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Abstract: In propellant systems, fuels of choice continue to be
hydrazine and its derivatives, even though they comprise
a class of acutely carcinogenic and toxic substances which
exhibit rather high vapor pressures and require expensive
handling procedures and costly safety precautions. Hypergolic
ionic liquids tend to have low volatility and high thermal and
chemical stability, and often exhibit wide liquid ranges, which
could allow the use of these substances as bipropellant fuels
under a variety of conditions. A new family of borohydride
ionic liquids and borane-ionic-liquid solutions is described
which meets nearly all of the desired important criteria for well-
performing fuels. They exhibit ignition-delay times that are
superior to that of any known hypergolic ionic liquid and may
thus be legitimate replacements for hydrazine and its deriva-
tives.

Hypergolic fuels are chemical species that can be ignited
under ambient conditions upon contact with an oxidant.
Hypergolic liquid propellants are commonly used as fuels in
rocket engines because of their high specific impulse,
excellent ignition with a low ignition-delay (ID) time, and
superior thrust control.’?! Combinations of hydrazine deriv-
atives with dinitrogen tetroxide or white fuming nitric acid
(WFNA) are currently employed as hypergolic liquid bipro-
pellants. Unfortunately, the high vapor pressures of hydrazine
derivatives in conjunction with their acute toxicity and
carcinogenicity necessitate costly handling procedures and
create difficulties during the manufacture, storage, trans-
portation, and application of these compounds.®*! Nontoxic
liquid hypergolic fuels with low vapor pressures, high energy
densities, and short IDs are needed as safer, more cost
effective alternatives.

Tonic liquids (ILs), designed and synthesized as a combi-
nation of different cationic and anionic components, have
been studied as energetic materials in propellant applica-
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tions.[” The ability to modify both the cation and the anion of
an IL chemically results in materials with tunable properties.
Negligible vapor pressures (<1 Pa)® are one of the extra-
ordinary properties of ILs and offer the possibility of
employing these materials as substitutes for volatile hyper-
golic fuels (e.g., unsymmetrical dimethylhydrazine
(UDMH)). Since the first report of a hypergolic IL in
2008,”! growing interest in the development of new materials
for use as propellants and fuels has resulted in research
directed toward the design and synthesis of a variety of
hypergolic ILs with low melting points, wide liquid ranges,
high thermal stabilities, and short ignition-delay (ID)
times.['*1¢!

The ID time is one of the important parameters in
evaluating the potential value of a hypergolic IL. A short ID is
an important factor in effective combustion. Although the
target ID of designed ILs was historically approximately
50 ms, current targets are significantly shorter—typically in
the range of a few milliseconds, depending on the application.
We earlier designed several new ILs with considerably
reduced ID times.['*121°

Our first success was the synthesis of ILs featuring 2,2-
dimethyltriazanium (DMTA) cations [(Me),N(NH,),"].l”
The ID of DMTA-DCA (DCA =dicyanamide) was approx-
imately 22 ms, and that of the DMTA nitrate was 4 ms.'”
Discovered after the DMTA ILs, ILs that contain the
dicyanoborate (DCB) anion [BH,(CN),"] are another series
of hypergolic ILs with remarkably short ID times; for
example, the ID of 1-allyl-3-methylimidazolium dicyano-
borate is 6 ms, and 4 ms was found for N-allyl-N,N-dimethyl-
hydrazinium dicyanoborate.'” Unfortunately, both of these
types of ILs are plagued by some shortcomings that may
preclude their practical application. For example, they are
difficult to synthesize and formed in low yields; their synthesis
requires the use of silver salts; and they have undesired
properties, such as the high melting point (99°C) of the
DMTA nitrate. To overcome these shortcomings, we
employed borane derivatives as additives to modify the IDs
of hypergolic ILs.'"l The use of boranes as additives to
common hypergolic ILs results in mixed fluids with ID times
far shorter than those exhibited by neat ILs. The ID of
hydrazine borane/1-butyl-3-methylimidazolium dicyanamide
(BmimDCA) solution is 3 ms, whereas the ID time of pure
BmimDCA is 47 ms.®*!”) Although boranes are effective in
significantly decreasing ID times, they are typically solids and
may have limited solubility in ILs.

As a suitable replacement for hydrazine or its derivatives,
a hypergolic IL or IL-additive system should be readily
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obtained. We reported previously that both sodium and
potassium borohydride (BH,") are hypergolic in the presence
of WFNA or H,0,." As described herein, borohydride-
based ILs and ILs with borane additives have considerable
potential in the field of hypergolic fluids because of short IDs.
Commercially available, inexpensive materials, NaBH, and
liquid triethylamine borane, were utilized in the synthesis of
borohydride-based ILs or as additives in borane—IL solutions.
These materials were then tested for their hypergolic proper-
ties with WFNA and were shown to have very short ID times.

The synthesis of BH,-based ILs has been previously
studied,'" and liquid ammonia was found to be a reliable
medium for their synthesis.”” Now AmimBH, (1) and
BmimBH, (2; Scheme 1) were prepared” and fully charac-
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Scheme 1. Synthesis of borohydride-based ILs.

terized (see the Supporting Information). Allyl substituents
were selected because the functionalization of cations with
allyl substituents is known to enhance the ignition properties
of ILs.” ' The physicochemical properties of the ILs 1 and 2,
such as their phase-transition temperature (7,, or T,),

thermal-decomposition temperature (7, onset), viscosity,
and density (o), were determined by differential scanning
calorimetry (DSC), microviscometry, and gas pycnometry.
The heat of formation and heat of combustion of 1 and 2 were
calculated. Their ID times were obtained by droplet tests
(Table 1).

One of the desirable properties of propellants used in
liquid-fuel rocket engines is that they are liquids in the
operating temperature range of —40 to +60°C.2% The
Ty(onset) values of 1 and 2 were found to be 93.3 and
99.9°C, respectively. Both ILs containing the BH,  anion
exhibited moderate thermal stability and a wide liquid range,
with T, (or T,) values below —60°C. The density of a fuel is an
important property: the higher the density of the fuel, the
smaller the volume required in the rocket fuel tank. The
density of 1 and 2 is less than 1.0 gcm ™. However, their
density is 13% larger than that of UDMH (0.793 gcm*;
Table 1).

The addition of borane-based additives to hypergolic ILs
is known to enhance their ignition properties. Neat triethyl-
amine and borane have been reported to be hypergolic;"*!
therefore, we expected that their combination as a triethyl-
amine-borane (TEAB) complex would enhance hypergolic-
ity. Solubility tests showed that the TEAB complex was
miscible in any ratio with the IL BmimDCA, thus suggesting
that TEAB would be unlikely to precipitate from its IL
solution at 25°C and could be utilized over a wider range of
temperatures. Given that the melting point of TEAB is —4°C,
the TEAB/IL solutions may freeze with a high content of
TEAB. DSC showed that when the mass ratio of TEAB/
BmimDCA was < 1:4, the T, value of the TEAB/BmimDCA
solution was lower than —60°C. Thus, there is a wider liquid
range for TEAB/BmimDCA solutions than for UDMH
(Table 1).

The heats of formation (AH;) and heats of combustion
(AH,) of ILs 1 and 2 and TEAB solutions were calculated
(Table 1). The AH;values of 1 and BmimDCA are higher
than that of UDMH (Table 1). Also, the AH; value of TEAB/
BmimDCA solutions can be adjusted by changing the ratio of
TEAB to BmimDCA. When the ratio of BmimDCA to
TEAB was increased to more than 2.8:1, the AH; value of the

Table 1: Physicochemical properties of the borohydride-based ILs and the TEAB/BmimDCA solutions.

Sample Tl Ty T, (onset) 0 n ID AH; AH,
°q °q [gem™] [mPas] [ms] [k} mol™] [k) mol™]

1 <—60 93.3 0.90 113.8 2 117.8 —5653
2 <—60 99.9 0.91 486.6 38 38.9 —6539
TEAB®! —4 223.0% 0.78 2.7 L —~198.6 —5467
solution 1 (2:1)M -9.0 116.3 0.87 7.0 3 -110.0 —5646
solution 2 (3:2)M -10.6 109.8 0.89 8.3 4 —88.5 —5689
solution 3 (1:1)M —-13.3 1121 0.92 10.9 4 —53.2 —5761
solution 4 (1:2)14 -19.8 85.5/121.0 0.96 15.1 3 15.3 —5899
solution 5 (1:4) <—60 88.7/124.1 1.01 19.4 4 81.3 —6032
solution 6 (1:6)1 <—60 90.8/127.5 1.03 21.4 12 113.4 —6097
solution 7 (1:9)14 <—60 91.7/129.0 1.05 23.6 20 139.2 —6149
BmimDCAP —6/—901 300.0 1.06 33.24 46 206.21%4 —6285
UDMH®! —-57.2 64.01 0.79 0.49 4.8 483 -1979

[a] Boiling point. [b] Ignition occurred in the vapor phase (Figure 1b). [c] Mass ratio of TEAB to BmimDCA. [d] —6°C and —90°C refer to the glass

transition temperature and melting point of BmimDCA.
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solution was higher than that of UDMH. TEAB has a density
similar to that of UDMH. By increasing the IL content in the
TEAB/BmimDCA solution, a density greater than that of
UDMH was achieved. BmimDCA could be replaced with
different ILs to adjust not only the AH; value of the solution,
but also other properties (density, viscosity, etc.). Our
approach may thus serve as new methodology for preparing
hypergolic fuels with adjustable properties.

Rapid ID times are perhaps the single most notable
characteristic of tetrahydroborate-containing compounds. We
carried out ignition tests to evaluate the hypergolicity of the
two new systems. A series of high-speed-camera photographs
(1000 fps) of the ignition tests are shown in Figure 1. During

t=-2ms t=-1ms t=0ms t=1ms t=2ms

t=-4ms t=-3ms t=-2ms t=-1ms t=0ms

il
#

t=-1ms

t=0ms t=1ms t=2ms t=3ms

Figure 1. The ID tests shown as a series of high-speed-camera photo-
graphs of the fuel contacting WFNA: a) AmimBH,; b) TEAB; ¢) a
solution of 33% TEAB in BmimDCA.

the drop test of IL 2, intensive ignition took place, with
a measured ID of 38 ms. The ID of IL 1 was 2 ms—faster than
that of any known hypergolic IL.""** Although the acceler-
ation of ignition induced by the allyl substituent was expected,
the unprecedented short ID time of IL 1 was particularly
encouraging. This fast ID time was achieved despite the
highly viscous nature of 1 (Table 1).
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The drop test of TEAB showed that TEAB ignited in the
vapor phase with WFNA (Figure 1a; see also Figure S18 in
the Supporting Information), thus suggesting superior hyper-
golicity. BmimDCA (ID time: 47 ms) was selected as the
hypergolic solvent.! The IDs of TEAB/BmimDCA contain-
ing different ratios of TEAB were measured subsequently
(Table 1). Initially, the experimental ID of the tested fluids
was found to decrease with an increasing concentration of
TEAB. With TEAB compositions greater than 20 % (mass),
the ID remained constant at 3 ms, which equals the shortest
ID of any hypergolic fluid to date.'! Clearly, as evident from
the much smaller molar ratio of the borane additive to the IL
component as compared to our earlier study (TEAB, 0.37:1;
ammonia borane, 2.7:1; hydrazine borane, 2.4:1),“7] TEAB is
the most efficient additive reported to date for decreasing
IDs.

Besides the superior low IDs of the TEAB/BmimDCA
solutions, lower toxicities of TEAB and BmimDCA relative
to that of UDMH can be concluded from their Material
Safety Data Sheets (see Table S2 in Supporting Information).
Even though we were unable to measure the toxicity of the
two new ILs, their negligible vapor pressures cause them to be
more environmentally benign than UDMH. On the basis of
these tables and discussion, we conclude that both TEAB and
BmimDCA are less toxic than UDMH.

TEAB is a liquid at room temperature. It is not sensitive
to moisture, and its vapor pressure (0.13 kPa at 28°C)?" is
much lower than that of UDMH (22.3kPa at 25°C).
According to the Raoult law, TEAB/IL solutions have
lower vapor pressures than pure TEAB and therefore present
a lower inhalation risk in their applications when TEAB is
used as an additive for hypergolic fuels.

Natural bond orbital (NBO) analysis was used to assess
the electronic charge distribution. NBO analysis of TEAB
(see Figure S16 and Table S1) indicated an electronic charge
distribution similar to that found in ammonia borane and
hydrazine borane.'” It is assumed that TEAB shares a similar
protonation mechanism during the ignition process, whereby
a proton is accepted by the nitrogen atoms, and that the
nitrate salt forms during the ignition process.!"”!

The application of molecular-orbital theory has been
successful in explaining and predicting chemical behavior for
an enormous number of molecules.”” The energy gap
between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)
reflects the kinetic stability of the individual species and
their reactivity toward chemical reactions in some sense."!
The HOMO-LUMO energy gap (AEp ;=0.6040 a.u.) of
TEAB is higher than that of UDMH (AE; 1 =0.5607 a.u.; see
Table S3 for the corresponding theoretical calculations). The
larger value of the energy gap between the frontier molecular
orbitals suggests that TEAB is more stable than UDMH
(Figure 2).

In conclusion, borohydride-based ILs and an IL with
a borane-based additive have been found to be hypergolic
with WENA. The ID times of the borohydride-based ILs were
as short as 2 ms, whereas IL solutions of a borane-based
additive had a lowest ID of 3 ms. Borohydride-based ILs
possess the shortest IDs of any known hypergolic ILs, and the
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Figure 2. The frontier molecular orbitals of TEAB and UDMH:

a) HOMO of TEAB; b) LUMO of TEAB; c¢) HOMO of UDMH;
d) LUMO of UDMH.

triethylamine-borane complex is the most efficient hyper-
golic additive yet studied. Therefore, borohydrides and
boranes have great potential not only in accelerating the
ignition of hypergolic liquid fuels, but also perhaps for the
replacement of hydrazine derivatives owing to their higher
density, lower vapor pressure and toxicity, and adjustable
heats of formation and viscosities. Further research into more
stable and faster borohydride and borane systems is war-
ranted, since they represent an exciting new class of hyper-
golic materials.

Received: October 17, 2013
Revised: January 11, 2014
Published online: February 7, 2014

Keywords: bipropellants - boron hydrides -
energetic ionic liquids - hypergolic reactions - ignition delay

[1] C. A. V. Salvador, F. S. Costa, J. Propul. Power 2006, 22, 1362 -
1372.

[2] S. G. Kulkarni, V.S. Bagalkote, S.S. Patil, U. P. Kumar, V. A.
Kuma, Propellants, Propellants Explos. Pyrotech. 2009, 34, 520 —
525.

[3] J. D. Clark, Ignition! An Informal History of Liquid Rocket
Propellants, Rutgers University Press, New Brunswick, 1972.

[4] W. Daimon, Y. Gotoh, I. Kimura, J. Propul. Power 1991, 7, 946 —
952.

[5] O.D. Bonn, A. Hammerl, T.M. Klapotke, P. Mayer, H.
Piotrowski, H. Zewen, Z. Anorg. Allg. Chem. 2001, 627, 2011 -
2015.

[6] S.Pichon, L. Catoire, N. Chaumeix, C. Paillard, J. Propul. Power
2005, 21, 1057 -1061.

[7] a) J. H. Davis, Jr., Chem. Lett. 2004, 33, 1072-1077; b) H. Gao,
J. M. Shreeve, Chem. Rev. 2011, 111,7377-7436; c) Y. Zhang, H.
Gao, Y.-H. Joo, J. M. Shreeve, Angew. Chem. 2011, 123, 9726 —
9734; Angew. Chem. Int. Ed. 2011, 50, 9554-9562; d) K.
Chingin, R. H. Perry, S. D. Chambreau, G. L. Vaghjiani, R. N.
Zare, Angew. Chem. 2011, 123, 8793 -8796; Angew. Chem. Int.
Ed. 2011, 50, 8634-8637; ¢) R. P. Singh, R.D. Verma, D.T.
Meshri, J. M. Shreeve, Angew. Chem. 2006, 118, 3664—-3682;
Angew. Chem. Int. Ed. 2006, 45, 3584 -3601.

[8] J.M.S.S. Esperanca, J. N. CanongiaLopes, M. Tariq,
L.M.N. B.E. Santos, J. W. Magee, L.P.N. Rebelo, J. Chem.
Eng. Data 2010, 55, 3-12.

[9] S. Schneider, T. Hawkins, M. Rosander, G. Vaghjiani, S.
Chambreau, G. Drake, Energy Fuels 2008, 22, 2871 -2872.

[10] Y. Zhang, J. M. Shreeve, Angew. Chem. 2011, 123, 965-967,
Angew. Chem. Int. Ed. 2011, 50, 935-937.

[11] D. Chaturvedi, Curr. Org. Chem. 2011, 15, 1236-1248.

[12] H. Gao, Y. H. Joo, B. Twamley, Z. Zhuo, J. M. Shreeve, Angew.
Chem. 2009, 121, 2830-2833; Angew. Chem. Int. Ed. 2009, 48,
2792-2795.

[13] T. W. Hawkins, S. Schneider, G. W. Drake, G. Vaghjiani, S.
Chambreau, US 8034202 B1, 2011.

[14] Y. Zhang, H. Gao, Y. Guo, Y.-H. Joo, J. M. Shreeve, Chem. Eur.
J. 2010, 76, 3114 -3120.

[15] L. He, G.-H. Tao, D. A. Parrish, J. M. Shreeve, Chem. Eur. J.
2010, 16, 5736-5743.

[16] Y.-H. Joo, H. Gao, Y. Zhang, J. M. Shreeve, Inorg. Chem. 2010,
49, 3282 -3288.

[17] H. Gao, J. M. Shreeve, J. Mater. Chem. 2012, 22, 11022 -11024.

[18] J. Wang, G. Song, Y. Peng, Y. Zhu, Tetrahedron Lett. 2008, 49,
6518 -6520.

[19] M. Biirchner, A. M. T. Erle, H. Scherer, 1. Krossing, Chem. Eur.
J. 2012, 18, 2254 -2262.

[20] L. O. Mays, “Analysis of Chemical Delay Time in Hypergolic
Fuel and Fuel Mixtures”, Thesis (M.S.E.), University of
Alabama in Huntsville, 1998.

[21] D. M. Thompson, US 5621156 A 19970415, 1997.

[22] A. Staubitz, A. P. M. Robertson, I. Manners, Chem. Rev. 2010,
110, 4079-4124.

[23] a) N. K. Smith, W. D. Good, J. Chem. Eng. Data 1967, 12, 570 -
572; b) M. W. Hunt, DE 1180356, 1964.

[24] a) C. P. Fredlake, J. M. Crosthwaite, D. G. Hert, S. N. V. K. Aki,
J. F. Brennecke, J. Chem. Eng. Data 2004, 49, 954-964; b) G.
Sanchez, L. J. R. Espel, F. Onink, G. W. Meindersma, A.B.
de Haan, J. Chem. Eng. Data 2009, 54, 2803 -2812.

[25] V.N. Emel'yanenko, S.P. Verevkin, A. Heintz, J. Am. Chem.
Soc. 2007, 129, 3930-3937.

[26] U. C. Durgapal, V. K. Venugopal, AIAA J. 1974, 12,1611 -1612.

[27] H. C. Brown, US 2860167, 1958.

[28] Kirk-Othmer Encyclopedia of Chemical Technology, Vol. 13,
Sthed., Wiley, New York, 2005, p. 565.

[29] Z. Zhou, R. G. Parr, J. Am. Chem. Soc. 1990, 112, 5720-5724.

[30] a) L. M. Qiu, D. Y. Ye, W. Wei, K. H. Chen, J. X. Hou, J. Zheng,
X. D. Gong, H. M. Xiao, J. Mol. Struct. THEOCHEM 2008, 866,
63-74;b) J. 1. Aihara, J. Phys. Chem. A 1999, 103, 7487 -7495.

www.angewandte.de

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2014, 126, 30133016


http://dx.doi.org/10.2514/3.51323
http://dx.doi.org/10.2514/3.51323
http://dx.doi.org/10.1002/1521-3749(200108)627:8%3C2011::AID-ZAAC2011%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3749(200108)627:8%3C2011::AID-ZAAC2011%3E3.0.CO;2-G
http://dx.doi.org/10.2514/1.14644
http://dx.doi.org/10.2514/1.14644
http://dx.doi.org/10.1021/cr200039c
http://dx.doi.org/10.1002/ange.201101954
http://dx.doi.org/10.1002/ange.201101954
http://dx.doi.org/10.1002/anie.201101954
http://dx.doi.org/10.1002/ange.201101247
http://dx.doi.org/10.1002/anie.201101247
http://dx.doi.org/10.1002/anie.201101247
http://dx.doi.org/10.1002/ange.200504236
http://dx.doi.org/10.1002/anie.200504236
http://dx.doi.org/10.1021/ef800286b
http://dx.doi.org/10.1002/ange.201005748
http://dx.doi.org/10.1002/anie.201005748
http://dx.doi.org/10.1002/ange.200900094
http://dx.doi.org/10.1002/ange.200900094
http://dx.doi.org/10.1002/anie.200900094
http://dx.doi.org/10.1002/anie.200900094
http://dx.doi.org/10.1002/chem.200902725
http://dx.doi.org/10.1002/chem.200902725
http://dx.doi.org/10.1002/chem.200902651
http://dx.doi.org/10.1002/chem.200902651
http://dx.doi.org/10.1021/ic902224t
http://dx.doi.org/10.1021/ic902224t
http://dx.doi.org/10.1039/c2jm31627g
http://dx.doi.org/10.1016/j.tetlet.2008.08.110
http://dx.doi.org/10.1016/j.tetlet.2008.08.110
http://dx.doi.org/10.1002/chem.201102460
http://dx.doi.org/10.1002/chem.201102460
http://dx.doi.org/10.1021/cr100088b
http://dx.doi.org/10.1021/cr100088b
http://dx.doi.org/10.1021/je60035a026
http://dx.doi.org/10.1021/je60035a026
http://dx.doi.org/10.1021/je034261a
http://dx.doi.org/10.1021/ja0679174
http://dx.doi.org/10.1021/ja0679174
http://dx.doi.org/10.2514/3.49561
http://dx.doi.org/10.1021/ja00171a007
http://dx.doi.org/10.1016/j.theochem.2008.07.004
http://dx.doi.org/10.1016/j.theochem.2008.07.004
http://dx.doi.org/10.1021/jp990092i
http://www.angewandte.de

