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99% ), N-4s N K e (26 FE 99% ), — FUNK #h ( 26 JiZ
98% ) 1 1-H -3 -fiff Fe-1-3 fiff FE AN (46 B 99% ) , I
WA ¥R TCHA F 7=

XA+ T 28 R AL (iR 2% RE-2000B) , #% 4 3t
# 1% ( Bruker AV-600, 600 MHz), 4L 4b ) % X
( Thermo Nicolet 380) , & &k & 48 €6, 13% i 1% 4% ( Bruker-
Water UPLC-QTOF ), £ /5 H # & # {% ( Mettler-
Toledo DSC1) , #FE /3 #74% ( &5 DTG-60H) F1%% )&
Kk BE AL ( Anton Paar DMA 5000M/AMVN)
2.2 BFREEHK

BT WK S  E  s ET  n 1

BT BB ) B B F IR A G

Fig.1 Synthesis of bis(imidazole) dihydroboronium ionic liquids

T FAERRME ) # e Z— /BRER (1a) « (1 o iR [ 4
(2.140 g, 88% )., 'H NMR (DMSO-d,)8: 8.66 (s,
2H; CH), 7.53 (s, 2H; CH), 7.36 (s, 2H; CH),
3.78 (s, 6H; CH,); “"C NMR (DMSO-d,)s: 138.8,
124.8, 123.4, 119.0, 34.8; IR(KBr,»/cm™):
3506, 3132, 2428, 2234, 2195, 2137, 1560,
1307, 1129; HRMS (ESlI): m/z calcd for cation
C,H,BN,[M]*. 177.1306, found 177.1344; m/z
calcd for anion C,N,[M]™: 66.0098, found 66.0092,

W(FREKM) M E SRR (1b) . LWL
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(NO,) , TEERTEEHFE 3 h 5, i if ik 4= It
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(2.263 g, 86% ), H NMR (DMSO-d,)s: 8.66 (s,
2H; CH), 7.53 (s, 2H; CH), 7.38 (s, 2H; CH),
3.82 (s, 6H; CH,); "C NMR (DMSO-d,)s: 138.7,
124.8, 123.4, 116.5, 34.7; IR (KBr,v/cm™):
3496, 3140, 2954, 2428, 2301, 2171, 1606,
1560, 1438, 1274, 1127 ; HRMS (ESI): m/z calcd
for cation CyH,,BN,[M]": 177.1306, found 177.1344;
m/z calcd for anion CN,O,[M]™: 85.9996, found
86.0313,

W(ZEwkm) #ike —&FBER (2a): LOWREINK
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(2.492 g, 92%).'H NMR (DMSO-d,)és: 8.75 (s,
2H; CH), 7.65 (s, 2H; CH), 7.41 (s, 2H; CH),
4.16 (q, J=7.3 Hz, CH,, 4H), 1.43 (t, J=7.3 Hz,
CH,, 6H); "C NMR (DMSO-d,)s: 137.8, 124.9,
121.9, 119.1, 43.2, 15.2; IR (KBr, »/cm™ ).
3490, 3130, 2984, 2429, 2364, 2231, 2134, 1551,
1449, 1306, 1128; HRMS (ESI): m/z calcd for cation
C,oH,; BN, [M]*; 205. 1619, found 205.1634; m/z
calcd for anion C,N,[M]; 66.0098, found 66.0076,
W(ZEwm) M E AL (2b) . AR
Kk (2.444 g, 84%).'"H NMR (DMSO-d,)é: 8.75
(s, 2H; CH), 7.64 (s, 2H; CH), 7.41 (s, 2H;
CH),4.17 (q, J=7.3 Hz, CH,, 4H), 1.43 (t, J=
7.3 Hz, CH,, 6H); "C NMR (DMSO-d, )é: 137.8,
124.9, 121.9, 116.6, 43.2, 15.2; IR (KBr, p/
cm™ ). 3476, 3137, 2984, 2433, 2365, 2302,
2175, 1552, 1456, 1363, 1130; HRMS (ESI): m/z
calcd for cation C,,H,;BN,[M]": 205.1619; found
205. 1634 ; m/z calcd for anion CN,O, [M]":
85.9996, found 85.9993,
S(ETHEKM ) ke Z & B2 (3a) . TEAWIE
(3.041 g, 93%).'"H NMR (DMSO-d,)8: 8.75 (s,
2H; CH), 7.63(s, 2H; CH), 7.39(s, 2H; CH),
4.12-4.10(t, 4H, J =7.20 Hz; CH,), 1.83 ~1.68
(m, 4H, CH,), 1.32 ~1.14 (m, 4H, CH,),
0.91 ~0.88 (t, 6H, J = 7.40 Hz; CH,); "C NMR
(DMSO-d,)8: 138.2,124.9,122.3,119.1, 47.7,
31.5, 18.8, 13.2; IR(KBr,p/cm™ ). 3490, 3131,
2961, 2432, 2363, 2235, 2139, 1551, 1464,
1368, 1137; HRMS (ESI): m/z calcd for cation
C,,H,.BN, [M]*: 261.2245; found 261.2287; m/z
calcd for anion C,N, [ M]7. 66. 0098,
66.0043,
W(ETEKMH ) e E AR (3b): E A
Wik (2.843 g, 82% ) .,'H NMR (DMSO-d,)é: 8.75
(s,2H; CH), 7.63(s, 2H; CH), 7.40(s, 2H;
CH), 4.12 ~4.10(t,4H,J=7.20 Hz; CH,),1.93 ~
1.64(m, 4H, CH,), 1.38 ~1.12(m, 4H, CH,),
0.91 ~0.88 (t, 6H, J =7.40 Hz; CH,); "C NMR
(DMSO-d, )6: 138.2, 124.9, 122.3, 116.7, 47.7,
31.5,18.8, 13.2; IR(KBr,»/cm™ ). 3567, 3133,
2961, 2431, 2364, 2302, 2172, 1540, 1435,

found
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1368, 1130; HRMS (ESI): m/z calcd for cation
C,,H,,BN, [M]". 261.2245; found 261.2287; m/z
calcd for anion CN,O,[M]™; 85.9996, found 85.9943
W(ZHEEm) fike — S AZER (4a) . [ ERDIR
W& (2.268 g, 85%).'H NMR ( DMSO-d, ) §:
9.04(s, 2H; CH), 8.06 (s, 2H; CH), 7.55(s,
2H; CH), 7.23(dd, 2H,J=15.7, 8.8 Hz, CH),
5.89 (dd, 2H,/=15.7, 2.1 Hz, CH,), 5.31 (dd,
2H, J=8.8, 2.1 Hz, CH,); “C NMR (DMSO-d,)
8:137.7,128.9, 125.8, 119.2, 119.0, 107.1; IR
(KBr, »/cm™ ). 3495, 3123, 3064, 2440, 2235,
2194, 2138, 1533, 1359, 1310, 1132; HRMS
(ESI): m/z calcd for cation C,, H,, BN, [M]";
201.1306; found 201. 1328; m/z calcd for anion
C,N,[M]™: 66.0098, SZH{H 66.0092,
W(ZImEM) M E B (4b) . M AL
RE A (2.325 g, 81%),'H NMR (DMSO-d, ) §:
9.05(s, 2H; CH), 8.07 (s, 2H; CH), 7.56 (s,
2H; CH), 7.25(dd, 2H, J=15.7, 8.8 Hz, CH),
5.90 (dd, 2H, J=15.7, 2.1 Hz, CH,), 5.33 (dd,
2H, J=8.8, 2.1 Hz, CH,); “C NMR (DMSO-d, )
5:137.7,128.9,125.8, 119.1, 116.5, 107.1; IR
(KBr, »/cm™ ) 3311, 3131, 3009, 2440, 2368,
2310, 2173, 1536, 1436, 1352, 1129; HRMS (ESI) .
m/z calcd for cation C,, H,, BN, [M]". 201. 1306;
found 201.1328; m/z calcd for anion CN,O,[M] ™,
85.9996, found 86.0021,
W(HERETKM) Mk — & B (5a): B AR
% (2.774 g, 94% ) ,'H NMR (DMSO-d,)é§: 8.75
(s, 2H; CH), 7.56 (s, 2H; CH), 7.44 (s, 2H;
CH), 6.09 ~6.03 (m, 2H; CH), 5.33 ~5.22 (m,
4H; CH,), 4.78 (d, J =5.88 Hz, 4H; CH,);
"C NMR (DMSO-d,) s: 138.3, 132.3, 125. 1,
122.4, 119.5, 119.1, 50. 1; IR (KBr,v/cm™ )
3490, 3129, 3077, 2431, 2231, 2133, 1541,
1308, 1124; HRMS (ESI): m/z calcd for cation
C,,H,BN, [M]*:229.1619; found 229.1653; m/z
calcd for anion C,N,[M]™; 66.0098, found 66.0083
W(EREKY) M E AR (5b): LAWK
£ (2.835g, 90%).'H NMR (DMSO-d,)s: 8.74
(s, 2H; CH), 7.56 (s, 2H; CH), 7.43 (s, 2H;
CH), 6.09 ~6.03 (m, 2H; CH), 5.33 ~5.22 (m,
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4H; CH,), 4.77 (d, J=5.88 Hz, 4H; CH,);
"C NMR (DMSO-d,)s: 138.3, 132.3, 125.1, 122. 4,
119.5, 116.5, 50. 1; IR(KBr,»/cm™ ) 3476, 3133,
3078, 2432, 2171, 1541, 1436, 1271, 1122; HRMS
(ESI): [M]":
229.1619; found 229. 1653; m/z calcd for anion
CN,O,[M]": 85.9996, found 89.9912,
2.3 YHENE

SR 600 MHz 4% 1 2R 100 5 B W ik 9" H
U CHiRE i (L) DMSO-d, HIEH) , fL24 11 5% L Me, Si
R KL G IE AN 2 B W AR 1Y 21 Fh 3k
SR FH e 280 W R €5 15 J5T 135 16 P ASCARS: I0 5 — H  BA
FHEE 5 >R FH %5 B2 Rl B2 AN £ 2 WIS 1% %% B2 F0OKG
BE 5 SR 22 A i B (DSC) 43 8 1 Wi IR 7E
—80 ~100 °C #4 #1725 i J& , T3 % K5 °C - min™';
K I 73 A (TG/DTA) 4387 85 5 AR 19 #8473 i T
JE IR LR 40 ~400 °C, JHREE RS °C - min™',

m/z caled for cation C,,H,BN,

3 #R5WR
3.1 BEMME

9 I MRS B 2 7 R 1 o ) B O, v
R TT DA MR T IR 0 B o ARG ORG BE Tl
PRE TR B T stk (1) . 25 CH&UEETF,
WA 10 PR TR E N 1.04 ~1.27 g - cm™,
FE BB R TRV B0 R, 450N 5 AR 1Y) % B AIG A
o7 Bl SR B WA . AR B B AR TR G0 Bl A PR
e e A o 114 34 1, B VAR ) % R A IR R IR 1 s B
(Tl ey, >, >y B Iz, >Thcpycnocn, ) 5 29 PKME

o A0 8 1 R A ] I 5 AN A R A 00 % ) AR %
25 T B AR DU 1) 25 I (Tl >TL ) , DA
AL IR B9 A7 A T L AR TR A RO AR

W PR 7 MR T A 25 CAME T
KB 60 ~167 mPa - s, B AT RLAF B stk .
T T WAOR, B AR Wi A 2R 25 5 1 A 25 281 Ik
W e R ) 110 BE 5 0 A ) RS RE A A B T A o6
F o FJRAEBHES T AR A 25 4F R, U S B T AR
PR Rt B2 /N T R O R 8 T, DR, U S
TWARRA TR S IR
3.2 ASH

T AT, AR R T AR Y AR i I AR T
PR O e R 2 A

HIZE T AT, 5 A5G 26 AR B 1 AR (9 0 i
RN 154 ~194 °C, £ 150 ~250 Cy,1a ~5a 2k
HRGH N 54% 62% .67 % 49% Fl 66% , _F %
S T WA I B ORI e 0 ) 3, B T R A R
s k2 L B 9 (1L, <IL,,, <DL, IL
Wenonocn,) o ETHRHER S C - min™ &0 T, 8 T
WAk 1a ~5a Fl 1b ~5b )£ i £ 70 1 an &) 2[4 3
fine 2 B 3 Al LI H,5 B il 225U R A RS
TR 23 Al il BE AE 201 ~ 217 SCHu [l A, 5t B B 4
ARG T o I A DK e R R N B 1 I, i A UM 2K
T B R 5 B Y B BB (T, < TL <
ILC4H9 5 ILCH:CHZ <ILCH2CH=CH2 ) o E Iﬁ%&*?i‘ﬁ Iﬁ] b ‘%{HA
e A e A R R B 1 S VR Y S i U
MG A 02 A8 8 00 85 F SV (Tl <L, ) S K B8
A A R0 ) A 7 T A AR T T P R R E 1

IS4
)

cH=cH, <

F1OEF WYL AR &M

Table 1 Physicochemical and energetic properties of ionic liquids
ILs " T, T, P AHy cation” AHt antion) AHiw,” t® 7" 1,'”

/°C /°C /°C /g - cm™ /k) - mol™ /k) + mol™ /k) - mol™' /ms /mPa - s /s

1a - 44 175 1.12 601.4 113.4 273.9 26 - 173.8
1b <-80 - 216 1.20 601.4 -27.1 134.5 34 60 195.9
2a <-80 - 185 1.09 537.8 113.4 224.9 42 76 194.4
2b <-80 - 217 1.18 537.8 -27.1 83.6 48 83 190.0
3a <-80 - 191 1.04 444 .3 113.4 155.2 76 143 161.9
3b <=80 - 221 1.13 444.3 -27.1 12.4 122 167 181.9
4a N- 74 154 1.23 812.3 113.4 484.9 78 - 182.2
4b - 43 201 1.27 812.3 -27.1 348.7 102 - 202.1
5a <-80 - 180 1.09 753.6 113.4 449.5 18 69 176.7
5b <-80 - 215 1.14 753.6 -27.1 311.2 24 103 194.3

Note: 1) glass transition temperature. 2) melting point temperature. 3) onset decomposition temperature. 4) density. 5) heat of formation of cation. 6) heat of for-

mation of anion. 7) heat of formation of ionic liquid. 8) ignition delay time. 9) viscosity. 10) specific impulse (isobaric conditions, equilibrium expansion,

7.0 mPa chamber pressure) .
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2 504 : P
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Fig.2 TG curves of Ta-5a
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Fig.3 TG curves of 1Tb-5b

3.3 EEBERMIHANZEHSH

75 A 45 5 I 3 J1 2743 7 b, Jd 5 Kissinger ' 1
Ozawa' "7 ¥ P 75 325 43 91 S 8 LIk 1 56 ) o 285 5 1 ¥
s ARe (E,) Fdg i+ (A) . Hdr, Kissinger J7
EITRE,: DL In(B/T,") 0 1/T AR 0484 (0 B 4R
R A Kissinger AR5 8h S a0 (1) | R HERS E,
¥l ; Ozawa Jyikit® E,: DL logB Xf 1/T fEK 424
B ELRRM AOzawa SR 2 R (2),

X2 AR M#GEZ(2,5,10,15 °C « min™")
T, 10 Fl g 1WA 0 43 i R R AR B 1 B ) S
o SHELIF G WA, X 10 F H B )
A 14 4 fik Vg T AL T 2 o A R Y 1 R TR s . AR 2
AT LU A B U 2 B TR AR 1 1 AL e A e T 5Bk
WA, 3 A T3 i e T 2 8 - VAR 10 AR
BT E MR WAk, R, A Ozawa Jr kit
RS R E Kissinger J7 3B A BE K, AN 2, X
Bl 1 2E SO AE B FUE R A3 i BN 9 T 8 Y8 LA
3.4 gAMb HE

B TR Y BH 2 AR kS i i Gaussian 09
KAt E MR PR R A SRR SN, an &
4 JR; R FER A MP2/6-311++G ™" J5 ik fL Ak FH
B A SRl b SR IO R b R SRR MP2
e fea, % MP2 REIFATRCIE , I 3R A5 55 B S 0y 1 %
AR TSRS 30 BH 8 A AR o B B I A ks
A6 Y S ik v A 3 s

158 2R AH B F W AK /Y A= BUKS N FH Born-Haber fig i
PEAR AT, A& 5 IR o AR 4l AR A5 %) 55 5 S A AR
) J5T 1) o o R R 2B LK TT LA B H A 28 I bR i

F 2 iZH Kissinger Fl Ozawa J7 3% 7155 0 B 1 I MR IR 58 TR 30 1 4 500

Table 2 Kinetic analysis data of ionic liquids by using Kissinger and Ozawa methods
ILs B" /C - min™' 7,2 /°C In( A* /min~") E" /K) - mol™ Eo® /k) - mol™
T1a 2/5/10/15 161/175/188/197 7.84 87.68 90.52
1b 2/5/10/15 202/216/227 /238 9.13 107.61 110.12
2a 2/5/10/15 161/185/194/202 6.33 76.11 79.54
2b 2/5/10/15 205/217/228/234 11.66 130.82 132.23
3a 2/5/10/15 172/191/205/217 5.95 74.72 78.43
3b 2/5/10/15 204/221/234/240 8.65 104.12 106.83
4a 2/5/10/15 137/154/169/175 6.42 72.11 75.34
4b 2/5/10/15 180/201/208/218 7.83 91.92 94.85
5a 2/5/10/15 162/180/192/200 7.27 83.58 86.65
5b 2/5/10/15 203/215/225/234 10.98 124.22 125.81

Note: 1) heating rate of TG/DTA. 2) peak temperature of decomposition of DTA. 3) frequency factor calculated by Kissinger method. 4) activation energy calculat-

ed by Kissinger method. 5) activation energy calculated by Ozawa method.
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BEOR A A, BT SEIr A (3) 0 Hor, i SUh L AH SRR AR, K - mol Ty Uor A WA 3 ik,

B ARAT 00 % B, AT T R VAR A RE (O R 2
(4)F1(5)) .
H\E/H _>
N/ Y 9 A
I\ 1\ * 2NHg—>= *
(N) AP HaN \NHs
| |
H\E/H ) )
~b~ H
['} QN_\> + 2CH 2NH— D87 +2 (}»f 2CHs
N N HN”  “NH,
I | |
CHs  CoHs
H\E/H .
N 0N w20 an—= N5 2 (_§+2C4H10
> L /9N N
N N HaN NH, |
CiHy  CoMg
H +/H
H H N
%% ,‘&
\ + 2CHy+ 2NHy —> B + 2( + 2 CH,=CH
A_) k—> ™ N A
H\+/H

NN H
Uy €Y +20ns2m—= g7

N N HaN NH,
Foh

4 FHE TSN

Fig.4 Isodesmic reactions of the cations

I\
+2 (D + 2 CH,CH=CH,
|

6
cation" anion” (solid) — AR aC(s) + bHyg) + cNyg) + dOog) + eB(s)
AH,
2] .
cation” (gas) + anion (gas) -AHy” (anion)
-AH? (cation)

5 Born-Haber ¢ & 1§
Fig.5 Born-Haber energy cycle

BRI A RS B TSR DL 5 AR TR
AH(ionic liquid,298 K)= AH;(antion,298 K) +
AH(cation,298 K)-AH, (3)
AH, =U,o+[ p(ny,/2-2)+q(n,/2-2) ]RT (4)
Upor =7 (pn/M,)"" +8 (5)

k- mol™ ,p, R BT A m”’; M, RHET
WAy T, g - mol™ ;5 y I & SR IE R %, BUE 4y
B 1981.2 #1103.8'"77

HEHE IR B VR A 149 53 Ak L T AR A5 31 1 A2
i RIS 6 0 A5 14 %% &, fd ] EXPLO (' Version 6. 02) %X
PF A5 B AR A b O A R R X
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Fig.6 lIgnition delay test process of 5a shown with a series of high-speed camera photos
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Synthesis, Characterization and Properties of Bis(imidazole) dihydroboronium Hypergolic lonic Liquids

FEI Teng'’, CAIl Hui-wu', LI Zhi-min®, LIU Long’, ZHANG Yan-giang®

(1. School of Chemisiry and Chemical Engineering, Xi'an University of Science and Technology, Xi'an 710054, China; 2. Institute of Process Engineering,
Chinese Academy of Sciences, Beijing 100190, China)

Abstract. A series of bis(imidazole) dihydroboronium ionic liquids with dicyanamide and nitrocyanamide anions were prepared by
two-step synthetic method using trimethylamine borane as reaction substrate. Their structures and compositions were confirmed by
"H NMR and ""C NMR, infrared and high resolution mass spectrometry, and properties were measured and calculated. The results
show that resulting ionic liquids have good performances: decomposition temperature up to 150 °C, densities from 1. 04 to
1.27 g+ cm™ and specific impulses from 173.8 to 202.1 s. With the increase of hydrocarbon side chains in imidazolium cations,
densities of ionic liquids decrease while heats of formation increase. The dicyanamide ionic liquids show shorter ignition delay
times than the corresponding nitrocyanamide ionic liquids. Among the ionic liquids, bis(1-allyl-1H-imidazole-3-yl) dihydroboroni-
um dicyanamide possesses good comprehensive properties such as viscosity 69 mPa - s, decomposition temperature 180 °C, heat
of formation 753.6 k) - mol™", ignition delay time 18 ms and specific impulse 176.7 s, therefore exhibiting application potential as
the green fuel of hypergolic bipropellants.

Key words: ionic liquid; hypergolic; borane-triethyamne complex; dicyanamide; nitrocyanamide
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