24 4 DA g 8 66 SR Ik (HTPE,
B4y F & M,=5000) , 3, 3-8 B AL 42 B T 4R
(BBMO), DL ¥k Tk 4, i 1 3% B 22 B4k T 5% 5 2%
K, A

ASCF8 + A8 HEL AR 4 21 A8 3% {L (Therm Fisher Ni-
colet 1S5 %Y | FEER QL /RBHE A F]) 5 8 54 1 LR X
(AV 500 %4 , B+ BRUKER 23 7 ) 3 4 H 8190 & 20 Hr %
(Vario Micro Cube #! , = Elementar A &) ) ; Kf7 B}
] JF 3% A% (micrOTOF-Q 11 10280, 8 [& i & 52 A ) ) 5
BEWC 5385 (1%L (GPC-50 BB fiE 15 5 (0 3% 4%, 3 [F PL
O E)) s ZE I BT AL (DSC-214 A 2% 345 M 1 4
ASC, 8 T it Bl 2 ) ) 5 4 AR R B 11 (CAP2000+5E A £
it , 2% [ Brookfield A 7] ) .

1.2 KRIASERERH &
1.2.1 3, 4-Z“HHEKIEMNGH &

S WS % CHk [ 22-24 | &AL

YC NMR(167 MHz,DMSO-d,,25 °C)8:152.75;
IR(KBr, v/cm™):1605(s,—NO,),1367(m,—NO,),
1209(s,—C—C—N—),1035(m,—N—O—N—),
835(s,—N—O—N—),

1.2.2 3-HHE-4-REKRBEHG &

Z WS % IR 25 | B2 G al .

C NMR(167 MHz,DMSO-d,, 25 °C)8:158.11,
153.38; IR(KBr, v/cm™) : 3474 (w,—OH) , 1605 (s,
—NO,),1367(m,—NO,),1209(s,—C—C—N—),
1035(m,—N—O—N—),835(s,—N—O—N—),
1.23 3-(4-FHEKME-3-FRE)-3-RPEIKEXRT

%2 (BINFMO) B 1l &

W 3-fil R -4 30k (2.62 g,0.02 mol) .BBMO
(4.88 g,0.02 mol) . TG /K kM2 # (5.52 g,0.04 mol) ,
FE IR T A DMF(30 mL) W, S8 43364, 76 75 °CF
RNE1.5 h, NS E I A TK L e — G0 H e 26 B, 4R
J5 K BE TCK BB BE T L uE ZE TN A
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15 2 e 277 Wik B0 1R (6.08 g, I 81%) .

'"H NMR (500 MHz, DMSO-d,, 25 °C)8:4.73 (s,
2H),4.55(d, J=6.4 Hz,2H),4.43(d, J=6.4 Hz,2H),
3.99(s,2H) ;"°C NMR (167 MHz, DMSO-d,, 25 °C)
8: 158.79, 152.69, 74.94, 74.15, 43.37, 36.44; IR
(KBr,v/cm™):2939(s,—CH,—),2860(s,—CH,—),
1605(s,—NO,),1367(m,—NO,),1209(s,—C—C—N—),
1035(m,—N—O—N—),835(s,—N—O—N—),
985(s,—C—O—C—) ;Anal. calcd for C,H,BrN,O.:
C 28.59,H 2.74,N 14.29,0 27.20;found C 28.62,
H 2.72, N 14.30, O 27.22; m/z (ESI+) : 315.9559
[C,H,BrN,O.+Na].

1.24 3,3-Z“(4-FHEHKBEI-EFRE)SLXLTT K
(BNFMO) By Il &

W5 3-A -4 FE I (2,62 g,0.02 mol) .BBMO
(2.44 g,0.01 mol) \JE/K iR #1 (2.76 g,0.02 mol),
EZWE T IMA DMF(30 mL) s, 4 g, 76 75 °CF
FRE 2 hy RS A, A K A B G0 e A5 B, AR
J& K BE TR BRI B T L uE ZE TN LA
15 3 5 277 Wik B AR (3.80 gL I 75% ) .

'"H NMR (500 MHz, DMSO-d,, 25 °C)8:4.80(s,
4H) , 4.64 (s, 4H) ; °C NMR (167 MHz, DMSO-d,,
25 °C ) 6: 158.77, 152.65, 73.42, 73.33, 42.68; IR
(KBr,v/cm™):2939(s,—CH,—),2860(s,—CH,—),
1605(s,—NO,),1367(m,—NO,),1209(s,—C—C—N—),
1035(m,—N—O—N—),835(s,—N—O—N—),
985(s,—C—O—C—) ; Anal. calcd for C;H,N,O,:
C 31.41,H 2.34,N 24.42,0 41.83;found C 31.38,
H 2.37,N 24.43, O 41.82; m/z(ESI+) : 367.0249
[C,H,N,O,+Na].

1.3 KRABRSRLRYHE &
1.3.1 EHE%

g 1 VAR R TR 25 R 0 o8 B SR it T 3 R
A BN A R I TE S R R A RO Y S AU EOR
K A TR A5 R AR A IR T B R R R 3, 3- &AW
FAZIA T %t (BAMO) Ay Xf B4 5 78 BAMO FEfilt - %t
LR RS PARTIE=F~ - TIWNUQ SN Ey I G et =2 )
Wk N Tk 235 A4 ) 2 i AR 2% R T B A 3 5R LR AFAMO
FIBAFMO R 5250 4 .

HTPE K& 702 H A M — 7] 3l o IR ) 8 Pk 50045 b
FAEIE A BRI RRG G 70, Tl % 8 A
WFoE K H HTPEAE N BEA R G . ¥ HTPETE BF,-OFt,
1AL F 23 %15 BBMO .BINFMO .BNFMO LI 75 BE
S Xt
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PRIE IR 5 PR REAT B RAL , R 0] 4 125 ol 4 45 2 3 Al N
Hﬁﬁﬁiﬁ&%%&% RGBSR G AN 1 PR
e 2 JURLEl A BV NP EGIPN SO B L7k

Br

&

BBMO HTPE-b-BBMO

o-N
M%N 0,
Furazan ether

o-N
rkg\wo2 NN,
NaN,, DMF

b

JRE TR 3 T B 7 UL R E4l1l’] BIF 5 368 o 94 i A2 o 3 2
Ei@%ijﬁﬁjﬁﬁv\? S DR IPO RSB LiNN
a3E T 2 Rk SRR AR B R Y.

hS

Br Ny
NaN,, DMF

90 C, 12h

ot 0 HTPE f H
X e e H{ g XO/%O’
Br N3

Ng Ns
Ny }(é

HTPE-b-BAMO

o-N

BF,-OEL, DOM .
oN O—\ B 30T, 48h H{O% HTPE XO%O/H 90°C, 12h H{Ov}}kHTPE Xoj%oﬁ .
; ; —— >
m ’ e N ' 3 \X
3 4
BINFMO HO Ao~ Aon HTPE-b-BrNFMO HTPE-b-AFAMO AOFAMO
o-N
o-N o-N
“Furazanether HTPE hi§§\0102 -0, -, ,?_N\ N
X 3

oN O 0 No,
BNFMO

Sk

BTk Tk A SR A 1 B
Fig.1
1.3.2 BRESREHRELREY R EEN G &

PRI 3 073 B < AR B 4 5000 423 T & K40 T 51 & 5
HTPE(10 g,0.002 mol) . fi £ 7| BF,-OEt,(0.576 g,
0.003 mol) , 7E 2 il T 23 5l I A% 71 — 50 W & 30 mL
oA ERE L E 25 CCRIEMR 1 ho IR R AR 8 S K
W) 34y HTPE 51 A& 4K 2 v 43 31l 28 12 i Jn vk ve 5 g
& : BBMO (4.0 g,0.016 mol) ,@BrNFMO (4.7 g,
0.016 mol) , ®BAFMO (5.5 g,0.016 mol) iy % H
iﬁiﬁ‘z&(m mL) , i i 58 WS 7E 25 °CF $iE £ b
36 ho SN 45 I A R S 4 1 0 K U v AR &R
(74 ﬁﬁ):ﬂ({ftlﬁfzi— SRR KR TR ke AR 7%
T, 3 3 B R Y .

@OHTPE-b-BBMO(13.75 g, 1% 98%) . 'H NMR
(500 MHz, DMSO-d,, 25 °C)§:3.51,3.33,1.50; IR
(KBr,v/cm™):3456(w,—OH),2939(s,—CH,—),
2861(s,—CH,—),668(w,—Br).

@HTPE-b-BINFMO(13.97 g, L% 95%) . 'H NMR
(500 MHz, DMSO-d,, 25 °C ) 8: 3.51, 3.33, 3.32,

1.50; IR (KBr, v/cm™) : 3456 (w, — OH) , 2939 (s,
—CH,—),2861(s,—CH,—), 1604 (m,—NO,) ,
1367(m,—NO,),1206(w,—C—C—N—),1112(s,

—C—0—C—),1035(m,—N—O—N—),835(m,
—N—O—N—),
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HTPB-b-BAFMO

Polymerization route of the furazan ether energetic copolymers

GHTPE-b-BNFMO(14.42 g, 1% 93%). 'H NMR
(500 MHz, DMSO-d,, 25 °C ) 6: 3.51, 3.33, 3.32,
1.50; IR (KBr, v/icm™) : 3474 (w, — OH) , 2939 (s,
—CH,—),2860(s,—CH,—),1603(m,—NO,),
1365(m,—NO,),1207(w,—C—C—N—),1112(s,
—C—0—C—),1036(m,—N—O—N—),835(m,
—N—O—N—),

[N AL el e RN
/2,059 3055 —Fp 30 B 68 & 5 0 i B

SIS g )
ERY .

1.3.3 HRESERRERYNGE
BRIk B 4k Y O HTPE-b-BBMO (14.0 g,

0.002 mol) ,@HTPE-b-BrINFMO(14.7 g,0.002 mol),
@ HTPE-b-BNFMO (15.5 g, 0.002 mol) , 4> % % T
25 mL N, N-ZHUEE I EE e vp  in A& A AL (3.25 g,
0.05 mol) ,7E 80 °CF [ 4 h. JZ W 45 o 5 A K il
A MV AR IR T T T4 K 2 R AR S Y & A AL
AT E R B RY

OHTPE-b-BAMO(12.54 g, L% 95%) . 'H NMR
(500 MHz, DMSO-d,, 25 °C ) 8: 3.51, 3.33, 3.31,
1.50; IR (KBr, v/cm™) : 3485 (w, — OH) , 2939 (s,
—CH,—),2860(s,—CH,—),2109(w,—C—N,),
1102(s,—C—0O—C—).

@HTPE-b-AFAMO(13.52 g, 1% 96%). 'H NMR
A fe AR %324 FoM

2024 % (651-659)
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(500 MHz, DMSO-d,, 25 °C ) é: 3.51, 3.33, 3.31,
1.50; IR (KBr, v/cm™) : 3485 (w, — OH) , 2939 (s,
—CH,—),2860(s,—CH,—),2142(w,furazan—N,) ,
2104(w,—C—N,),1208(w,—C—C—N—),1113
(s,—C—0O0—C—),1036(m,—N—O—N—), 835
(m,—N—O—N—),

@HTPE-b-BAFMO(14.85 g, 8% 97%). 'H NMR
(500 MHz, DMSO-d,, 25 °C ) 8: 3.51, 3.33, 3.31,
1.50; IR (KBr, v/cm™) : 3482 (w, — OH) , 2939 (s,
—CH,—),2860(s,—CH—),2142(w,furazan—N,),
2104(w,—C—N,),1208(w,—C—C—N—),1113
(s,—C—0O0—C—),1036(m,—N—O—N—), 835
(m,—N—O—N—),

1.4 MEEERIE

X b R R S R YR 2T AN R RS IR O
HEAT 43 A7 DU 5 6k b 3R SR AT I8 2R 43 B R 3 BT
53 BT 5 R TR BE B 38 g AU FaR IR Y 5+ =
HEAT I, D3t 25 1 DA SR & B AR A AR 10 00K TR Ay
TSI AR W R B O 40 °C LN 1 mL-minT' 5 2R
25T BT AN b R 3 SR Wy ) AR 03 it IR E LA B 3
A B A2 U B E AT, TR E B 10 °Cmin!, B R B
BE1 Cemin™, ML IR B X [H] S =170~500 °C ;% F 4
M B X b A S 5 0% b R AT 0, kR
50,65,80 °C.

1.5 ITEHhi

SR FH B DA 3R 42 6 7 0T ke M 5 BB R e 3R S 1 i A T
T2 Ak, L HTPE-b-BNFMO 2 58 Wy oy 4 iy, 425 i 5
Cigu NP I 7 Nt W B B S AT I NG R
Z T AL R BF,- OEt, 55| & 5 HTPE /% B /K [h | I
W BB 2 DUAR G [F] S A 0 e 267 W) R B
Gy FREATAR R R SL R &, HhRE
BE Ry ik o3 A 38 2 RSB S AT R AR

2 INE P 3R o 28 0 5 W) < A RN EE 25 °C, SO I
6] 48 h, BNFMO BF,-OFEt, 5 HTPE EE /R [kl 8:2: 1
B ST AR ST 5 ol R i ) 6] e 3R s A 5 e 3k
Ry —E P B (DCM) L & 2B (EDC) . =4
H e (CHCL,) , —H B R (DMSO) LA K& N, N-— 1 3
H Bt (DMF) o

BF,-OEt, 5 HTPE & /K Lt A9 5% i - 76 35 77 o — 5
FBE , B 1 IS 18] A 48 h, K2 BB R 25 °C,BNFMO 5
HTPE FE /R 6o 801 0 25 11 71 A 5 4 A 7] T 1 0 2 5%
J2 N FR) 52 e (BF,-OEt, 5 HTPEBE /R HE M 0.3:1,0.5: 1,
0.75:1,1:1,1.5:1,2:1),
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TSN U BE T 5 0 < A R S R , S I TR] Sy
48 h,BNFMO .BF,-OFEt, 5 HTPEEE /Rl 8:2: 1 1 &
AN F i BE (10,15, 20, 25, 30 °C Fll
35 °C) Rk 2 5 B N 1 5 W)

Bk I7 52 e - 7RV R D W, BN I TR] Sy
48 h, [ W iR FE o 25 °C, BF,-OEt, 5 HTPE FE /R Eb R
221 SRR RS 5 R BORE D7 2R 3 3R R 4 5 e
e A BB B (D) 51 & AT R AR
PRI A BORE; (2) 1 5] A& 5 A Ak TR A & e PR i i 2R
B2 h) 5 (3) 5] A5 A AR R4 R rh 22 0% 05 fin 2R
AHAR(I2 h) 5 (4) TG4 1 hJE 51 A& 57 1R 55 4
AP MR A A2 h) 5 (5)miEe 1 hE R 5]
R ARV A R P MR A AR (12 h),

2 FHR5WiE

2.1 EBRKIE S 66 2 4 A9 1% B Tl

K Gaussian™* k{4 7 CBS-QB3 41 T X} & %1
Al SR HEAT AR RS BN, O SR H Multiwfn7 5
MT B35 AT 43 35 T i 350 IE J5 15 B8 AT AR 1Y
PG B2 [E] A 5 EXPLOS 2 SR 4F #E 4T T fiE i T
W5 RME R, MR, ET 2N SEKLA
7 BAMO 5Ll |, 38 ik n] & A L 5 R 42 30 T b 2 ]
T W 51 W N kAR R A B 45 4 (AFAMO Sl #E BAMO
SR b B B R 1O WK A E S5 BAFMO S 1E
BAMO J& iy I AU 28 20 ik 35 51 A vk e ik 45 44 ), 97 7Y
PR ) 5 SR AR B B W I S, BAFMO 1 %
DI R E MR E T GA, B THA S AR
A LR g SR AR
22 KRIBREHERY
221 BKRESHEBRYEHIN

R BIE 5 7 B L R W v 2 Lk T T LA B, %

F LIS AR A R T
Table 1

zan energetic monomers

Prediction of the detonation performance for fura-

density AH v, Py
monomers i 4 .

/g-cm™ / kJ-mol /km-s / GPa
GA"! 1.30 154.60 6.05 13.30
AMMO"?! 1.06 43.00 4.59 6.51
BAMO!?! 1.20 446.9 5.85 11.7
AFAMO 1.51 -132.32 5.56 12.5
BAFMO 1.62 -137.65 6.11 15.8

Note: AH is heat of formation. v, is detonation velocity. p, is detonation

pressure.

Sttt
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HF?EAﬁEE’J LR Y5 B IK HTPE BE4T T 21 40 33% /&1 )
KL a5 R 2 fros o B 2 WA, BT A RE Y AE
2939,2860, 1112 cm™ £ 7F HTPE H: fiF W% Ui i | {1 4k
R BT ) B R RE g (55 AFAMO 5 BAFMO
R STHIERYIAE 2142 cm ™ A BRI | B A/
MY FEIENE , & A7 AFAMO 5 BAMO LR i IR W)
FE 2104 cm™ ib W BB L IS A 0 RRAE g ) |, L IG5 Fifl
RS A 5N B 1 I AR 5 U BH S 200k e ik 25 4
B B AR Y
Xf 3 Fp AL B W) 5 REK HTPE HEAT T 8% g 2L 9% &3
AT A R E 3 R, ] AR BT R Ay F 5l kR
HTPE (§: 3.50, 3.33, 1.50) , fAf A7 3L R ¥ k¢ 5 ¥ 1
8:3.31 &bt BB YRR AR 06 (R 5 8 0 Wk A Tk i S A
VA AF 2 W 35 (R R AE 06 ) o X 18] 3 E AT B4 AT, LA RE

R HTPE 43 1t AL Ry X R SR W) 48 6. 3.50~3.31 &b 5
1.50 4 A3 1 B EE (5] 38 T, 16 W 2R B R A B AR 2 N
SIHTPE FIf, B & nl vk R 4F

HTPE
HTPE-b-BAMO
Gpuo=0.17)
HTPE-B-BAMO
A —
W
|

| (0,7028)
HTPE-b-AFAMO
©,050.20

HTPE-B-AFAMO
| 0,u032)
HTPE-b-BAFMO
,=0.22)

HTPE-b-BAFMO
(416167035

3500 3000 2500 2000 1500 1000 500
wavenumber / cm’”

2 WA REIL R WAL M 1A

Fig.2 FT-IR spectra of the furazan energetic polymers

HTPE

HTPE-b-BAMO (4,,=0.17)

ol

HTPE-b-BAMO (c23,,,=0.28)

| S

hod o | o

HTPE-b-AFAMO (1,5,415=0.20) HTPE-b-BAFMO (tg00=0.22)

A e e

HTPE-b-AFAMO (00,6,,,=0.32) HTPE-b-BAFMO (0g4e,0=0.35)

JMLJL J\LLJL JLLJL

HTPE
HTPE

B3 WhHA S ARl R WA AL AR AR l’§l
Fig.3 'H NMR spectra of furazan energetic polymers
222 KRBEESERERYRIBITADN

XFWF 58 & A 2 W) 5 B R HTPE 347 DSC il
i, 75 B N DSC M & an 1 4 firs o f &4 W] %0, %)

T & A 2 ME S A k6 R
HTPE-b-BAFMO F 51}tk Be 2L Wy & , o ik 47
F R 3RS, SR A R Tk T % A A A
I3RS 192 CR T B A ik BV 5 1 JS 7E 200~275 °C
0 [l AT — 1> 8 08 R I 3 BT Sk e R VR A A G 2 B
FRIE 5 B HEAT 43 % 5 300 5 B Ji 300~350 °C A H B 1Y
- % 4y fifk W & T HTPE #ik BB 40 78 320 °C A2 47 g #4
aN (A

Xof T [ IF 5 A 2 Rk P D R b i 78 R0 B A AT 1Y

=Y
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HTPE-b-AFAMO F ¥l Be L Wy ini 55, HeAA - A7
() A i = AR 2 2, 1 SE IR AR S AE 186 °CHRf iz i 3 B
b B TR AU S T T I R T i S R Y B3 i T S
200~275 CHu Fl N A — A 58 19 AR AR 16, 53 B hy
Jot e B I TS figk U LA B A% B VR I BRI 2 O RR ) 1Y
O3, 3X 3 S i 3 (6] S 3Ry 5 B S A 300~350 °C
P B 0 SF- 28 43 i 06 )& T HTPE i BEAE 320 )CA AT 1)

ﬁ(\‘ﬁmhol
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Synthesis and Internal Plasticization of (Azidofurazan-ether based Oxetane)-HTPE Copolymer

WEN Yu-jia'*, ZHANG Jing'**, DOU Jin-kang'*, TAN Bo-jun'?, LIU Ning'*
(1. Xi"an Modern Chemistry Research Institute, Xi'an 710065, China; 2. State Key Laboratory of Fluorine & Nitrogen Chemicals, Xi'an 710065, China.)

Abstract: Migration and leaching of plasticizers will severely affect the physical and mechanical properties of polymers. In this
study, two new monomers, 3-(4-nitrofurazan-3-oxy-methyl)-3-bromomethyl oxetane (BrNFMO) and 3, 3-bis (4-nitrofura-
zan-3-oxy-methyl) oxetane (BNFMO) , were synthesized by the combination of 3-nitro-4-hydroxy-furazan and dibromomethyl
oxetane (BBMO). Using hydroxy-terminated polyether (HTPE) as macromolecular initiator, three block copolymers containing
azide groups were synthesizd by polymerization of BrNFMO, BNFMO and BBMO under the catalysis of boron trifluoride ether
followed by azidation process. Then the detonation performance of the designed monomer structure was evaluated by quantum
chemistry. Besides, the copolymerization process was optimized by the control variate method, and better copolymerization
conditions were obtained. The results show that this series of novel energetic copolymers can further improve the energy level of
the binders, and the intramolecular plasticizing strategy can result in energetic polymers with lower glass transition temperature
(T,) and viscosity by introducing azide groups into the polymer through the structure of azidofurazan ether, compared with di-
rectly introducing azide groups into the polymer. T, can be reduced by 5.27 °C, viscosity can be reduced by 4.90 Pa-s, and its
thermal stability is also improved (thermal decomposition temperature (T,) can be increased by 7.3 °C).

Key words: furazan based energetic polymers; cationic ring-opening polymerization; energetic binder; thermal stability; internal
plasticization
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