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Borane amine compounds hold promise in a chemical hydrogen storage setting due to 
their high gravimetric and volumetric content of releasable hydrogen. The heats of 
formation and the thermodynamics of the dehydrogenation of N-methyl substituted 
cyclodi-, cyclotri- and cyclotetraborazane were predicted at the G3(MP2) level following 
B3LYP/DGDVZP2 level optimization. The dehydrogenation of the N-methyl substituted 
compounds was predicted to be more endothermic than the dehydrogenation of 
equivalent non-substituted compounds.  

   
Introduction 

There is a significant interest in the development 
of hydrogen fuel cells as a suitable power source for 
use in the transportation sector. Ideally, these fuel 
cells would be environmentally friendly and would be 
independent of petroleum as a feedstock. One critical 
issue with these hydrogen-based fuel cells in the 
transportation sector is the safe and efficient storage 
of hydrogen. Chemical hydrogen storage materials 
that have a ready release/uptake of H2 provide a 
possible solution to this issue [1]. It is also necessary 
that these processes are near thermoneutral to 
reduce the heat needed for the release of hydrogen 
and to minimize the energy costs of the regeneration 
process.  

Borane amine derivatives show promise as 
effective hydrogen storage materials due to their low 
molecular weight and high volumetric and gravimetric 
density of covalently bound hydrogen that can be 
released at low temperatures necessary for 
transportation applications. For example, Borazine 
(1), BH3NH3, has received attention for these reasons. 
Decomposition of Borazine in solution yields 
hydrogen and cyclotriborazane, c-B3N3H12 [11]. Upon 
further heating, cyclotriborazane decomposes to 
borazine, c-B3N3H6 [6,11]. This is outlined in equation 
1 [9].The production of c-B3N3H12 from three 
molecules of Borazine may proceed through the 
dimmer, cyclodiborazane. For this reason, the release 
of hydrogen from this structure is investigated, 
leading to c-B2N2H4. The dehydrogenation of 
cyclotetraborazine to produce c-B4N4H8 was studied 

for similar reasons. The cyclic six-member ring is likely 
to be an intermediate in the formation of a graphite-
type solid structure (Figure 1).  

 

 
Figure 1: Graphitic Borane-Amine Structure [4] 

 
3BH3NH3 → c-(BH2NH2)3 + 3H2 → c-(BHNH)3 + 3H2        (1)  

 
One significant issue arises from the fact that 

ammonia borane is a solid at room temperature, 
making it less than ideal for the transportation sector 
because substantial changes to the infrastructure 
would be needed to accommodate non-liquid fuels. 
Alkyl substituted ammonia boranes have lower 
melting points, likely because there are fewer 
hydrogen bond interactions due to the substitution of 
alkyl groups for partially charged hydrogen atoms [2, 
5]. Borane amine could be solubilized in methyl 
substituted ammonia borane. This would allow for the 
generation of liquid fuels that could allow portions of 
the current infrastructure to be utilized. 

Due to the weight penalty associated with the 
heavier methyl-substituted compounds acting as a 
solvent, we wish to determine if these compounds 
could act as storage materials in their own right to 
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maximize weight percent storage. Amine boranes 
have a weight percent storage for hydrogen of 14.9% 
if 2 molecules of hydrogen are produced. The alkyl 
substituted analogues have a weight percent storage 
of 9.8% if 2 molecules of hydrogen is produced [4]. 

The heats of formation for these N-
methylammonia and ammonia B-methylborane, as 
well as various molecules involved in the 
dehydrogenation processes, have been calculated at 
the CCSD(T)/CBS level [4]. In order to aid in the 
understanding of the effects of methylation on these 
molecules, N-methyl substituted cyclodi-, cyclotri-, 
and cyclotetraborazane were studied at the G3(MP2) 
level (Figure 2). N-methyl substituted borane amines 
are studied because it was found that B-substituted 
borane amines make the dehydrogenation process 
more exothermic and taking the reaction further 
away from thermoneutrality [4].  

 
Figure 2: Structures of Methyl-Substituted Compounds.  

A) cis-c-B2N2H6(CH3)2, B) trans- c-B2N2H6(CH3)2,  
C) c-B2N2H2(CH3)2, D) c-B3N3H9(CH3)3, E) c-B3N3H3(CH3)3,  

F) c-B4N4H12(CH3)4, G) c-B4N4H4(CH3)4. 
 
 The G3(MP2) heats of formation for the 

dehydrogenation products of the alkyl-substituted 
molecules are reported in order to allow the 
prediction of the effects of methylation on 
dehydrogenation of these larger borane amine-based 
structures.  

 
Computational Methods 

The thermodynamic properties of the smaller 
alkyl-substituted compounds have been predicted 
based on molecular orbital theory using coupled 

cluster methods at the CCSD(T) level [4]. For large 
molecules, computation at this level is not feasible. To 
help counteract this, we look at the calculated heats 
of formation and dehydrogenation energies by 
utilizing a computationally less intensive method 
using the G3(MP2) level of theory. We have been 
testing the reliability of this method by comparing 
calculation results between the G3(MP2) and the 
more accurate CCSD(T) methods [4, 9].  

 All G3(MP2) calculations were run on the Cray 
XD-1, Altix, or DMC at the Alabama Supercomputer 
Center using the Gaussian 2003 software package. All 
structures were first optimized using Density 
Functional Theory at the B3LYP/DGDZVP2 level. These 
optimized geometries were then used as the input for 
the G3(MP2) calculations. Only the most thermally 
stable conformations for each molecule are reported.  

The atomization method was used to calculate 
the heats of formation. ΔE0[G3(MP2)] is the difference 
in the G3(MP2) calculated energy between the 
molecule and the isolated electrons and nuclei in the 
gas phase at 0 K (Equation 2). The heat of formation 
at 0 K is found by subtracting this ΔE0(G3(MP2)) from 
the sum of the experimental heats of formation at 0K 
(Equation 3). From this value, the heat of formation at 
298 K is found by subtracting the sum of the thermal 
corrections (H298-H0) for the individual atoms from the 
H298 of the molecule (Equation 4). The molecular H298 
is found by adding the difference between the 
G3(MP2) calculated energies at 298 K and 0 K to the 
heat of formation at 0 K. The values for the atomic 
heats of formation and thermal corrections were 
taken from table values. The predicted heats of 
formation for the non alkyl-substituted borane amine 
structures were recalculated using the new value for 
the heat of formation for boron of 135.10 kcal/mol 
[9].  

 
ΔE0[G3(MP2)] = Σ(G3(MP2))atoms, 0 K – G3(MP2)molecule, 0 K   (2) 

 
ΔHf

0
G3(MP2) =  ΣΔHf

0
atoms – ΔE0[G3(MP2)]        (3)

  
 

ΔHf
298

G3(MP2) = ΔHf
0

G3(MP2) + (E298
 - E0)G3(MP2), molecule – Σ(H298- 

H0)atomic                            (4) 
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The thermodynamics of dehydrogenation of these 
cyclic borane amine structures at 298K are predicted 
using Hess’s law (Equation 5).  

 
ΔH298

Reaction= ΣΔHf
298

Products  - ΣΔHf
298

Reactants        (5) 
 

Results and Discussion 
Because the G3(MP2) method predicts reasonable 

BDEs and dehydrogenation energies, we can use this 
method on B-C-N compounds that are too large and 
computationally expensive to calculate at the CCSD(T) 
level. Heats of formation (Table 1) and 
dehydrogenation energies (Table 2) of the methylated 
cyclodi-, cyclotri- and cyclotetraborazanes were 
predicted at the G3(MP2) level. The 298 K values are 
used in the discussion below. The reported 
experimental heat of formation of N-trimethyl 
cyclotriborazane was -217 ± 1 kcal/mol [8, 11]. This 
value is clearly incorrect because it varies from our 
predicted value by over 113 kcal/mol, which is well 
outside the range of error for these types of 
calculations.  

The cis and trans isomers of N-dimethyl 
cyclodiborazane are calculated to be essentially equal 
at 298K, slightly preferring the trans isomer at 0K. 
Dehydrogenation of N-dimethyl cyclodiborazane 
resulting in c-B2N2H2(CH3)2 and 2 H2 is predicted to be 
4.6 kcal/mol more endothermic than the equivalent 
reaction of the related non-methylated species, 
indicating an effect from alkyl substitution at the 
nitrogen sites of the compound [9]. Dehydrogenation 
of N-trimethyl cyclotriborazane to give 3 H2 molecules 
is calculated to be 12.4 kcal/mol less exothermic than 
the equivalent reaction of the twist-boat 
conformation of c-B3N3H12 demonstrating a larger 
substituent effect of the methyl groups decreasing 
the exothermicitiy of the dehydrogenation reaction. 
This trend continues whit the dehydrogenation 
reaction of c-B4N4H12(CH3)4 to give 4H2+ c-B-
4N4H4(CH3)4 [9]. The dehydrogenation of N-
tetramethyl cyclotetraborazane is approximately 
thermoneutral and is -28.8 kcal/mol less exothermic 
than non-methylated cyclotetraborazane [9].  

 
 
 
 

Table 1: Calculated G3(MP2) Heats of Formation (kcal/mol) 
[6] 

a Taken from Reference 9 and recalculated with new heat of 
formation of B of 135.1 ± 0.2 kcal/mol [7]. 
 

Table 2: Dehydrogenation Reactions at the G3(MP2) level 
(kcal/mol) [6] 

a Taken from Reference 9 and recalculated with new heat of 
formation of B of 135.1 ± 0.2 kcal/mol [7]. 

 
Conclusion 

Methyl substitution at N in the cycloborazane 
rings decreases the exothermicity of the 
dehydrogenation reactions and in the case of N-
tetramethyl cyclotetraborazane, the thermodynamics 
for dehydrogenation reaction become favorable as it 
is near thermoneutral. Similarly, the dehydrogenation 
of c-B3N3H9(CH3)3 is closer to thermoneutrality than 
the equivalent non-methylated compound. 
Dehydrogenation of c-B2N2H6(CH3)2, c-B3N3H9(CH3)3, 
and c-B4N4H12(CH3)4, resulting in the production of 
two, three, and four molecules of H2, are 26.2, -13.0, 
and 3.4 kcal/mol at the G3(MP2) level at 298 K, 
respectively. 
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