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HIL-3: R = allyl, R' = butyl, HIL-4: R = butyl, R' = butyl; HIL-5: R = octyl, R' = octyl;
HIL-6: R = butyl, R' = octyl; HIL-7: R = allyl, R' = allyl; HIL-8: R = allyl, R" = octyl;
HIL-9: R = octyl, R' = allyl

Scheme 1 Synthesis of borohydride-based hypergolic ionic
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liquids"
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HIL-10: R = allyl; HIL-11: R = ethyl; HIL-12: R = butyl;
HIL-13: R = cyanomethyl; HIL-14: R = chloromethyl

Scheme 2 Synthesis of N, N-dimethylhydrazinium-based cy-
anoborohydride hypergolic ionic liquids''®
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R toluene N/’ R CH,Cl,, rt, 48 h N/’ R
/ /
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HIL-17: R = methyl, R = methyl; HIL-18: R' = methyl, R = ethyl:HIL-19: R = methyl, R = vinyl; HIL-20: R' = methyl, R = allylHIL-21: R' = ethyl, R = vinyl; HIL-22: R = ethyl, R = allyl

Scheme 3 Synthesis of boronium-based cyanoborohydride hypergolic ionic liquids
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HIL-26: R = methyl, R = pentyl; HIL-27: R = methyl, R = octyl;HIL-28: R'= allyl, R = allyl
HIL-29: R' = allyl, R = ethyl:HIL-30: R' = allyl, R = propyl; HIL-31: R = allyl, R = buty;
HIL-32: R = allyl, R = octyl

Scheme 4 Synthesis of imidazolium-based cyanoborohy-
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dride hypergolic ionic liquids
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C)— Qﬁ

HIL-36: R = allyl; HIL-37: R = propynyl, HIL-38: R = H

_ NaBrON
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Scheme 5 Synthesis of super-base-derived cyanoborohydride hypergolic ionic liquids'"
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HIL-40: R = butyl; HIL-41: R = allyl R
Scheme 6 Synthesis of pyridinium-based cyanoborohydride HIL-46: R = butyl HIL-48: R = butyl HIL-50: R = butyl
HIL-47: R = allyl HIL-49: R = allyl HIL-51: R = allyl
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HIL-42: R = R' = allyl; HIL-43: R = R' = ethyl; H
IL-44: R = R' = propyl; HIL-45: R = allyl, R' = methyl

Scheme 7 Synthesis of triaminocyclopropenium-based cya-
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Scheme 8 Synthesis of dicyanoborate-based hypergolic ion-
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CHACN, tt, 6-8 h oz SN
b
X=ClorBr HyB
® Ok
+ 2 \R
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HIL-62: R = ethyl HIL-65: R = butyl
HIL-63: R = butyl HIL-66: R = allyl
HIL-64: R = allyl

Scheme 9 Synthesis of borohydride-rich hypergolic ionic liquids'?
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(cyanotetrazolylborohydride, CTB) i #hEE , -l % T
L DU e ) S5 B TV HIL-67 ~HIL-74(Scheme 10) .

XK H AR AR DR R T U B S B 1 M A
B9 a5 KHE IS B[] TE R R BY TR R R TR T
1.1 geem ™ Zids R AR AR (n {BAE 7.1~16.0 mPa-s
ZIA]) o AR L A F R T E R RE AR {H SR R L v i
PE o 2019 4R, i 5 48 S0 0R) H AR ) 7 2ok — s 315
N BB S A T e S (cyano (TH-1,

Na* H

H Hez
>BC cation] X’ o )
( NS M» N/\ N | ] [cation] [CTetraB]
\ toluene N =N CHsCN, 1t, 7 d
105°C, 4h N X = Clor Br
K\ _R +/ X
N\P/N N\ | + 2
- R N [CTetraB]
[CTetraB]’ [CTetraB] R
HIL-67: R = ethyl HIL-70: R = ethyl HIL-72: R = ethyl
HIL-68: R = butyl HIL-71: R = butyl HIL-73: R = butyl
HIL-69: R = allyl HIL-74: R = allyl
4 NaBH,CN T SE M catonyer
Q\N 5 (\N’ ~cN [cation]"[CTriB]
\ ’(" toluene N”{‘ CHyCN, tt, 24 h
107 °C, 3d
|/\ _R +/ A
+N N |
i/N\// \R + 2
R . . N™ [cTriBr
[CTriB] [CTriB] R
HIL-75: R' = methyl, R = allyl HIL-79: R = ethyl HIL-82: R = ethyl
HIL-76: R' = allyl, R = vinyl HIL-80: R = propyl HIL-83: R = butyl
HIL-77: R' = methyl, R = ethyl HIL-81: R = butyl

HIL-78: R' = methyl, R = butyl

Scheme 10 Synthesis of azolylborate-based hypergolic ionic

liquids'**™
1. KBH, BIMBL,SO
( N~ BaBTAE, ———— > _BmBlS0:
/2 cHyCOOH H,0, tt, 30 min
3. Ba(OH),

2, 3-triazole-1-yl) dihydroborate, CTB) & ¥ i &
HIL-75~HIL-83 (Scheme 10) . iX 2 2 Him & 7 1k
PERE AT, {EL 5 75 R Rl B2 0 5 2K SEE SR IR 1] W 75

T S X B A (] s 288 i R R Y A RS R A K
RE B HT 25 450 R B L I 60 R Ak i 4 ) 0L Y
w1l &= B B F (bishydrobis (tetrazol-1-yl) borate,
BTB) T A& fix 1£ , B J5 & L 1 AH B A B 7 WK
HIL-84~HIL-93(Scheme 11). Lk CTB 38 T4,
BTB i £ 1 Vi 4% 1) Al B2 0 i A 3R B[] A e 384 m, HL
A RUE R, B EY R T 1.2 g-em™, H i HIL-87
R A R e A T) B A Gl s A e

MR =A% 2 . BTB KL B W A4 i /K i A e M 34y,
BT DO 1M HIa A% 5.
H ©HSH
Na ~po e
N NaBH B cation] X
- ! NN [caton] [cation] [BTB]
\ 7 CHiON e CHN 79
N—N reflux, 4 d N= =N X = Clor Br
ﬁ\ _R +/ =
e N |
7 R N [BTe]
[BTB [BTB] R
HIL-84: R' = methyl, R = methyl HIL-89: R = butyl HIL-91: R = ethyl
HIL-85: R' = methyl, R = ethyl HIL-90: R = allyl HIL-92: R = butyl
HIL-86: R' = methyl, R = butyl HIL-93: R = allyl

HIL-87: R' = methyl, R = allyl
HIL-88: R' =allyl, R = allyl

Scheme 11
uids™"
2018 4F R ATVLAE BT T B BH B 7 35 Sk m i 45
¥ /) [bis (imidazolyl)-BH,] * [ bis (triazolyl)-BH, ] -
([BImBJ[BTzB]) B T & HIL94-HIL98 Fl[ bis(imid-
azolyl)-BH,]*[tris(triazolyl)-BH] ([BImB][TTzB]) &
F WA HILI9~HIL103(Scheme 12) . X 2 J$ B T A
[l A EL A v T A s RN B B (p 7E1.07~1.22 g-cm™

Synthesis of BTB-based hypergolic ionic lig-

Z0E)) , KR e Mk W W AT R B, FE K HR A AE 1 R B4 4y

fit . BARPMIE TS A B—HZ5H ,HBTzB 25
Ho EiH H\é/H

G |

HIL-94: R = methyl; HIL-95: R = ethyl; HIL-96: R = propyl; HIL-97: R = butyl; HIL-98: R = allyl

H Ho + M NN\ }ﬁ /N\
N 1. KBH,4 BImB / N N—B—N
. _ [BmBl K 7T AN
\ AQTTzZBl, T > ; \\ NN
N—1 2 agNO, H,0, 50 °C, 12h “\
\
N—"
HIL-99: R = methyl; HIL-100: R = ethyl; HIL-101: R = propyl; HIL-102: R = butyl; HIL-103: R = allyl
Scheme 12 Synthesis of boronium/borate-based hypergolic ionic liquids"*"
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ju(l

T AR 5 KE R I AL T TT 2B 8 1 AR A
BA ARATERE . 135Ny 2 Rl nl BEAY LI S B TTzB
KET HBRME, — 2 A B 02— Bl S A b B B,
B—H H 195 5 S RE 1 45 T T A 2R B TR Y R A
BATE T TTZB AT — > B—H i, i J5LRE ) 85 , I
BETEW: AR R 3R I R T TTZB B8 1)
PRAGRE B SR T8 T IOMR 5 SR AT B9 15 5, BT AN fig
RAR TR MRS G A I 22 2 T BOR TR A I8 R E
T3S Rl RE 3G O, A AR RE R R AN [ 25 R e BR Y i
WA R BHORUL, WA YRR S5 ) CTB Al
BTB 4 & T AR HA B br 22 S 1R RE

— B UL, A I R BEES AR B T, B A T
I R (T) VT (p) DR BE () AR URE (AH,) (#A

R FRE T WA E BT

ek (AH,) | A5 K HE SR i) [E] Cignition delay time, 1D) |
o (1) VBT Lo (pl,) (Be i 1 55 48 Br 2 52 i H R
HEGEFIPERE RO FZ R R, R 1L T BT
A AR TR HIL-T~HIL-103 19 24 e b .
RN TR SCHR Y 115 7 AT BES [, DA Ot e 1 AR 22 1)
B4 L o RD %8 B LE i 5 (E HE DA BB, (EURT DL ] 2%
57T i = W PE A B AR FE AL . BRI Z AN, & B—H
ZEM R H B TR A ALBH,) 2B A
VAR B IR AR 3X 2 B R AR TR gy 3
TEA SCHP N FEECIE o AR B—H 25 #4914 1l 9 W) 7%
FKOICBH, PO B W, 4 K 43 B R 0 4 A
KT 100 °C, AFFE B FIARHES, WA EH T )
TR HEFE VAR, AR TEAR SCERRTE Rl Z N .

Table 1 Important physicochemical properties of HILs
HIL T, orT,/C T,/C p/g-cm®  p/mPa-s  AH/k)-mol™  AH_/kJ-mol™ ID/ms I,/ pl,/s+g-cm™ references
1 <-60 99.9 0.91 486.6 38.9 -6539 38 - - [16]
2 <-60 93.3 0.90 113.8 117.8 -5653 2 - - [16]
3 <-80 110.3 0.92 670.2 174.3 -7766 8 198 - [17]
4 129.9 - 0.92 - 25.4 -8585 40 186 - [17]
5 13.7 115.7 0.85 - -103.0 -13869 222 169 - [17]
6 <-80 121.0 0.90 - -89.0 -11195 342 172 - [17]
7 <-80 120.8 0.93 1751 314.2 -6921 3 213 - [17]
8 <-80 118.2 0.88 892.0 1171 -6089 62 185 - [17]
9 <-80 105.4 0.88 678.2 116.1 -6089 46 185 - [17]
10 -80 181 0.93 113 154.9 -5439 42 214 - [18]
11 =17 205 0.92 242 40.2 -4931 103 208 - [18]
12 -80 201 0.89 124 20.4 -6270 54 198 - [18]
13 41 127 0.94 - 282.2 —-4744 - 228 - [18]
14 46 134 1.15 - 58.4 —-4127 - 204 - [18]
15 -37 174 0.89 523 573.2 -8605 41 219 - [18]
16 =59 190 0.88 196 244.8 -9635 23 188 - [18]
17 -57 154 1.069 2155 - -6590.2 189 117.2 - [19]
18 -56 142 0.990 438.4 - -7251.1 570 118.4 - [19]
19 =70 146 1.050 1855 - -7688.9 119 193.1 - [19]
20 =70 140 0.999 1324 - -7756.9 525 129.2 - [19]
21 49 108 1.066 - - -9652.6 274 181.6 - [19]
22 —47 102 1.044 2464 - -9716.3 148 127.5 - [19]
23 -80 242 0.96 28 336.6 -6122 8 211 - [19]
24 =71 247 0.98 19 218.6 -5610 4 206 - [19]
25 -80 267 0.97 102 190.7 -6941 24 195 - [19]
26 <-50 275 0.9521 38.17 217 -7207 4.7 (234) (300) [20]
27 -36.22 283 0.9056 85.90 371 -9267 31.2 (236) (301) [20]
28 <=50 247 0.9582 21.68 379 -6885 1.9 (233) (299) [20]
29 <=50 265 0.9533 16.62 237 -6350 3.1 (232) (296) [20]
30 <=50 256 0.9403 25.56 289 =7037 3.4 (233) (301) [20]
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HIL T,orT,/C T,/°C plgrcm™  m/mPa-s  AH/kl-mol™ AH_/kJ-mol™ ID/ms I,/s p]sp/s-g-cm’3 references
31 <-50 264 0.9310 32.62 366 -7749 4.0 (234) (302) [20]
32 <-50 265 0.9078 74.34 536 -10460 32.6 (234) (299) [20]
33 <=70 233 1.01 523.8 71.9 -9253.7 115 172.5 - [21]
34 -51.3 258 1.02 2043.0 244 .4 -9140.5 59 183.3 - [21]
35 46.0 283 1.06 - -38.0 -7391.8 137 168.5 - [21]
36 0.8 232 1.00 87.4 88.8 -7912.1 79 175.5 - [21]
37 0.7 284 1.03 332.8 261.9 -7799.3 67 188.1 - [21]
38 54.3 263 1.02 - -5.4 -6065.7 92 173.8 - [21]
39 <=70 205 1.04 255.5 5.1 -6219.2 576 174.7 - [21]
40 42 215 1.064 - -30 - (50) (227) - [22]
41 37 195 0.995 - 112 - (30) (228) - [22]
42 4 155 0.95 128 - - 74.0 [302.9] - [23]
43 -24 211 0.93 52 - - 14.0 [304.6] - [23]
44 23 219 0.96 171 - - 330.0 [304.5] - [23]
45 -18 165 0.99 61 - - 37.5 [303.9] - [23]
46 <-80 222 0.91 39.4 - - 6 - - [14]
47 <-80 189 0.93 35.0 - - 4 - - [14]
48 <-80 307 0.96 173 - - 28 - - [14]
49 <-80 266 0.99 124 - - 8 - - [14]
50 <-80 252 0.96 19.8 - - 18 - - [14]
51 <-80 203 1.00 13.5 - - 6 - - [14]
52 <-80 303 0.92 223 - - 26 - - [14]
53 <-80 259 0.94 16.6 - - 8 - - [14]
54 <-80 220 0.99 299 - - 32 - - [14]
55 <-80 217 1.03 21.0 - - 6 - - [14]
56 62 306 1.12 - 291.5 - - 164.5 - [24]
57 <-80 266 1.05 35 248.9 - 14 162.4 - [24]
58 95 242 1.1606 - 182.46 - 269 133.4 - [27]
59 -33 240 0.9260 19 4218 - 4.3 193.4 - [27]
60 -30 230 0.9131 22 15.97 - 3.0 186.4 - [27]
61 -26 181 0.9348 17 167.25 - 2.4 199.0 - [27]
62 -37 261 0.9339 22 93.88 - 2.0 192.3 - [27]
63 -32 243 0.9195 27 66.36 - 2.3 185.4 - [27]
64 -20 267 0.9412 10 219.80 - 1.7 197.7 - [27]
65 -32 245 0.8859 25 -120.32 - 3.3 182.6 - [27]
66 -22 166 0.9011 14 29.11 - 2.1 193.6 - [27]
67 <-70 233 1.12 71 - - 1.4 184 206 [28]
68 <-70 231 1.10 11.0 - - 6.0 177 195 [28]
69 <=70 228 1.15 7.4 - - 3.2 195 224 [28]
70 -8 193 1.09 9.8 - - 3.9 179 195 [28]
71 -13/-47 200 1.08 16.0 - - 7.5 173 187 [28]
72 <-70 175 1.17 93 - - 2.6 183 214 [28]
73 <=70 180 1.13 146 - - 7.1 180 203 [28]
74 <=70 165 1.17 8.4 - - 1.7 189 221 [28]
75 <-70 203 1.1116 34.74  358.7 - 5 [298.6] - [29]
76 <-70 193 1.1281 5212  471.6 - 8 [2985] - [29]
77 <=70 241 1.1155 27.59 2423 - 9 [302.7] - [29]
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HIL T, or T,/C T,/°C plgrcm®  m/mPa:s  AH/kl-mol™ AH_/kJ-mol™ ID/ms 1/s plsp/s-g-cm’3 references
78 <=70 232 1.0784 30.66  216.2 - 32 [299.9] - [29]
79 <=70 224 1.0586 38.83  111.7 - 25 [302.9] - [29]
80 <=70 215 1.0464 22.48 97.0 - 38 [301.9] - [29]
81 <=70 219 1.0353 59.63 83.2 - 57 [302.0] - [29]
82 <-70 193 1.1179 4190 292.3 - 17 [297.7] - [29]
83 <-70 223 1.0710 50.07  265.8 - 28 [298.7] - [29]
84 21 223 1.28 57 - - 18[117] {264} - [30]
85 <=70 226 1.24 40 - - 17[154] {264} {37114 [30]
86 <=70 219 1.24 88 - - 38[113] {261} {3671 [30]
87 <=70 222 1.25 31 - - 20[53] {265} {37214 [30]
88 <=70 225 1.21 35 - - 19[29] {264} {3681 [30]
89 <-70 230 1.20 89 - - 36[77] 1264} {368} [30]
90 <=70 219 1.22 26 - - 19[52] {263} {3671 [30]
91 23 170 1.26 30 - - 1401417 {263} 13714 [30]
92 <=70 166 1.25 69 - - 310110] {261} 13671 [30]
93 <-70 149 1.28 25 - - 9[57] {2641 {3751 [30]
94 -44.9 256.8 1.16 1720 213.7 -9067.2 399 {259.81  1360.6} [31]
95 -51.1 250.6 1.12 801 158.3 -10370.4 26 {260.31  {359.2} [31]
96 -52.1 258.6 1.10 1282 120.4 -11691.1 111 {260.91  {359.3} [31]
97 -57.6 248.4 1.07 1038 83.1 -13012.4 190 {261.31  {357.7} [31]
98 -56.2 205.4 1.12 453 390.2 -11389.3 20 {261.71  {360.6} [31]
99 -28.8 240.6 1.22 28413 286.9 -10070.3 - {257.51  {362.3} [31]

100 -37.8 245.1 1.18 6054 230.0 -11372.0 - {258.31  {361.4} [31]

101 —47.1 248.7 1.13 4129 193.1 -12693.7 - {259.0f  {358.2} [31]

102 —42.2 239.0 1.12 3876 152.4 -14011.6 - {261.61  {361.3} [31]

103 —44.2 225.4 1.17 2269 461.1 -12390.1 - {259.71  {362.5} [31]

198 - [18]

UDMH -57.2 64 0.79 0.49 48.3 -1979 4.8 (239) (292) [20]

[313.5] - [23]
{2781 135114 [30]

Note: Ignition delay time measured with WFENA; Ignition delay time measured with RFNA is shown in parentheses; Ignition delay time measured with N,O, is

shown in square brackets. Specific impulse measured with different methods is shown in different brackets. 4) Boiling point.
S TR BRI TR . S A R S T R A A
2 ERHR FEE 0 A A 3 i T 0 0 i
21 HRiEALE FAGT BT , 35 HE SR I T BT . BRI 4, LT % A
D018 A A A G A s T ST TR Y K SR T % A
X 6L H HIL-36 A HIL-37 76 4 10 4 F0 8 7ok 0 (P U)o AF#0A Ty 05 ST AR T B Ik
gkt B 17 T P58 S B T Wb g pepy g PR RIBCI R0 = SRS AT G B b R R
BTG 4B TR RS (R R R figr T SOBL BTN R IR, SRR T
S MR R A B TS NLOL U R RE . L AL L B T fit B F W AR 5 A AL R 4% il 1 Leidenfrost 28752 |, 1 %
PRI 1 AR S 0 0% Y BL G B O A L TR e g AR ORI TR KRR 3 — 2 e
S AR METE AR F AR B TR R v R T RUNLOL N LTI L B T IO B A BE O B2 1

LR U E EH . JE A
) 4F, 7 B Jg 45070 SR K £ B8 A R S HOR T RN TSl B0 SIS A A i i A A

5% T HIL-59~HIL-66 55 8 F [BH,(CN)BH,(CN) ]~ #K Wi, Vaghjiani 2" F) I 507 21 40 6 % Fn 44 -5
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Abstract: Boron-based hypergolic ionic liquids, which exhibited low viscosity, short ignition delay time and low cost, were con-
sidered as the powerful candidate for conventional liquid propellants. Here, the research progress of design, synthesis and physi-
cal chemical properties on boronium-anion-based HILs were systematically reviewed. The theoretical and applied studies includ-
ing thermal decomposition, hypergolic reaction, combustion mechanism and relationship between structure and performance
were briefly summarized. The practical application and development tendency of boronium-anion-based HILs were also dis-
cussed .
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