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I. Introduction 

Development of suitable materials to store hydrogen for automotive use has received 
pointed attention over the past decade [1].  Significant progress has been made with the 
discovery of novel chemical hydrides, complex metal hydrides, and adsorption substrates which 
continue to optimize both thermodynamics and kinetics of hydrogen sorption [2].  Chemical 
hydrides typically offer the largest theoretical gravimetric capacities.  Autrey et al. [3] have 
recently shown that mechanical milling of alkali metal hydrides with ammonia borane can 
further lower the decomposition temperature.  In all cases, however, many challenges remain in 
order to meet the current US DOE performance targets [4].   

Amine boranes are being considered for hydrogen storage materials since they contain 
significant quantities of hydrogen which potentially can be released at low temperatures (80-150 
oC) via chemical reactions.  Ammonia borane, NH3BH3, is one of the most promising in this 
class as it decomposes to release greater than two moles of pure hydrogen gas (14 wt %) below 
160 oC [5-19].  Although isoelectronic to ethane, NH3BH3 is a solid at room temperature due to 
the di-hydrogen bonding network formed between the amine protons and boron hydrides in the 
solid state lattice.  Further, it has been shown that the hydrogen release mechanism involves 
transformation and isomerization to an ionic dimer where a hydride migrates from one boron to 
the adjacent boron in the dimer [20].  The greatest challenge to the use of ammonia borane as a 
hydrogen fuel is the regeneration path from spent fuel to ammonia borane again.  The proposed 
chemical synthesis involves complicated organometallic reactions to form boron hydrogen bonds 
from the thermodynamically stable polyimidoborane products (BNH)n [21]. 

Recent theoretical calculations suggested that incorporation of carbon atoms into the 
(BNH)n product would be less thermodynamically stable.  These (CBNH)n compounds are 
potentially less energy intensive making regeneration of the amine borane fuel more feasible 
[22].  In the present study, tert-butylamine borane is investigated by heteronuclear in situ solid 
state NMR to understand hydrogen release from a hydrocarbon containing amine borane.  t-
butylamine borane has similar physical properties to amine borane with a melting point of 96 oC.  
A single proton has been replaced with a t-butylamine group resulting in a weakening of the di-
hydrogen bonding framework.  t-butylamine borane has a theoretical gravimetric hydrogen 
density of 15.1%; however, isobutane can also be evolved rather than hydrogen.  If 
decomposition yields one mole isobutane and two moles hydrogen, 4.5 wt% H2 gas will be 
evolved.  More importantly for the present work, the resulting spent fuel should be comprised of 
both (BNH)n and (CBNH)n polyimidoboranes.   
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II. Experimental 

tert-butylamine borane, (C4H9)NH2*BH3, hereafter tBuAB, is a white solid obtained from 
Sigma Aldrich and used as received without further purification.  Solid state magic angle 
spinning NMR experiments were conducted on a Bruker Avance III 300 MHz spectrometer with 
a 4mm CP/MAS probe and forced air heating of the sample.  A powder sample of t-butylamine 
borane was placed in the MAS-NMR sample rotor and with a spinning rate of 8 kHz.  Isothermal 
in situ decomposition experiments were conducted at 80, 85, 90, and 95 oC for as long as 10 hr to 
study the decomposition pathway.  A maximum temperature of 95 oC was chosen as to prevent t-
butylamine borane from melting at the literature value of 96-100 oC.  11B, 1H, and 13C 
experiments were conducted by collecting a spectrum every minute. 

Evolution of volatile decomposition products was studied by coupling thermogravimetric 
isotherms with FTIR and mass spectrometry analysis.  5 mg of tBuAB was placed on a platinum 
sample holder in a TA instruments TGA Q500 Thermogravimetric Analyzer for isothermal 
experiments at 80, 85, 90, and 95 oC.  Evolved gas passed through a heated quartz capillary (250 
oC) to a Thermo Scientific FTIR 2-meter gas cell.  FTIR spectra were collected at 30 second 
intervals.  A Netzsche STA-449 simultaneous thermal analyzer coupled to a residual gas 
analyzer was used to obtain mass spectra during decomposition. 

 
III. Results 

Thermal decomposition of tBuAB resulted in the evolution of hydrogen gas as well as a 
variety of non-hydrogen volatiles.  Figure 1 presents the stacked 11B MAS-NMR spectra at 95 oC 
where the reaction begins almost immediately after heating.  The starting material (tBuAB, δ = -
33 ppm) becomes more mobile resulting in resolution of the quartet pattern representative of a 
boron nuclei being coupled to three equivalent hydrogen atoms.  A slight downfield shift to -27 
ppm is observed for the mobile phase.  The 11B-1H J-coupling constant is 128 Hz.  The expected 
quartet pattern resulting from splitting of the 11B resonance by three equivalent protons (-BH3) 
for both the starting material and new phase indicate that no reaction has taken place.  This fact 
is confirmed by FTIR and MS evolved gas analysis in which no volatile species are observed.  
The origin of the new phase of tBuAB has previously been suggested for ammonia borane to be 
related to a disruption in the solid state di-hydrogen bonding lattice which promotes greater 
molecular motion [20].  Shaw et al. further investigated the nature of the mobile phase of 
ammonia borane [23].  

A quintet resonance pattern at -40 ppm appears after 2 minutes of heating.  The five line 
feature arises from hydrogen coupling hydrides bonded to the boron atom (-BH4).  A 
corresponding resonance in the –BH2 region of the spectrum is also observed growing in at -8 
ppm.  This feature is split into the expected triplet pattern.  The correlated appearance of a –BH4 
and –BH2 resonance upon heating an amine borane suggests that isomerization of a t-butylamine 
borane dimer has occurred in a similar fashion to ammonia borane [20].  The isomeric dimer—
the diammoniate of diborane—is the nucleation species upon which hydrogen release occurs. 
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               (a)                (b) 

 
Figure 1. (a) 11B MAS-NMR of t-butylamine borane heated isothermally to 95 oC.  Isothermal 
decomposition products are observed as a function of elapsed time.  (b) Plot of the 11B MAS-
NMR integrated intensities for each resonance as a function of elapsed isothermal heating time at 
95 oC.  Note that the starting material is not shown. 

 
A second –BH2 resonance appears with the ionic dimer.  In order for this feature to be 

identified, FTIR evolved gas analysis was conducted.  Aliphatic hydrocarbon peaks appear in the 
FTIR spectrum with correspond to the appearance of this second –BH2 feature at -15 ppm.  
Further, no new spectral feature was observed in the 13C MAS-NMR at the identical 
decomposition time suggesting that the boron hydride reacts with the t-butyl ligand to release 
isobutane gas in competition with hydrogen gas formation.  Once t-butylamine borane evolves 
isobutane, unsubstituted aminoborane (NH2BH2) remains and continues to decompose separately 
from t-butylamine borane dehydrogenation products according to the reaction pathway of 
ammonia borane described by Stowe et al. [20].  One exception to this amino borane pathway is 
observed.  Loss of isobutane appears to favor formation of the aminoborane monomer rather than 
the dimer reported in ref. 20. 

As the reaction progresses, both hydrogen and isobutane continue to be released as 
additional –BH2 and multiple –BH resonances appear.  To better understand the reaction 
products, the integrated intensity of each spectral feature was calculated.  The intensities were 
plotted as a function of elapsed time (Figure 1b) showing which features were correlated and 
which reaction intermediates were consumed to form additional spectral features.  As 
aminoborane (δ = -15 ppm) evolves hydrogen, it forms a common cyclic –BH species called 
borazine (B3N3H6; δ = 27 ppm) which polymerizes to form polyborazyline (δ = 31 ppm).   

Decomposition of the t-butylamine borane ionic dimer creates the possibility of two 
similar BN linear chains.  If hydrocarbon abstraction occurs, only one terminal t-butyl group 
remains where as hydrogen loss yields H3BHNC(CH3)3BH2H2NC(CH3)3 containing two t-butyl 
groups.  A –BH3 (δ = -30 ppm) resonance and –BH2 resonance appear as the substituted 
diammoniate of diborane resonances begin to be consumed.  Observation of the δ = -13 ppm 
resonance is initially masked by the aminoborane resonance. Proton decoupled 11B{1H} 
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experiments indicate two distinct resonances which are masked due to the proton splitting.   
These two structures cannot be distinguished under the current 11B experimental conditions.  If 
H3BH2NBH2H2NC(CH3)3 reacts to remove another isobutane molecule, aminoborane products 
are formed.  This reaction does not appear to be favored since a significant increase in the 
aminoborane peak does not occur.  As the reaction of these two species continues, both hydrogen 
and isobutane continue to be released (FTIR and MS data) resulting in formation of extended, 
unsaturated BN chain compounds.  These species have –BH groups which have lost two 
hydrides from the original stoichiometry.  The –BH resonance is observed at 23 ppm.  This 
peak—which shows a doublet splitting—is transfers intensity to a new peak at 17 ppm 
corresponding to polymerization of a [CBNH]x species.  The complete decomposition 
mechanism is shown in Scheme 1. 

13C MAS-NMR was also conducted at multiple temperatures to further understand the 
chemistry.  In particular, 13C NMR provides a direct probe of the reaction product after 
isomerization.  Both hydrogen and isobutane release are observed in evolved gas analysis 
resulting in a product differing by one t-butyl group only.  The 13C resonance should differ 
between these compounds.  Figure 2 compares the 13C spectrum when heating is initiated to the 
spectrum of decomposed product after 30 minutes.  For the t-butyl group, there are two distinct 
regions of the 13C spectrum.  The central carbon which has three methyl groups bound to it 
appears near δ = 50 ppm while the methyl carbons are centered in the 25-35 ppm region.  The 
methyl carbon nuclei have three protons which create a quartet splitting pattern.  As t-butylamine 
borane decomposes, isobutane release removes all carbon atoms from the solid such that no 
changes in the 13C MAS-NMR spectrum are observed.  Dehydrogenation, however, results in 
reaction products containing t-butyl groups.  The carbon atoms are multiple atoms away from the 
dehydrogenation such that changes to the spectrum are small.  This can be observed in Figure 2 
(black trace) where many features are observed.  The proton coupling convolutes the spectrum 
and a series of decoupling experiments was conducted to simplify the result.  

  

 
 

Figure 2.  13C MAS-NMR spectrum of t-butylamine borane at t = 0 (red) and t = 30 
minutes (black) of heating at 95 oC. 

 
In Figure 3a, the proton decoupling 13C MAS-NMR experiment is stacked as a function 

of elapsed heating time.  The starting materials (δ = 28 ppm) is transformed to a mobile phase (δ 
= 29 ppm) as observed in 11B experiments.  Isomerization to the ionic dimer will not result in a 
significant shift in the 13C signal.  Subsequent decomposition from the ionic dimer, however, 
results in the appearance of new resonances.  The terminal t-butyl group of 
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H3BHNC(CH3)3BH2NH2C(CH3)3 and H3BNH2BH2H2NC(CH3)3 are the same and appears at δ = 
34 ppm.  The second t-butyl group in H3BHNC(CH3)3BH2NH2C(CH3)3 (product of 
dehydrogenation) has a distinct 13C resonance at δ = 28.3 ppm.  A multinuclear approach allowed 
a more complete understanding of the decomposition chemistry because the two species resulting 
from dehydrogenation and hydrocarbon abstraction could not be separated by 11B NMR.  
Comparison of the 13C resonances also revealed that hydrogen release was the favored reaction 
over hydrocarbon abstraction as shown in Figure 3.  A similar preference to dehydrogenation 
was seen for methylamine borane [23].  

One surprising result was the observation of t-butylamine gas in the solid state 13C NMR 
spectrum.  t-butylamine forms via dissociation of the boron-nitrogen bond and is apparently 
trapped within the solid lattice.  FTIR evolved gas analysis showed a boron hydride in the 
spectrum at comparable reaction time, however, no amine vibrations were observed.  This is 
consistent with slow diffusion of bulky t-butylamine from the sticky solid lattice.  The methyl 
carbon resonance is centered at δ = 33 ppm as expected for t-butylamine and the concentration of 
this resonance remains consistent and minor (as shown in Figure 3b).  The 11B and 13C NMR 
chemical shifts and proton J-coupling constants are tabulated in Table 1. 

 
 

Figure 3. (a) 13C{1H} MAS-NMR of t-butylamine borane at 95 oC.  t-butylamine gas was 
observed to be trapped in the solid material. (b). Plot of the 13C{1H} MAS-NMR integrated 
intensities for each resonance as a function of elapsed isothermal heating time at 95 oC.  No new 
resonance is observed for the ionic dimer as described in the text. 
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Table 1.  11B and 13C chemical shift and proton J-J coupling values for the 
tBuAB decomposition products.  Chemical shift values correspond to the 
highlighted portion of the compound. 

Molecular Species δ(11B) 
(ppm) 

δ(13C) 
(ppm) J-J (Hz) 

t-Butylamine Borane (S.M.)  -33 28 -- 

t-Butylamine Borane* (mobile)  -27 29 128 ± 5 

t-Butylamine  -- 33 126 ± 5 

Ionic dimer (BH
4

-
) -40 -- 85 ± 5 

H
3
BHNC(CH

3
)

3
BH

2
H

2
NC(CH

3
)

3 
 -30 28.3 130 ±10 

H
3
BNH

2
BH

2
H

2
NC(CH

3
)

3
  -30 34 130 ±10 

H
3
BNHBHH

2
NC(CH

3
)

3
  -30 28 130 ±10 

H
2
N:BH

2
  -15 -- 90 ±10 

H
3
BHNC(CH

3
)

3
BH

2
NH

2
C(CH

3
)

3
 -13 34 104 ± 5 

H
3
BNH

2
BH

2
H

2
NC(CH

3
)

3 
 -13 34 104 ± 5 

(BH
2
NH

2
)

3 
 -13 -- 104 ± 5 

Ionic dimer (-BH
2

+
) -8 -- 94 ± 5 

[CBNH]
x 
(-BH) 17 32 -- 

H
3
BNHBHH

2
NC(CH

3
)

3
  23 28 121 ± 5 

Borazine (-BH) 27 -- 125 ± 5 

[BHNH]
x 
(-BH) 31 -- -- 
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Scheme 1.  The complete solid state reaction pathway of t-butylamine borane decomposition 
under isothermal conditions.  Hydocarbon abstraction, dehydrogenation and isomerization all 
occur yielding [BNH]x and [CBNH]x polymers with both H2 and C4H10 evolution. 
 
IV. Discussion 

The overall reaction mechanism consisting of three distinct reaction pathways is shown in 
Scheme 1.  Dehydrogenation and hydrocarbon abstraction both occur with significant hydrogen 
and isobutane evolution.  The hydrogen reaction is favored based on 13C NMR results.  To a 
minor extent, dissociation across the boron-nitrogen bond occurs as well.  Carbon insertion into 
the dehydrogenation product occurs with the formation of carbon substituted polyimidoborane  
polymers (CBNH)n.  The overall reaction mechanism to achieve the carbon insertion is similar to 
that of ammonia borane such that efficient, low temperature hydrogen release is still possible.  In 
the present case, the carbon atoms originate from hydrocarbons on the amine which also results 
in hydrocarbon release which is detrimental to the purity of the hydrogen gas stream and the 
overall fuel capacity.  While this is undesirable, a mixed amine borane system where a small 
ratio of a substituted amine borane is combined with ammonia borane could result in sufficient 
quantities of (CBNH)n formation.  Dixon et al. [22] have shown significant reductions to the 
melting point of mixed methylamine borane/ammonia borane systems.  Combination of the 
appropriate carbon containing amine borane—or another carbon species—with ammonia borane 
would be expected to result in (CBNH)n formation during thermal decomposition.  The resultant 
material likely must still undergo chemical processing to regenerate the original hydrogen fuel; 
however, this chemical processing potentially will be less energy intensive.   
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