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The requirement for efficient and safe methods for hydrogen ) R
storage is a major hurdle that must be overcome to enable the use 151 A .
of hydrogen as an alternative energy carrier. Although many / "”":.
molecular hydride complexes have certain features that might be 1.0+ */./'
attractive for chemical hydrogen storage, the high hydrogen E o —=—85°C
capacities needed for transportation applications exclude most “ 054 ] :ggg
compounds. Amineboranes, such as ammonia borangBNH
(19.6 wt % H), are thus unique in their potential ability to store 00 . . , .
and deliver large amounts of molecular hydrogen through dehy- 0 1 3 6 2
drogenation reactions. Time [h]

Partial dehydrogenation of ammonia borane can be thermally ol @
induced in the solid state? but to be useful for hydrogen storage, o N =t
milder conditions and more controllable reactions still need to be 5
developed. Such reactions could, in principle, be attained in solution, g 051 ISQ 28
but practical applications of chemical hydrogen storage will need
a replacement for the volatile organic solvents that have traditionally 00‘0‘—‘=1¢§—/ v 5w s
been employed for solution-phase ammonia borane hydrides dehy- Time [n]

drogenatloné?~5We report_ here that ionic liquids prowc_ie adYa”‘a' Figure 1. Summary of H release at different temperatures (a) from solid
geous media for ammonia borane dehydrogenation in which both gmmonia borane and (b) from equal weight mixtures of bmimCl and
the extent and rate of hydrogen release are significantly increased.ammonia borane.

lonic liquids are salts that are liquid at low temperature&@0
°C). These salts have unique propefitmt make them attractive
substitutes for organic solvents in hydrogen storage systems,, iotal of only 0.9 equiv of b
including (1) negligible vapor pressures, (2) stability to elevated |, contrast to the solid-state reactions, ammonia borane dehy-
temperatures, (3) ability to dissolve a wide range of compounds yrogenations in bmimCl showed no induction period (Figure 1b)
and gases, (4) weakly coordinating anions and cations that provide,, ;i hydrogen evolution beginning immediately upon placing the
an inert reaction medium which can stabilize polar transition states, sample in the heated oil bath. Separate samples heated for only 1

and (5) recycling with little loss of activity. o _ hat85, 90, and 95C evolved 0.5, 0.8, and 1.1 equiv ofHvhile
Comparisons of ammonia borane dehydrogenations in the solid samples heated at these temperatureSfo produced 0.95, 1.2,

state versus in 1-butyl-3-methylimidazolium chloride (bmimCl) 5,415 equiv. Heating for 22 h gave a total of 1.2, 1.4, and 1.6
solvent are sum_marlzed in Figure 1. Reactions in the solid state equiv of H, respectively, which are values significantly greater
were conducted in sealed, evacuated glass vessels that were heatgfla the 0.9 equiv ultimately obtained in the solid-state reactions.
in a thermostatically controlled oven. The bmimCI/bBi; reac- Including the bmimCl weight, the final values correspond to the
tions were carried out by adding equal weights of bmimClI (dried) oy clution of 3.9. 4.5. and 5.4 wt %H

and NHBH; together in evacuated 100 mL flasks equipped with a ’ '
vacuum adapter and then immersing the body of the flasks into an of the residues of the 85C solid-state and bmimCl reactions are
oil bath at the desired temperature. At the reaction conclusion, the compared in Figure 2. Consistent with the observed absence of H
sealed vessels or flasks were opened to a vacuum line, and th§,sg the spectrum (Figure 2a) of the residue ef tth solid-state
_evolved hydroge_n passed through a liquid nitrogen trap in (_)rder t0 reaction showed only unreacted ammonia boran22(4 ppnd),
isolate any volatile non-hydrogen products, such as borazine. The,\nereas th 1 h bmimCl sample clearly showed significant reaction.
hydrogen was then quantitatively measured in calibrated volumes 11,0 spectra of the residues of the 19 h solid-state3h bmimCl

using a Toepler pump. _ _ _ . reactions (Figure 2b and d) were quite similar, showing multiple
As seen in Figure 1a, for the reactions carried out in the solid agonances.

state at 85°C, there was negligible hydrogen production after 3 pepending on the conditions, several species have been previ-

h/ but after 17 h, 0.9 equiv of Hwas produced. Even with ously observel®® upon heating ammonia borane: borazine

prolonged heating (67 h) at this temperature, no furtheretéase (B3N3Hg),19¢25%ycloborazands®(e.g., BNsH1), and polyamino-

was observed. Similar results were observed at®Sut with a borané 3 (BH,NH,),. Because they could poison a fuel cell, volatile

shorter initial induction period. Thus, while there was ne H  5roqycts, such as borazine, are undesirable in hydrogen storage
t University of Pennsylvania. applications, apd it is significant that in th.e bmim(;l reactigns only
*Widener University. traces of borazine were detected. The diammoniate of dibdfane,

evolution after 1 h, 0.8 equiv was obtained after 3 h. Again, as
with the 85°C sample, prolonged heating at 95 (48 h) yielded

The 1B NMR spectra obtained from pyridine (dried) extracts
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Figure 2. B NMR spectra (128 MHz) of the residues (extracted in

pyridine) of ammonia borane dehydrogenation: (left) in the solid-state and
(right) in bmimCI. Green, ammonia borane; orange sBHurple, BH;

blue, polyaminoborane; yellow,8N. (The signals near-11 ppm may
also include a resonance from pyridinBHs; the broad humps underlying
the weak spectra in c and f arise from the boron background of the NMR
probe.)
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Figure 3. DFTI/GIAO calculated’B NMR chemical shifts for possible
structures arising from the dehydropolymerization of ammonia borane.

[(NH3),BH,]BH,4~, has been reportéf to have resonances near
—38 (BH;") and—14 ppm (BH™"), and its presence is consistent
with the spectra in b, d, and e of Figure 2. The results (Figure 3)
of DFT/GIAO 1B chemical shift calculations (Gaussian03, 6311-
G* level) on structures that could result from ammonia borane
dehydropolymerization are consistent with the previous assignthents
of resonances in the 10 to —13 ppm range to the BHyroups of

both cycloborazanes and polyaminoborane and allow the assignment

of resonances near5 ppm to N-BH—N borons resulting from
chain-branched polymeric structures and those rezs ppm to
polymer-terminating Brlgroups (overlapping the resonance of the
starting ammonia borane).

Dehydrogenation to polyaminoborane or cycloborazanes would
release only 1 equiv of hydrogen, but further dehydrogenation
should lead to B=N unsaturation. The weak downfield resonances
in spectra b and e in Figure 2 agree with the calculated shift ranges
(Figure 3, llI) for borons in internal &N or terminal B=NH units,
but are somewhat upfield of the value calculated for the terminal
N=BH; group. In the extended time solid-state reactions, these
resonances did not grow, and even after 67 h, appreciable soluble
saturated polyaminoborane remained (Figure 2c). These resonances
are also not apparent in spectrum 2f, but the more extensive
dehydrogenation found at longer times in bmimCI, while resulting
in the consumption of the polyaminoborane, produced unsaturated
residues that could no longer be extracted (less thaf%) into
pyridine.

The role of bmimCl in enhancing the rate and extent of ammonia
borane dehydrogenation has yet to be proven, but it is significant
that [(NHs),BH,"]BH4~ has also been reported to form polyami-
noborane upon heatird.lonic liquids are known to favor the
formation of polar intermediates and transition stdtes\d the
observation that [(Ng).BH,"]|BH,4~ and/or BH~ are produced in
the bmimClI reaction within the first hour (Figure 2d) suggests that
the activating effect of the ionic liquid may be related to its ability
to induce formation of such ionic species. We are now exploring
this effect in conjunction with the established ability of ionic liquids
to stabilize nanoparticle dehydrogenation catalysts to develop more
active chemical hydrogen storage systems.

Acknowledgment. We thank the U.S. Department of Energy
Center of Excellence for Chemical Hydrogen Storage and the
Division of Basic Energy Sciences for support.

References

(1) (a) Hu, M. G.; Geanangel, R. A.; Wendlandt, W. Whermochim. Acta
1978 23, 249-255. (b) Komm, R.; Geanangel, R. A.; Liepins, IRorg.
Chem.1983 22, 1684-1686. (c) Geanangel, R. A.; Wendlandt, W. W.
Thermochim. Actdl985 86, 375-378. (d) Sit, V.; Geanangel, R. A.;
Wendlandt, W. WThermochim. Actd987 113 379-382. (e) Wang, J.
S.; Geanangel, R. Anorg. Chim. Actal988 148 185-190.

(2) (a) Wolf, G.; Baumann, J.; Baitalow, F.; Hoffmann, F.Thermochim.
Acta200Q 343 19-25. (b) Baitalow, F.; Baumann, J.; Wolf, G.; Jaenicke-
Rossler, K.; Leitner, G.Thermochim. Acts2002 391, 159-168. (c)
Baumann, J.; Baitalow, F.; Wolf, @hermochim. Act2005 430, 9—14.

(3) (a) Autrey, T.; Gutowska, A.; Li, L.; Linehan, J.; Gutowski, Frepr.
Sym., Di. Fuel Chem.2004 49, 150-151. (b) Gutowska, A.; Li, L.;
Shin, Y.; Wang, C. M,; Li, X. S.; Linehan, J. C.; Smith, R. S.; Kay, B
D.; Schmid, B.; Shaw, W.; Gutowski, M.; Autrey, Angew. Chem., Int.
Ed. 2005 44, 3578-3582. (c) Hess, N.; Brown, C.; Daemen, L.;
Mamontov, E.; Scott, R.; Kay, B. D.; Shaw, W.; Linehan, J.; Schmid, B
Stowe, A.; Gutowski, M.; Autrey, TPrepr. Sym., Di. Fuel Chem2005
50, 541-543. (d) Smith, R. S.; Kay, B. D.; Schmid, B.; Li, N.; Hess, N.;
Gutowski, M.; Autrey, T.Prepr. Sym., Di. Fuel Chem?2005 50, 112—
113. (e) Gutowski, M.; Bachorz, R.; Autrey, T.; LinehanPdepr. Sym.,
Div. Fuel Chem2005 50, 496-498.

(4) Benedetto, S. D.; Carewska, M.; Cento, C.; Gislon, P.; Pasquali, M.;
Scaccia, S.; Prosini, P. Fhermochim. Act2006 441, 184—190.

(5) Jaska, C. A.; Temple. K.; Lough, A. J.; Manners)l.Am. Chem. Soc.
2003 125 9424-9434.

(6) (a)lonic Liquids in SynthesjsVasserscheid, P., Welton, T., Eds.; Wiley-
VCH: Weinheim, Germany, 2003. (b) Dupont, J.; de Souza, R. F.; Suarez,
P. A. Z.Chem. Re. 2002 102 3667~3692.

(7) The induction period was reducedtd h by grinding the NHEBHs.

(8) Gaines, D. F.; Schaeffer, R. Am. Chem. S0d.964 86, 1505-1507.

(9) Wideman, T.; Sneddon, L. Gnorg. Chem.1995 34, 1002-1003.

(10) (a) Shore, S. G.; Girardot, P. R.; Parry, R. WAm. Chem. Sod.958
80, 20—24 and preceding papers in this issue. (b) Shore, S. G.; Boeddeker,
K. W. Inorg. Chem.1964 3, 914-915. (c) Boddeker, K. W.; Shore, S.
G.; Bunting, R. K.J. Am. Chem. S0d.966 88, 4396-4401. (d) Onak,
T.; Shapiro, 1.J. Chem. Phys196Q 32, 952-953.
(11) Mayer, E.Inorg. Nucl. Chem. Lett1973 9, 343-346.

JA062085V

J. AM. CHEM. SOC. = VOL. 128, NO. 24, 2006 7749





