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4% : Bruker 400/700 AVANCE spectrometer 1%
1 L HR AL 5 IRAffinity-1s(KBr F& /) £L 78 3% 4% 5 Bruk-
er Apex IV FTMS & 43 BE BT 5 & H DSC-60 22 /% 14
i P s Fastcam SA4 i 2 HL; TA DHR-2 i 42 4% 5
Micromeritics Accupyc 11 1340 % A%
2.2 R
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Scheme 1  Synthetic route of N-alkytriazole-cyanoborane

221 HLAEWMIHER

$1,2,3-=M(10.0 g, 144.8 mmol), ZJE(50 mL)
BT 100 mL B B BEFE NI A RS (24.0 g,
174.0 mmol) , & i i F 1 h, S8 )5 Z2 18 1% in at B e
(22.6 g, 159.2 mmol). 5, Q2L RBEFE K .
iUk BE T, 15 2 5.660 g LA o KL &L T B
(100 mL) , il A S AL S SR Bk 6 by vk i T
o B2 R A2 BT Sk, 15 3 A K 7,740 g,
W7.7 gredh, 5 EAEM A LH(4.500 g, 71.5 mmol)
— A E 250 mLBEHR T, A P E kg (80 mL) ,
Pk UGN 12 ho BN S5 SR BE TR . KL
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FEREHEZ T B (Vi s Vogew=152), B N-F
$-1,2,3-=w2.774 g(IL % 50.8%) , 1+ F1 0, & 14
S 0.998 g, P 5 E 25.0% .

'"H NMR (400 MHz, CDCl,)§: 7.09 (s, 1H,
CH), 7.02 (s, 1H, CH), 4.28 (s, 3H, CH,) ,
3.10~2.10 (m, 2H, BH,CN)."”C NMR (100 MHz,
CDCl,)é: 133.0, 128.1, 39.1."B (128 MHz, CDCI,)
8: —21.52 (t, /=103.8 Hz). IR (KBr, v/cm™):3157,
3140, 2968, 2425, 2199, 1527, 1269, 1184,
1119, 1093. HRMS (ESI) m/z, [M+H]" calcd for
C,H,BN,: 123.0837; found: 123.0824,

222 HUEW2HEK

$1,2,3-=W(5.0 g, 72.4 mmol), ZHE(30 mL) &
T 100 mL P ERIR b B HE T I ABRBR#1 (12.0 g,
86.9 mmol) , Z IR B FE 1 h, SR )5 218 i it 2 ke
(12.4 g, 79.6 mmol) . i e, 5 ik 4k 2L i %, i %K o
U8 TR 15 5.630 ghldh . HLEATHEE(100 mL),
WA G E AR R 6 h, U8 e T30 L 2Rk
AL, 13 7.700 g 7= i, AN Z M alifk H S R L
AAL#h(3.644 g, 58 mmol)—iZ il A 100 mL B H,
TP Wi (50 mL) , B RN 12 he SOMES S,
JHE 35 50 RL it ek AL E AT 20 B (Ve Viome=253) s
153 BNIR W AWK 3.133 g, K 39.9%,

'"H NMR (400 MHz, CDCl,)é: 7.88 (s, 1H,
CH), 7.82 (s, TH, CH), 4.49 (q, J=7.2 Hz, 2H,
CH,), 3.20~2.10 (m, 2H, BH,CN), 1.61(t, J=7.6 Hz,
3H, CH,)."C NMR (100 MHz, CDCl,)é8: 132.8,
126.7, 48.1, 14.9.""B (128 MHz, CDCl,)8: -21.22.
IR (KBr, »/cm™):3144, 2990, 2418, 2201, 1721,
1179, 1119, 1094. HRMS (ESI) m/z, [M+H]"
caled for C;H,,BN,: 137.0993; found: 137.0988,
223 HUEWIHWEMK

#1,2,3-=M(2.0 g, 29.0 mmol), ZJi% (20 mL)
BT 100 mLBY M R P B RE T I AR R B (4.8 g,
35.0 mmol) , il AEFE 1 h, SR I5 2RI ke (7.4 g,
44 mmol) ., W5, = iRARLE NP % . Uk BE T
7,13 1.588 gl it o M AEFHEL(100 mL) , 38 A
SR BEFE SO 6 ho Sl U8, TE 0] , KL il 28 e 1
T8, 45 2.095 g™ i AR ERE )R AT A AL B S R
fE85(1.093 g, 17.4 mmol)—&/IA 100 mLEEHH, i
AW (30 mL) S FE R RN 12 he VSRS,
BETH o ML EERAE BT AV wt Viemew=1:1),
PR B WK 0.932 g, ILFK 43.7%.

4 g
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'H NMR (400 MHz, CDCl,)é8: 7.93 (s, 1H,
CH), 7.88 (s, 1TH, CH), 4.44 (t, J=7.2 Hz, 2H,
CH,), 3.36~2.25(m, 2H, BH,CN), 1.95~2.10 (m,
2H, CH,), 1.00 (t, J=7.2 Hz, 3H, CH,).""C NMR
(100 MHz, CDCI,) 8: 132.8, 126.7, 54.4, 23.2,
10.8."B (128 MHz, CDCl,)8: —21.04(t, J=97.7 Hz).
IR (KBr, v/cm™) :3144, 2972, 2417, 2201, 1462,
1177, 1117, 1094. HRMS (ESI) m/z, [M+H]"
caled for C,H,,BN,: 151.1150; found: 151.1141,
224 HEWIHER

B1,2,3-=m(2.0 g, 29.0 mmol), ZHE (30 mL)
BT 100 mL By M F B S RE N i AR IR B (4.8 g,
35.0 mmol, 1.2 eq), EHAHFE 1 h, SR J5 22 12 i I it
T%E(9.0 g, 44.0 mmol) . JH5E, E Ak 2L b, o
o g, TR, 15 1.804 g HLAh . ML A T H B
(100 mL) Y, A @A S M i dE 6 ho 2208, e
T ML 8 A R R UE L 15 2,303 gt A&
AN aife B4 S AR AL (1.087 g, 17.3 mmol)
— A 100 mL B H A Y E K (30 mL) 4
FERIGE RN 12 ho NS5 H 5 e T8 7, 8L 28 5
JEAESZ BT A (Vs t Viomew=111) , 19 1R 8 00 1K
0.983 g, 1% 42.0%.

'"H NMR (400 MHz, CDCl,)é: 8.11 (s, 1H,
CH), 7.93 (s, 1H, CH), 4.53 (s, J=7.6 Hz, 2H,
CH,) , 3.30~2.20 (m, 2H, BH,CN), 2.05~1.93
(m, 2H, CH,), 1.50~1.33 (m, 2H, CH,), 0.98 (t,
J=7.6 Hz, 3H, CH,)."”C NMR (175 MHz, CDCl,)é:
133.2,127.3, 52.6, 31.5, 19.4, 13.2."B(128 MHz,
CDCl,)8: —21.34. IR (KBr, »/cm™) : 3142, 2963,
2417, 2199, 1721, 1522, 1466, 1175, 1119,
1092. HRMS (ESI) m / z, [M + H]" calcd for
C,H,,BN,: 165.1306; found: 165.1295,

225 HEWSHER

#1,2,3-=m(2.0 g, 29 mmol), Z (30 mL)
BT 100 mL By R BRE T AR R (4.8 g,
35.0 mmol) , Z ML FE 1 h, SR 5 28 12 3 i 7 3k 9
(3.0 g, 32.0 mmol), W5 kst RAHE, b, o
UE S HETIAR LA 1.300 gkl o HLEE THIEE(100 mL),
AR B 6 he iU, BET R ML 2
fiE i B U8, 45 1.697 g™ b, N A JE B Al Ak
5 & B A AL A (0.905 g, 14.4 mmol) — il il A
100 mLBSIHH A PYZ PEAE (30 mL), BHAL S 12 he
VA SN 1 | I S T = = TS
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(Ve Vose=1:1) FFIR B OWAK 0.472 g, W0F 27 3%,

'"H NMR(400 MHz, CDCl,)8: 7.99(s, 1H, CH),
7.88 (s, TH, CH), 5.99 (ddt, J=16.8, 10.0, 6.4 Hz,
1H, CH), 5.45 (d, /=10.0 Hz, TH, CH), 5.43(d, J=
17.2 Hz, 1H, CH), 5.06(d, J=6.4 Hz, 2H, CH,),
3.20-2.05 (m, 2H, BH,CN)."”C NMR (100 MHz,
CDCl,)é8: 133.0, 128.7, 127.2, 123.2, 54.9. "B
(128 MHz, CDCI,) 8: - 21.24. IR (KBr, v/cm™) :
3145, 2961, 2417, 2201, 1728, 1165, 1117,
1092. HRMS (ESI) m / z, [M + H]" calcd for
C,H,,BN,: 149.0993; found: 149.0991.

3 AR5

3.1 MBEEMN

VR A R A BV AR R R B LR T, R
T AT R BE T, 55 o Forb 0 o B0 5 b UL BE IR
TG it R v, RV A TR DX T R R R A R
M Ar s M . fEER T AW 2~5 R IE
R AEA 1 R B 05 50 °C, A RE & = N JE A
YRR RN . R DSC XL W 1~5 1Y
O R B AT % 5%, 25 °C o minT TR R, T
U JE B AL A 9 1 2 30~350 °C Ltk & ¥ 2~5 K -70~
350 °C. R 1R, BRIEEW 5 LIAN, R G
o3 ff T 4 E 200 CUL I BRREM R IF. kG4
A& e R B IR IREE I3 T 256 °C. (bEWI5
FEAE R AT R I 5 , Ry e IR TR B 43 531 S 157 °C Rl
204 °C., ML T —HPF(UDMH, T,=-57 °C, ¥ &iH
64 °C) MG 3 194 i IR BE 35 233 °C,-70 CAR M %
FIEEE A, L, B W 3BT A 4 ) AR B A A
) YR AR 3 1] o
32 HEREZE

X VA HE 5 SR T R A R R SR G A
SRR BRRHAE T LA A S R A 45 2 AE ) R fE S B
F1o i HEAR T LB R A I, 5 R e i o &2
YR EEH KT 1.00 g-ecm™, i & T W H P
(0.79 grem™) . H (b5 W5 0% K i, ik 3
1.060 g cm ™, % /MG Y 4155 1.002 g-cm ™,
G — 5 T VAR T SRR BE B/ 7 S PR H B A
THRRLY 2 SRR e A Tt B . 7E 25 °C b & 2~5
FRPAS BE 22 S8R AL B 2 ARG E R 3R 3 T 70 mPa- s,
G 3 5 AR T HARPRE B, b LB 51
AR /N10 mPa-s, L&Y 3RIREERS = 16 mPa-s,
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Table 1 Physicochemical properties of N-alkytriazole cyanoborane adducts

compound T(T,)/ C T,/°C p/gcm™ n/mPass  AH/K-g" I, /s ply, /s g-cm™ ID / ms
1 /50 225 1.086 - 2.3 221.7 359 13
2 -42/22 200 1.051 70.0 1.8 209.6 353 90
3 /<=70 233 1.024 16.0 1.5 201.7 357 12
4 / <=70 256 1.002 32.5 1.2 195.4 355 23
5 /<=70 157 /204 1.060 10.1 2.4 214.9 355 33
UDMH!24] -57 - 0.79 0.49 0.81 313.5 - 4.8

Note: T, is glass-transition temperature. T, is melt point (DSC, 5 C-min™'). T, is decomposition temperature (onset, DSC, 5 °C-min™"). p is experimental density

at 25 °C. n is Viscosity at 25 “C. AH, is heat of formation (Gaussian 09, MP2(full)/6-311++G(d,p)). I is specific impulse (Explo5 v6.02, oxidizer N,O,

(equivalence ratio=1.0), isobaric conditions, equilibrium expansion, 7.0 MPa chamber pressure). pI,, is density specific impulse. ID is ignition delay time.

3.3 RANIER

SJCHE IR I 3 ER O A B E R A B SRR
T 1) BE AR T 8 6 2 MRS IR (WENA) |, I e i 4% 52
HLC1000 fps)ic & s kad 7 o A& 9 3193 7% 1 X 45
S E . YA A Y 300 4 B R R R
] A FF R 1 5f , A Tk B B Ak 2% B O 7 AR
Gy RAE /NGy SO BRI R R R T L 2 TR

t=200ms

—~—— -

= |
BT LA 35 WENA Bk % 5250 w55 BT
Fig. 1 High-speed camera photos that show a spatially re-
solved ignition event for a droplet of 3 falling into WFNA
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JEE 3K BN R SR SRR S g AR . NIEL T T LU
=12 ms B, bGP 3A/NKREE ;=13 mshf, K
YW 52 5 =200 ms B 3% A T ] 5250 16 R R AR E
5355320 ms BF AR E R BE . NBEAS A kot B R
BT e Ak S W R TR R B T
1 BB EE A AT RE R LR — R B A VAR R ORL

HoAth 4 AP0 o5 KCER B[], WL 1, Hop b
AWV T A D T R R R kA i R e A
ke rd K3 M e a5k a9 3
AR o
3.4 ERBRILH

A= WK% R FH Gaussian 09 #F°H8 . # 0k, R
FHB3LYP By J5 ¥, 6 6-31++G(d, p) FEA XL &Y
PEAT 25 K6 A Ak B 45 A, o B T b RE AT /D
Ak , 24k 0 20 BT TC M A, 45 B Fa e LT L. SRS 1E
B IERE E B H MP2(full)/6-311++G(d,p) 34 , 154
FORR RURE B, BT A B A 1 S DA B A o R
JRE WU (HOF) i Scheme 2.

£ 298 K MR HEA: B =X (1) B
AH,p =SAH, ,~3AH, (1)
X AH,  FIAH, G35 R 7RAE 298 KB AR 1808 A
W B AR A RS L k) - mol ™

b B2 R BT K B NH, L CHLNH, 25 g 35 i 11
1,2, 3- =W bR ol AR RS 0 T A0 S 0 A, AL B
NH,—BH,CN £ {8, nl 3@ 4 4n =X (2) B s 9 7 5 1k
SN2 G2 T AR A iUk
C,H,N,—aC(g)+bH(g)+cN(g) (2)

238, NH,—BH,CN 1 AH, 2% 1.1 kJ - mol™, 3
BT A B R A ek b A RS .
G 5 bR AR UG e ik 8 T 2.4 K)-g SRS
PERE B A AL A 3k B T 1.5 k- g7, #R A = T I
N Lk
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“HE0.81 kJ-g) s

BT A0 A P 0 A v A R (N S R R
JH Explo5 v6.02 fiifl 7 AL & 1~5/ b, 1. b
AW 3 ERIE L vh B N 201.7 s, B L w0 Gk B T

3

357 s:g-cm’,

N
N
HeC—N" SN-=BH,CN + 2NHy; —> N/\/ ] + NHg-BH,CN + CHaNH,
\:/ N
1 H
/N\ //N
CoHs—N" SN-=BH,CN +2NHy —> N_ || + NHgBH,ON + CoHeH,
\:/ N
2 H
N
N /
NN N BH,CN 2Ny o N E + NHgBHCN + N2
\:/ N
3 H
N
N
NSNS N BH,ON +2NHy —> N/ E + NHaBHCN + S~ N2
\:/ N
4 H
N
N N
\/\N \\N->BHQCN +INH; —> N/\/ ] + NHz-BH,CN + /\/NHZ
\:/ N
5 H
Scheme 2 Isodesmic reactions for the HOFs calculation of

N-alkytriazole-cyanoborane compounds

4 % i

(DBAT,2,3- =8 R J50okE, 5 pa AR A B N-HU
P E R SR A ER R R A SR S U
T &4 B0 S, 43 1 DL 25.0%~43.7 % Y AS [m] i 3R 45
B — R =S b S G, R X B & it T
SR RAE . (L EWE B L2, Rz A
AT BRREH

(2)ffi H Gaussian 09 Fl Explo5 v6.02 K 4 £ %5
Xt HERE A P R RE R AT T ELS BUAL L LA 3
BAREMEGE MR, B AIREA T -70 °C, #0 R iR
JEIRF T 233 Clonset) , AT 16 mPa-s, % &
1.024 g-cm™ FRifEA LS IR 2 1.5 k) - g7, B bk
357 stg-cm”, RUAKIEIRBFE] 12 ms. LG9 3 7T ]
A VB 3 390 1% 40 S RO o

SE
(1] ZRWAf R ARIEE R (M. b st i [ 00 L, 20112 1.
LI Ya-yu. Liquid propellant [M].
Publishing House, 2011: 1.
(2] W¥E, sk PRAE 5 B8 B 5 W MR- 2 B 1 I 24 T €2 4 30 590 1K
B L. S RBA KL, 2014, 22(5): 580-581.
TIAN Jun-jun, ZHANG Qing-hua. Energetic ionic liquid-new

Beijing: China Astronautic

explosives and green propellant fuels[)J]. Chinese Journal of En-
ergetic Materials( Hanneng Cailiao), 2014, 22(5): 580-581.
[3] Schneider S, Hawkins T, Rosander M, et al. lonic liquids as

CHINESE JOURNAL OF ENERGETIC MATERIALS

[7]

[8]

[17]

Sttt

hypergolic fuels[])].
2872.

HE Ling, TAO Guo-hong, Shreeve ] M, et al. Nitrocyana-
mide-based ionic liquids and their potential applications as hy-

Energy & Fuels, 2008, 22 (4) : 2871-

pergolic fuels [J].
(19): 5736-5743.
Joo Y H, GAO Hai-xiang, Shreeve ] M, et al. Inorganic or or-

Chemistry-A European Journal, 2010, 16

ganic azide-containing hypergolic ionic liquids [J]. Inorganic
Chemistry, 2010, 49(5): 3282-3288.

Maciejewski J P, GAO Hai-xiang, Shreeve ] M. Synthetic
methods for preparing ionic liquids containing hypophosphite
and carbon-extended dicyanamide anions[]J]. Chemistry-A Eu-
ropean Journal, 2013, 19(9): 2947-2950.

ZHANG Yan-qgiang, GAO Hai-xiang, Shreeve ] M, et al. lonic
liquids as hypergolic fuels[J]. Angewandte Chemie Internation-
al Edition, 2011, 50(41): 9554-9562.

LI Song-ging, GAO Hai-xiang, Shreeve | M. Borohydride ion-
ic liquids and borane/ionic-liquid solutions as hypergolic fuels
with superior low ignition-delay times[]]. Angewandte Che-
mie International Edition, 2014, 53(11): 2969-2972.
ZHANG Qing-hua, YIN Ping, Shreeve ] M, et al. Cyanoboro-
hydride-based ionic liquids as green aerospace bipropellant fu-
els[J]. Chemistry-A European journal, 2014, 20(23): 6909~
6914.

LIU Tian-lin, QI Xiu-juan, ZHANG Qing-hua, et al. Exploit-
ing hydrophobic borohydride-rich ionic liquids as faster-ignit-
ing rocket fuels [J]. Chemical Communications, 2016, 52
(10): 2031-2034.

WANG Yi, HUANG Shi, ZHANG Qing-hua, et al. Nitra-
to-functionalized task-specific ionic liquids as attractive hyper-
golic rocket fuels[)J]. Chemistry-A European Journal, 2017, 23
(51): 12502-12509.

JIN Yun-he, WANG Bin-shen, ZHANG Qing-hua, et al. Syn-
thesis and properties of triaminocyclopropenium cation based
ionic liquids as hypergolic fluids [J].
Journal, 2018, 24(18): 4620-4627.
ZHENG Bing-xiao, ZHANG Yan-giang, ZHANG Suo-jiang,
et al. Azetidinium-based hypergolic ionic liquids with high
strain energy[}]. Chemistry Select, 2018, 3(1): 284-288.
WANG Kai, ZHANG Yan-giang, Shreeve ] M, et al. Boroni-
um-cation-based ionic liquids as hypergolic fluids[J]. Chemis-
try-A European Journal, 2012, 18(38): 16931-16937.

LI Xing-ye, WANG Chen-bin, CHEN Fu-xue, et al. Bishydro-
bis (tetrazol-1-yl) borate (BTB) based energetic ionic liquids

Chemistry-A European

with high density and energy capacity as hypergolic fuels[]].
Journal of Materials Chemistry A, 2017, 5 (30) : 15525-—
15528.

LI Xing-ye, HUO Hong-yu, CHEN Fu-xue, et al. Cyanotetra-
zolylborohydride (CTB) anion-based ionic liquids with low
viscosity and high energy capacity as ultrafast-igniting hyper-
golic fuels [J]. Chemical Communications, 2017, 53 (59) :
8300-8303.

FRDT, kLR, TR % & BH,(CN)BH,(CN) BB T 19 8 1
WA A A Kk R i 9 B WE S )], & RE AR, 2018, 26(7) ¢
557-564.

WENG Xin-yan, DU Zong-gang, YU Jun, et al. Experimental
study of hypergolic process of ionic liquid with BH,(CN)BH,
(CN)~ anion[J]. Chinese Journal of Energetic Materials ( Han-

2018 % %264 % 114 (931-936)



936

FRR, B0 RS

neng Cailiao), 2018, 26(7): 557-564.

[18] Ramachandran P V, Kulkarni A S, Pourpoint T L, et al.
Amine-boranes: green hypergolic fuels with consistently low
ignition delays[J]. Chemistry-A European Journal, 2014, 20
(51): 16869-16872.

[19] GAO Hai-xiang, Shreeve ] M. lonic liquid solubilized boranes
as hypergolic fluids[)]. Journal of Materials Chemistry, 2012,
22(22):11022-11024.

[20] HUANG Shi, QI Xiu-juan, ZHANG Qing-hua, et al. Towards
safer rocket fuels: hypergolic imidazolylidene-borane com-
pounds as replacements for hydrazine derivatives[]]. Chemis-
try-A European Journal, 2016, 22(29): 10187-10193.

[21] LI Xing-ye, NAN Jia-yu, CHEN Fu-xue, et al. Exploring
BH2CN-based hydrophobic hypergolic fuels and effective fuel
“additives”: imidazolylidene cyanoboranes[J]. Chinese Chem-
ical Letters, 2018, doi.org/10.1016/j.cclet.2017.09.036, on-

[22] WANG Xiao-jun, ZHANG Li, Peter W, et al. General solu-
tion to the synthesis of N-2-substituted 1,2, 3-triazoles[]]. Or-
ganic Letters, 2010, 12(20): 4632-4635.

[23] Greg K, Greg D, Tommy H, et al. Synthesis, characteriza-
tion, and structural investigations of 1-amino-3-substituted-1,
2, 3-triazolium salts, and a new route to 1-substituted-1, 2
3-triazoles [J]. Journal of Heterocyclic Chemistry, 2005, 42
(1):19-27.

[24] Durgapal U C, Venugopal V K. Hypergolic ignition of rocket
propellants with nitric acid containing dissolved nitrogen te-
troxide[J]. AIAA Journal, 1974, 12(11):1611-1612.

[25] Frisch M J, Trucks G W, Fox D J, et al. Gaussian09[ CP], Re-
visionA.02, Gaussian, Inc, Wallingford CT, 2009.

[26] S 700 Fir 32 247 HLAG & W 89 IR A U ). A oe TR
1989, 17(5): 39-63.

SHI Xin-hui. Heat capacities for 700 compounds[]J]. Chemical

line. Engineering, 1989, 17(5): 39-63.

Synthesis and Properties of N-alkytriazole-cyanoborane Propellant Fuels

WANG Chen-bin, LI Xing-ye, CHEN Fu-xue
(Beijing Institute of Technology School of Chemistry and Chemical Engineering , Beijing 100081, China)

Abstract: To develop novel hypergolic propellant fuels with high density, low viscosity, wide liquid temperature range, high
specific impulse, and high decomposition temperature, a series of N-alkyltriazole cyanoborane complexes were prepared in a
straight forward way by treating N-substituted triazoles hydrogen chloride salts and NaBH,CN. The synthesized compounds were
characterized by IR, NMR and HRMS for their structures, and measured by differential scanning calorimetry (DSC), densimeter
and viscometer for their thermostability, density, viscosity and ID. On the other hand, Gaussian 09 was used to optimize the
crystal structure and calculate the formation enthalpy, based on which Explo5 v6.02 was employed to predict the theoretical spe-
cific impulse. Four out of five compounds were found to be liquid at room temperature and proved to be hypergolic with white
fuming nitric acid (WFNA) by the droplet test. Especially, N-Propyl-1,2,3-triazole cyanoborane complex (3) demonstrated at-
tractive properties such as short ID time(12 ms), high density (1.024 g-cm™), good thermostability (T,=233 °C, onset), good
1, (201.7 s) and pI,,
ing application potential as a propellant fuel candidate.

(357 s*g-cm™), super low viscosity (16 mPa-s) and wide liquid range (T, <=70 °C), showing the promis-
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