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Progress of Research on the Synthetic Strategy and Applications of Energetic Plasticizers
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Abstract: Energetic plasticizers are fundamental functional additives for enhancing explosive and propellant formulations’ me-
chanical properties, processability and overall performance to achieve higher energy output. This review focuses on the ener-
getic synthesis strategy, and corresponding energetic plasticizers based on azide, nitro, nitrate, nitroamine and combined ener-
getic groups. Meanwhile, the oligomer-based and ionic liquid based energetic plasticizers are also involved. The synthetic
strategies, basic physical, chemical and explosive characteristics of different energetic plasticizers are reviewed. Furthermore,
properties of the relevant compounds are summarized and compared. Azidations and nitrations are the main reactions that lay
the foundations for energetic plasticizers to achieve energetic properties. Through the combination of specific skeletons and en-
ergetic groups. energetic plasticizers will be endowed with different physical, chemical and energetic properties, providing im-
portant references for the subsequent structural design. sample preparation and formulation application of energetic plasticizers.
With 130 references were attached.
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Fig. 1 Ideal energetic plasticizers’ characteristics
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Fig.2 Banerjee group's research on construction of azide/ester
plasticizers through azide substitutions
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Fig.3 Nesi¢ group’s research on the synthesis of azide ester

plasticizers through esterification and nucleophilic substitution
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Table 1 Performance comparison of azide based energetic plasticizers such as DEGBAA, DPGBAA. and HETTAA
azide based energetic / M/ AH;:/
8 e OB/% N/% T,)C T,C Fs IS
plasticizers (g=cm?) (g+mol™ ") (k) » mol™")
DIAZ 1.31 230.19 +83.39 48.68 —81 243 +443.1 - 72 %
NOHP 1.31 230.19 +83.39 48.68 —81 244 +451.4 - 52%
BAZH 1.31 299.26 +93.56 51.49 =72 254 +691.8 - 88 %
DDDO 1.36 348.28 +82.68 40.22 —61 257 +351.1 - 12
BAEZ 1.33 200. 16 +79.94 55.98 — 88 241 +539.2 - -
AZMP 1.37 187.12 +47.02 49.10 —74 243 +453.5 - 36
DEGBAA 1.03 272.22 —99.92 30.87 —61.60 247.70 —302.91 48N 5)
DPGBAA 0.97 300. 28 —122.56  27.99 —63.41 253.77 —403.56 60N 6]
HETTAA 1.29 383.33 —110.62 32.89 —56.24 243.21 —259.59 80N 10]
AZDEGDN 1.14 156. 147 - 112.8 53.9 = 111.6 252.4 912.5 0 64.6cm
BANFHOB 1.46 692.35 - 6.1 —78.2 252.0 —2132.4 - 5)
DIANP 1.33 200. 16 —38 55.98 —38 246 540.2 26% 20.28 cm
PNAN 1.46 - - 38.18 —41.55 172 - 12% 56 %
DANP 1.43 274.36 65.12 —66.61 150 744.76 20— 24N 1)
DATH 1.71 320.18 - 56.50 —31.64 192 757 .42 12.7% 19.5cm
DADNH - 168. 20 - 52.10 - 191 723.7 76 % 14.2cm
ANAP 1.49 131.11 = 53.43 - 269.8 +297.1 120N 1)
BAEM 1.25 352.27 —90.84 47.73 69 - +581.62 - >170cm
BAEG 1.27 380.32 —109.38 44.21 68 - +550.75 - >170cm
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Fig.4 Sheremetev group’s research on construction of multi-azide based energetic plasticizers through azide substitutions
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Table 2 The properties of energetic plasticizers developed by 'T'U:(;icr:;‘jf‘ o /_/O_<o_
OH o]
Sheremetev group Ho ™~ 2 NaN, DMSO_ 027 N}_}‘
energetic AHey/ / EGBAA
i T,/C T,/C " o “
plasticizers (kJ + mol™") (gecem?) 1. HOOCCH,CI }0
OH .
1-1 -81 243 +443.1 1.313 —~/ Toluenereflux \\\O
. . O_/_O 2. NaN;, DMSO-H,0(2%) s
1-2 —81 244 +451.4 1.319 H ’ ’ %
. . o
1-3 —72 254 +691.8 1.312 Ny
DEGBAA
1-4 —61 257 +351.1 1.366 Ny
1-5 — 88 241 +539.2 1.330 1. HOOCCH,CI kfo
OH Toluene,reflux O.
16 —74 243 +453.5 1.262 " NO,
NG, 2. NaN,;, DMSO-H,0(2%)
1-7 —94 187 +432.2 1.379 H oj,o O\ﬁo
NG —=70 198 —370.3 1.593 N N
Ve T, B ALEE AR R 5 T, R A RV IR 5 AH o, 8RR MNTA
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3
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Table 3 The properties of EGBAA, DEGBAA, TMNTA and PETKAA
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Fig.5 Detlef group's research on construction of multi-azide based

energetic plasticizers through azide substitutions

o/ AH/ AH:/ 5 . 5 v/
sample OB/ % To/C T,/C Tomet/ C IS/Nm  FS/N
(g+cm™?) (k) e mol™") (k] * mol™") (mPa * s)
EGBAA 1.34 —84.15 3344.3 —167.36 232 —70.8 206.4 23.4 5.5 165
DEGB 1.00 —99.92 4540.5 —328.86 235 —63.3 215.0 29.2 =10 160
TMNTA AA 1.45 —71.95 5435.0 —230.54 214 —34.1 217.2 1288 16 192
PETKAA 1.39 —88.82 7202.0 —215.20 234 —35.4 221.5 2880 60 360
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Fig.6 MCRI's research on construction of multi-azide based

energetic plasticizers through azide substitutions
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Fig.7 Habibi group’s research on construction of azide/ether

plasticizers through azide substitutions
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Table 4 The properties of BDAPs based plasticizers

sample N/ % OB/ % Tonset/ C T,/C T,/ C AH:/ (k] « mol™") AH, /(g™ ) FS/N
BDAP1 51.83 —118.41 169.8 230.4 —101.3 848.08 1382.4 =360
BDAP2 47.70 —136.22 166.8 232.3 —92.3 834.58 1617.2 >360
BDAP3 49.68 —127.68 169.6 232.1 —96.4 804.19 1616.6 =360
BDAP4 47 .44 —117.40 167.6 234.9 —86.0 698. 19 1585.6 =360
T N R G i OB AN Tone IR IR TR s T, SRy DI AR BE 5 T, S B8 00 MR W s AH S A2 B0 s AHT S SOEHG 5 FS Sy JBE 43

% 5 424 T BDAPs X GAP il GAP % 1. Jiie fif "
Bl 700 3 I ROR B9 B AR L 25 2R 7R < 2 BDAPs Jit
BN 35% Mt GAP 1Y B 55 A6 5% 22 3 )2 R AL T
15.7~21.6C; ¥ & 58N 10% Bf ., GAP T i
i 1) B B AL % A i BE F IR 1 8.6~10.0°C L HIJLF
AT GAP JR IV JH Fig 19 570 i VR RE
%R 5 BDAPs 3R & 7 GAP #1 GAP IR E B Fik A0 1 BB 5 R
Table 5  The plasticizing effect of BDAPs on the GAP binders
and GAP-Polyurethane

composition  T,/C composition T,/C T,/C
GAP —53.7 || GAP-Polyurethane —33.8 223.8
GAP/35 % GAP-Polyurethane/

—75.3 —43.8 222.0
BDAP1 10% BDAP1
GAP/35% GAP-Polyurethane/

—69.6 —43.5 221.6
BDAP2 10% BDAP2
GAP/35% GAP-Polyurethane/

—74.3 —42.6 221.3
BDAP3 10% BDAP3
GAP/35% GAP-Polyurethane/

—69.4 —42.4 221.5
BDAP4 10% BDAP4
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AR TR 055 23 5B 2R o nT LUPRE T 07 A
O 5B AR R AR TR R I A 2 AR A
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QNG % +3.5% ) A1 A T4 ) 48 504 47 4 ST IS o
WRBE R BEBEREIT . DA BUAR JIE o M IR R T 11 P N
5 R R I F S 45 R A Ak BT A L2 R R NGO 6O N80, O ONO:
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1.Red-Al;
A R AH S — 629. 9kJ/mol, BTTN 1 4= il #4 BOOC_ ,COOEt 2 100%HNO, O ONO,
AH; 7E — 406 k)/mol 7= 47 BA W i (9 B0 3R 1 oo Toon on ono,

R A T T 4 o JR 3 PR AR B L JBE 42 )R B < ok A
B . M IIRE A B EGDN,DEGDN #1 TEGDN 5 fil§ fk £F
4k 2 (NC) 6 A R He NG 47, AR T HE 25 791 1) Ja
JE . BTTN B & M AR (L NG AIK 6 f%5) B
P R L UK AR A o R AR R AT AL B Ok A
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8 L O-FHLi KRB LB
KRR RELEN
Fig.8 Strategy for constructing linear nitrate plasticizers via

O-nitration and representative structures
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Table 6 The properties of linear nitrate plasticizers

plasticizers o /(g+cm ™) OB/% N/% AH:/(k] mol™") T,/C To/C M FS/N IS/)
NG 1.59 +3.5 18.5 —370.1 14-16  145-150 277 240-360 0.19-0.2
EGDN 1.48 0 18.42 —244.8 —22 170-175 152 no reaction up to 350N 0.2-0.25
DEGDN 1.38 —40.8 15.9 —436.8 —10.9 160-165 182 no reaction up to 353N 0.2
TEGDN 1.39 —58 11.67 —629.9 =19 165-170 226 >353 12.7
BTTN 1.52 -16.6 17.5 — 406 —65 156 227 =>353 1
TMETN 1.46 —34.5 16-18 —425.2 —62 155 227 =>360 1

TE: p s OB S 4487 5 N U ik s AH O AR UK 5 Ty O BB A0/ 28 R 38 5 To Dy RO R W s MO 0 T ik TS Oy R 88 IRREE 5 1S Dy i i

Ph C-i Ak Sz 2RI 4 350 i 07 1k B 05 i IR i ik 45
FVE R 3G S050) . i 7 R A 5 45 # VE hy 5 BB 1S 9 71
3 AT DL E T PR E A L DR /D B 9 R Y A B AN
P2« DT ZE A TBE 7 Jo S99 O 130 3 4 32 5] 1 e — 3K
P CHE 5 0 % 3808 1 L A B8 T T R A AT AR B 2 L e
AN R B 4D 75N 5 ) BE = LR I 00 T 4R
i BC T T AE M L R U A RR A A Dy G SR A0 2R
(2, 2- T IE N B BRTEE) (PDNPA) L2, 2- il 3L 2 TR N

fig (DNPAC) \ = (2-98-2, 2- il ik 20 ) H 45 % (FE-
FO) Fl (2, 2- R FE N %) & 45 T / H 45 T (BDNPA/
BDNPF) 551970 ¥ J2 i 55 5 3 A ) /N 43 =7 18 48 541
ARG EEZNT 1.22~1.60g/cm’ , A & &
A F 13% ~20% AP M A F — 57 % ~ — 102% . 7E
Bl J5 WF5E o s T AR SR A AR R . AN, Tary-
er Z0BF 58 T TATB/FEFO Jii J7 (1 354 U8 ik2 % 52 6 A
SRR SRR L 5 SR W L 5 LT HMX 9 K24
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N ERL B AT 4R G AR BRI =2 RO, AR AR T 2,
21/ TR Y BE = 5 R s (DNPTFP) (& 9) L iz bt
G I AR A 2 Ak B I A A O 2 e 1 9 5R Y
AR, - W s AL 5% A8 MR B O — 80. 5°C L #4
Sy 267 C L 48 5 B (Hso ) o 125. 9 em, B2 82
JEJE R O, DNPTFP Xt GAP 14 % B2 i 7 H 55 4 1) 94
FEROR I Z I B AR R E e 5 AR e M Al L
Y 2hy 2 B 1 28 70) 5 AT 55 e 1 1o R AL

, Nat,—OH - ON
Mem, NaOH/HCHO Mp_{‘ NaNO, Me_\(—OH
NO, NO, NO,
l/\gNO}

O,N F

‘\4eX\O F F>|\)LOH OGN —oH

NO, Mes
- NO,
DNPTFP H2504 °

9 EEHMEMNSBLEET DNPTFP & B 5% B
Fig.9 Synthetic strategy of the energetic plasticizer DNPTFP

containing 1, 3-dinitro groups
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Table 7  The properties of C-nitro plasticizers

C-nitro plasticizers p /(g * cam™?) OB/ % w(N)/% AH;/(k)+smol™") T,/C Ty/C M FS/N IS/)
PDNPA 1.35 —62.74 13.72 142 —59.7 252.8 204.1 >4% 25
DNPACc 1.32 —93.9 13.46 414.5 254.9 192.2 4% 26.4
FEFO 1.60 20. 14 — 166 — 68 226 278.0 +368.2 17
BDNPA 1.37 —57.6 17.6 6.16 —65.2 182 326.2 3
BDNPF 1.41 —57.6 17.6 5.54 —65.2 182 312.2 3
K10 1.363 —=53.0 —402 >—=50 ~180-220 209

T p AL OB W 47 s N R i s AH S A JRRS s T, o BB AL 3 8 3L B2 5 T g A0 M 43 s MO 00 T ik 5 FS D PR AR E 5 1S I f il

1i Mg 2 AT 5 A 4 o 1 A GRS (240 ~390k)/mob)
DL N-B Ak B E 5 LA e S 4 S RE B B I &5 5 T
o T VG 3 0 A % 0 U A FA L R A 5
J5 WL M RE R4 A Rk . D R RE AR BIF 5T S
5555 Vijayalakshmi 20792 DL N-Bg 16 01 456 5 5L N %
LR W, HE ST T DNDA-57 Y A B AL K 5 vk (]
10), L 7= ¥ & i DNDA-5 (40% * 5%), DNDA-6
(44% 5% ) F1 DNDA-7 (11% £ 2% ) 4 K1 = oIk
EW R T HARIE 2 B LTO) Hi k7510 1 FH o ¥ 11 .
ZIF SRR T R A R 46 /K H Il R (PGND 4 571 1)
ARIEBAL T F N 5174 FE S 2215 cps, FEAR T
57 % o AT B2 5 T A L3R BE T

——————

O . - - ]
H HNOy/H,50, O NOz  MeNH, | m !
Mex N. Me- N - I
N Me > N “Me 1N |
Ho4 ) I H7 T NO, |
NO;, O : |
%] 0 NO | :
H HNO,/H,50, Q2 MeNH, | gt |
Et< N. — » Et N 1 i
N EL N “Et . !
H U - ! o |
o NO, O ' I
paraformaldehyde
T e
: NO; NO, NO, NO, NO; NO;
+
| N._N. NN No_-N-
:Me’ " TMe Me” Tkt Bt Tkt
|
! DNDA-5 DNDA-6 DNDA-7

B 10 Vijayalakshmi & A N-FE L TG & R G BB BT WA R

Fig. 10 Vijayalakshmi group’s research on synthesis of plasticizers

through N-nitrations and condensation reactions
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Fig. 11 Ji group’s research on the preparation of multi-functional

group plasticizers
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Fig. 12 Ji group s research on the preparation of multi-functional

group plasticizers
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Fig. 13 Klapotke group’s research on the construction of
azide-containing plasticizers by esterification
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Fig. 14 Klapotke group’s research on nitrofurazan based

energetic plasticizers

&8 AR BAMPT.BAMP2 1 BAMP3 W4 &k Lk %%
Table 8 Performance comparison of plasticizers BAMP1, BAMP2 and BAMP3

plasticizer N/ % OB/ % o/(gscm™) T,/C T,/ C Pq/GPa  vpe/(mes™h) I./s 1S/] FS/N
BDAP1 31.10 =124 1.21 230 - 80 7.9 5420 175 =40 =360
BDAP2 28.17 — 145 1.16 227 — 86 7.2 5292 171 =40 =360
BDAP3 25.75 — 162 1.09 226 =95 6.2 5048 167 =40 =>360
DEGBAA 32.80 - 112 1.00 215 —63 4.6 4363 169 =>10 160

T N R G OB AT o W T, AT RN s T, N BRI R L s Py MR I 5 vou MR 5 1, A7 LG 0 5 FS Sy R 8 IR

R 9 I NFOEt,NFOBu,NFPEG, Me 1 NFPEG; N, B9 14 &€ bk 5
Table 9  Performance comparison of plasticizers NFOEt, NFOBu, NFPEG,Me and NFPEG; N,

plasticizer N/ % OB/ % o/(gsam™?) T,/C T,/C AH:/ (k) » mol™") M 1S/) FS/N
NFOEt 26.4 —65.4 1.33 233 —13.8 159.1 =>40 =>360
NFOBu 22.5 —106.9 1.21 191 —72.7 187.2 =>40 =>360
NFPEG, Me 18.2 —92. 6 1.30 156 - 69 —339.5 233.2 =>40 =>360
NFPEG; N, 29.2 —88.8 1.34 179 =72 —41.7 288.2 =>40 =360

TE: o AR OB RECT-H7 N ARG & AH R A U s Ty BB R I BE s T, S O iR Wkt s M D 43 1 3 5 FS S BE BRI 5 1S i ok

oAb A 2R 25 0 T A 1 BE R 5 R RE 8 K
FRAER A RE AL R A PR B B — RN BEAZ
i 248 5 R Y U 7R ) 5 ep R P (18] 15)

2.5 I

B AL AL SF S BEAT AR Ak B AT LA ] RE 4
A 51 ABUR HIT . 2 8 AL B O Bk 5 M &2
ARt T A BOR AR 4R A OISR SO U AE

WA R T 2. KR REUR
HE AL 20 B0k S AT 1) 5 BE S 2 50 A A 417 R B v 19 4
JE SR N BE ik K P L kT T TEC 5 BE R B B
G S B R BE e 5 1 Sh o 1) T AN () B30 i 14T ) %
BOHR S P i 25 A O B A A A O BE B R A R A
P BE T O SR AR I IEECHR L T 2 AL
Ve N 21 A RESS 28 R O S0 A B A
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Fig. 15  Acetal structures are used in the research of

constructing energetic plasticizers
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LA L T 3 3-fif B Fig H JE-3-H JE 42 0 T e
(NTPNMMO) (& 16) , 35 385 {4 s YL B 2 — 45 C
PO IR 29 213 °C L AR ks — 335k)/mol, A5 R
U RE R e B AR RS 3 I L B B R R
AR 1 Bl R 24 1 I

7 B3 2 1) 7 BT 37 3 B 4 K 2 Bayat S 4
FREAL B R TN e T IR A M O-fi AL T Bl T 4 R
TRESE A Wy U my Ak 2 R 4 K H b il R R CTNPGND
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Table 10 Physicochemical andenergetic properties of oligomer-based energetic plasticizers

Oligomer-based energetic

o p/(g+cm?) M OoB/% w(N)/% T,/C T,/C AH:/(kJ = mol™")
plasticizers

NTPNMMO 1.26 531 —25 - —35 213 —335
PAMNMO-ET - 639 - - — 68 222-266 -
PolyNIMMO 1.26 147 —25 9.5 - 114 184-187 —335
PolyGLYN 1.39 119 —35 11.8 —61 170 — 285

TNPGN 1.3-1.4 1792 - 57 3.13% —57 251 -

NPB 1.08 2807 —303.84 1.64 —87.2 205 89.54 (Activation Energy)

T o AHEIE OB J 4047 s w(ND RS s AH R 308 s T, S BURE (LGB s T, I R s M Sy 0 1 i

ONO

BDO/BF4.EL,O 2
O<></ON0 2 HC SIS OH
X y
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ONO, HNO3/(AcO)O
@Mﬁkyvxmﬂ% s O;
X v
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NTPNMMO :

Bl16o EAEFXRMUWRELRERYSHBENHHAR
Fig. 16 Mo group’s research on linear nitrate ester oligomers as

energetic plasticizers
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Fig. 17 Mo group’s research on linear nitrate ester oligomers as

energetic plasticizers
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Table 11 Physicochemical and energetic properties of ionic liquid based energetic plasticizers

lonicliquid based o/ i 5 AH:/

M OB/% w(N)/% T,/C T,/C FS/N 1S/)

energetic plasticizers (g+ cm™?) (k) » mol™")

MeO-TFSI 1.52 422.32 —64.4 13.27 —63.6 348.2 =500 to — 600 =360 =>40
MeO-NO; 1.55 204.19 —109.7 27 .44 —63.95 338.0 — 180 to — 250 =360 =>40
EtAc-TFSI 1.29 450.33 —63.9 12.44 —64.16 178.3 =500 to — 600 =360 =>40
EtAc-NO; 1.36 232.20 —103.4 24.13 —64.99 161.1 — 180 to — 250 =>360 =>40
AMTN 1.44 161 —64.5 43.5 - 60 249.1 —187.36 =>360 >15
CICN N 1.59 170.13 —68.8 45.15 95.4 210.3 — 141 =>360 =>30
C2CN N 1.53 184.17 —-87.9 41.99 59.4 221 =116 =>360 =>50
NOEt-Im-NO; 1.53 230 —=76.5 24.35 =51 165 —258.08 - -
HOEt-Im-DNTA 1.53 285.24 —=92.5 34.33 - 263 —15.84 - -
NOEt-Im-DNTA 1.59 314 —=71.3 35.71 =21 169 43.88
T p HEEE ;OB NV s wND RS s AH ARG s T, SIS AL AR EE s T, AR R WG s MO 43 FJ s FS R PE IR URRUEE 5 1S i i

XS SRR GY T S R R T M (HTPB)
(A H: 32 00 TC 7 v A9 W e o TR = e A
REHE PR (IL-EPs) « 1-HI BE-4- B AL & 61,2, 4- =g
TS L) B (MeO-TFSD) | 1-H JE-4-
I 21,2, 4- =G R (MeO-NO;) | 1-H JE-4-2,
R L TiR-1,2 . 4- =W — (= 950 F R0 15 56 0 i (EtAc-
TESD AT 1-H J-4- 2 TR L TE-1, 2, 4- = W il iR (EtAc-
NO,) ., M [FFELL 3% 7 HTPB/TDI [ 1k 14 & b %5
B, 544 0 R 3 fis (DOA) 1 ¥8 5 A e . ix 88
[ N R R N R o DRI
kAL, 1) 25 1 VIR 5 BE 1 28 7] T 20 K 1k B G S
MeO-TFSI 3% 3| 522.9% ([, DOA 1 220.5% 42 %5 T
137 %) sMeO-NO; ik 3| 484. 4% . AH < . fig 1k 1Y &5
T WA & BE 4% 9 3] (EtAC-TFSI, EtAc-NO; ) 4 37 7 JiF
BT 1. 113MPa (5 DOA i 0. 619MPa i &5 T
80%) .3k F] 0.943 MPa, 4-%3 E-1-F BE-1,2, 4-Hl iR
= CAMTND 1 O 25 30 85 F WU & R 3 9850 45 5
TER MR T MAERAE .7 100C LT H
WA 7E 180 ~ 260 C Z [H] 3= 8Ly Hp By Be 4 49 %

250 C B S 5% B 2 18% ., AMTN By 5 #1451
(Tds % =240 C ) . % B 5 b % 25 5 BF (&~ — 54 °C ) il
RF A8 B A S Mt 2l g 2 00 G R Dy T AR HE 3 R I 5 B
T EREIG A, 4-% - 1-CR -1, 2, 4- T R
= (CTION N) I 4- - 1-CRL 2 3E)-1, 2, 4l R =
e (C,ON ND AR 35 RE B 1 WA %5 B2 43 531y 1. 59 g/
cm® Fl 1.53 g/cm’ s P b F ~210 °C Fl~221°C
AL R 2 I (43 o JRR B2 30 Nm 1 50 N B 452 JR i =
360N, JiE & 5l 48 & T A & i (45 15% Al
41.99% ) Fl A= i #5 ( + 141k)/mol F1 + 116k)/mol) ,
£ 70 bar ¥ VRS- HE I HE R P AR T R R T
AE(3.42k)/g F1 3.20Kk)/g) A EL #l (1997 N « s/kg Fl
T912N « s/kg) . NS E I A (5% ~15% ) 1E K
FARGSE I, WG R R 7E 60 'C LLR #BN BE 4 1 22 s
A5, RPN AN BIARAT R A R . SR BT
FE B % 5 RN R J 8 0 JHG s Dy [T S A 3 ) 00 3 1Y
FTREMEA N . OO, R RE M RE S T R Y H
PP BE A 45 A L 15 5 T UM Y B T IR 1-H -
3-(2-fif KL 4R £ H) WK A B2 (NOEt-Im-NO; ) | 1-(2-F%
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