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ABSTRACT 

 
 High theoretical densities, favorable dehydrogenation temperatures and kinetics continue 

to make ammonia-borane (AB) a tantalizing option for a hydrogen storage material.  However, in 

order to become a viable storage material, several challenges must be overcome.  Several 

strategies have been explored addressing these challenges associated with AB, namely the 

polymerization of the dehydrogenated material and subsequent regeneration. 

  To investigate limiting polymerization through solvation, AB was dissolved in several 

imidazoles, in a 1:1 molar ratio.  The solutions were subjected to a range of increasing 

temperatures for periods of 20 hours.  It was discovered that the through transamination, the 

borane would form an adduct with the solvent, followed by the subsequent dimerization forming 

imidazabole isomers.  Reactions performed in the presence of an Ir-based pincer catalyst, 

IrH2(1,3-C6H3-(OP
t
Bu2)2), demonstrated that AB would undergo dehydrogenation at room 

temperature in small yields before the occurrence of transamination.  Higher reaction 

temperatures were found to result in the formation of only the imidazabole isomers with little 

released H2. 

 Substituted amine adducts of borane were explored as a method to limit the degree of 

polymerization of the dehydrogenation products.  Furthermore, N bound cycloalkyl groups were 

chosen as a means to provide additional H2 during dehydrogenation through their aromatization 

while dehydrogenation of the borane adducts across the B-N bonds were found to occur.  

However, no C-H bond activation occurred, even when treated with a known alkane 

dehydrogenation catalyst, IrH2(1,3-C6H3-(OP
t
Bu2)2). 
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 In another attempt to limit polymerization, two additional novel ammonium borohydride 

derivatives were synthesized, meta- and para-bis(ammonium borohydride)benzene.  This proved 

more successful as dehydrogenation experiments demonstrated the release of high purity H2 with 

trace amounts of diborane.  Additionally it was found that treatment of the dehydrogenated 

material with hydrazine sulfate at 40 °C for 7 days resulted in partial regeneration to the 

ammonia-borane derivative.   

 Investigations were made into understanding the relationship of the ammonia present in 

LiSc(BH4)4∙4NH3 and its dehydrogenation behavior.  IR analysis of the complex revealed new 

peaks in the B-Ht stretching region that can be assigned to the interaction of the terminal H atom 

of the borohydride with a neighboring NH3 group.  No significant differences observed in the B-

Ht stretching frequency for complexes synthesized with NH3 and ND3 suggest that the B-Ht 

interaction my not be subject to isotopic perturbation or that the interaction does not involve N—

H
δ+

∙∙∙
-δ

H—B bonding, but rather a direct interaction of the N bound lone pair on the terminal H 

atom of borohydride.   

 Through this research, many variations to AB were proposed and explored to improve the 

viability of using AB and AB derivatives as a hydrogen storage material.  Therefore, allowing 

for the expansion and solidification of what is currently known about this material and related 

derivatives.   

  



vi 

 

TABLE OF CONTENTS 

 

Acknowledgements ........................................................................................................................ iii 

Abstract ......................................................................................................................................... iv 

List of Tables .................................................................................................................................. x 

List of Figures ............................................................................................................................... xii 

List of Schemes ............................................................................................................................ xxi 

List of Abbreviations ................................................................................................................. xxiii 

Chapter 1:  Introduction .................................................................................................................. 1 

1.1 Renewable Energy ........................................................................................................... 2 

1.2 Hydrogen as an Energy Carrier ........................................................................................ 3 

1.3 Hydrogen Production and Distribution ............................................................................ 7 

1.4 Hydrogen Storage ............................................................................................................ 9 

1.4.1 High Pressure and Cryogenic Liquid Hydrogen ..................................................... 13 

1.4.2 Physisorption Materials .......................................................................................... 14 

1.4.3 Metal Hydrides........................................................................................................ 15 

1.4.4 Liquid Organic Hydrogen Carriers ......................................................................... 16 

1.4.5 Chemical Hydrides.................................................................................................. 20 

 1.4.5.1  Amine-boranes/B-N Compounds............................................................... 21 

1.5 Motivation for this Dissertation ..................................................................................... 26 

Chapter 2:  Ammonia-Borane/Imidazole Solutions: An Investigation into a Possible Candidate 

for an AB Solvating Agent ............................................................................................ 29 

2.1 Introduction .................................................................................................................... 29 

2.2 Experimental .................................................................................................................. 31 

2.2.1 Ammonia-borane 1-Methylimidazole (AB/1-MI) solution preparation ................. 32 



vii 

 

2.2.2 Dehydrogenation of AB/1-MI solution ................................................................... 32 

2.2.3 Dehydrogenation of AB/1-MI solution with Catalyst, 1 ........................................ 32 

2.2.4 1-Methylimidazole-boarne Adduct (1-MIB) synthesis ........................................... 32 

2.2.5 N,N′-dimethylimidazabole synthesis ................................................................... 33 

2.3 Results and Discussion .................................................................................................. 33 

2.3.1 Dehydrogenation of AB in 1-Methylimidazole ...................................................... 36 

2.3.2 Dehydrogenation of AB in 1-Methylimidazole with Catalyst ................................ 39 

2.3.3 Thermolysis of 1-MIB ............................................................................................ 44 

2.4 Conclusion ..................................................................................................................... 47 

Chapter 3:  Synthesis, Characterization, and Investigation into the use of Select B-N Lewis 

Adducts for Hydrogen Storage Applications ................................................................. 48 

3.1 Introduction .................................................................................................................... 48 

3.2 Experimental .................................................................................................................. 52 

3.2.1 Preparation of Perhydrocarbazole Derivatives ....................................................... 53 

3.2.2 General Procedure for the Synthesis of Complexes 1-10 ....................................... 54 

 3.2.2.1  Cyclopentylamine-borane (1) .................................................................... 54 

 3.2.2.2  Cyclohexylamine-borane (2) ..................................................................... 54 

 3.2.2.3  Borane-aminocyclohexane (3) ................................................................... 54 

 3.2.2.4  Cyclooctylamine-borane (4) ...................................................................... 55 

 3.2.2.5  Dicyclohexylamine-borane (5) .................................................................. 55 

 3.2.2.6  Borane-piperidine (6) ................................................................................. 55 

 3.2.2.7  Triethylenediamine-diborane (7) ............................................................... 56 

 3.2.2.8  Borane-perhydrocarbazole (8) ................................................................... 56 

 3.2.2.9  Borane-methylperhydrocarbazole (9) ........................................................ 56 

 3.2.2.10 Borane-ethylperhydrocarbazole (10) ........................................................ 57 



viii 

 

3.2.3 General Procedure for Adduct Dehydrogenation ................................................... 57 

3.2.4 Transfer Dehydrogenation ...................................................................................... 57 

3.3 Results and Discussion .................................................................................................. 58 

3.3.1 Amine-Borane Adducts 1-6 .................................................................................... 59 

3.3.2 Transfer Dehydrogenation with TBE/Hydroboration ............................................. 63 

3.3.3 Triethylenediamine-diborane 7 ............................................................................... 66 

3.3.4 Borane-Perhydrocarbazole Derivatives 8-10 .......................................................... 67 

3.4 Conclusion ..................................................................................................................... 69 

Chapter 4:  Phenyl introduced ammonium borohydrides: synthesis and reversible 

dehydrogenation properties ............................................................................................ 71 

4.1 Introduction .................................................................................................................... 71 

4.2 Experimental .................................................................................................................. 72 

4.2.1 Preparation of p/m-BABB....................................................................................... 73 

4.2.2 Regeneration of the residues for BABBs ................................................................ 73 

4.2.3 Characterizations..................................................................................................... 73 

4.3 Results and Discussion .................................................................................................. 75 

4.4 Conclusion ..................................................................................................................... 88 

Chapter 5:  Investigation of the Dihydrogen Interaction in the Ammoniate of Lithium Scandium 

Borohydride ................................................................................................................... 89 

5.1 Introduction .................................................................................................................... 89 

5.2 Experimental .................................................................................................................. 92 

5.2.1 ScCl3∙4NH(D)3 Preparation .................................................................................... 93 

5.2.2 LiSc(BH4)4∙4NH(D)3 Preparation ........................................................................... 93 

5.2.3 LiSc(BH4)4 Preparation ........................................................................................... 93 

5.3 Results and Discussion .................................................................................................. 94 

5.3.1 ScCl3∙4NH(D)3 Preparation and Characterization .................................................. 94 



ix 

 

5.3.2 LiSc(BH4)4∙4ND3 Preparation and Characterization .............................................. 95 

5.4 Conclusion ................................................................................................................... 108 

Chapter 6:  Conclusion and Future Studies................................................................................. 109 

References ................................................................................................................................... 111 

Appendix 1:  Supplemental Spectroscopic Data for Chapter 2 .................................................. 120 

Appendix 2:  Supplemental Spectroscopic Data for Chapter 3 .................................................. 138 

Appendix 3:  Supplemental Spectroscopic Data for Chapter 5 .................................................. 165 

 

  



x 

 

LIST OF TABLES 

Table 1.1:  Volumetric and gravimetric densities of common fuels.
7
 Liquefied petroleum gas = 

LPG. .............................................................................................................................. 5 

 

Table 1.2:  Brief summary of US DOE hydrogen storage targets.
36

 ............................................. 10 

 

Table 1.3:  Comparative data for the common LOHC cycles.  The decalin-naphthalene-hydrogen 

(DNH) cycle includes data values for both the cis and trans isomers of decalin. ...... 17 

 

Table 1.4:  Comparative dehydrogenation enthalpies of select LOHCs. ...................................... 19 

 

Table 1.5:  Calculated bond dissociation energies and B-N bond lengths for Me3-xHxN-BH3 and 

H3N-BHxMe3-x (x = 0-3).
82

 .......................................................................................... 21 

 

Table 1.6:  Observed 
11

B MAS NMR chemical shifts and coupling constants during the in situ 

heating of AB.
86

 .......................................................................................................... 25 

 

Table 2.7:  Results of AB thermolysis in various polar, aprotic solvents.
90

 ................................. 31 

 

Table 2.8:  Results of thermolysis experiments of AB/1-MI solutions at given reaction 

temperatures and times, with and without catalyst 1. (a) % AB represents unchanged 

AB/1-MI solution. (b) Percentages were determined by peak integrations of 
11

B 

spectra.  (c) Overlapping peaks hinder accurate area percentage integration 

measurements. ............................................................................................................. 35 

 

Table 2.9:  Observed 
11

B chemical shifts and coupling constants of observed products. ............ 35 

 

Table 3.10:  Summarized collection of data for reactions performed with and without the 

addition of TBE additive, including corresponding figure references for the 
13

C and 
11

B NMR spectra.  Figure 3.70-3.86 can be found in Appendix 2. ............................ 58 

 

Table 3.11:  Summary of dehydrogenation products of adducts 1-5, utilizing catalyst 11 at 

200 °C for 24 hours. .................................................................................................... 61 

 

Table 4.12:  Dehydrogenation purities of p-BABB and m-BABB at 200 °C. .............................. 78 

 

Table 5.13:  Infrared-active fundamental vibrational transitions commonly observed for MBH4 

configurations.  Reprinted with permission from Chemical Reviews, 1977, 77, 263-

293. Copyright 2014 American Chemical Society. .................................................... 97 

 



xi 

 

Table 5.14:  Comparison between experimental IR for LiSc(BH4)4 of this work and reported 

literature values from Reference 
207

.  All values are in cm
-1

. ..................................... 99 

 

Table 5.15:  Observed B-H stretching frequencies of LiSc(BH4)4, LiSc(BH4)4∙4NH3, and 

LiSc(BH4)4∙4ND3.  All values are reported in cm
-1

. ................................................. 103 



xii 

 

LIST OF FIGURES 

Figure 1.1: Energy consumption by fuel in the US, as reported in 2012.
1
  Values represent 

millions of tons of oil equivalents (Mtoe). .................................................................. 2 

 

Figure 1.2:  Share of total energy consumed in the US by major sectors of the economy, 2012.
5
  

Bar of pie chart further expands specific energy source percentages within the 

transportation sector. ................................................................................................... 3 

 

Figure 1.3:  Carbon dioxide emissions by sector in the United States from 1990 to 2011.
6
 .......... 4 

 

Figure 1.4:  Diagram of a PEM fuel cell.
16

 ..................................................................................... 6 

 

Figure 1.5:  Pressure-composition isotherms for the hydrogen absorption in a typical 

intermetallic compound on the left-hand side.  The solid solution (α phase), the 

hydride phase (β phase), and the region of the coexistence of the two phases are 

shown (α+β phase).  The coexistence region is characterized by the flat plateau and 

ends at the critical temperature, Tc.  The construction of the Van’t Hoff plot is shown 

on the right-hand side.  The slope of this line is equal to the enthalpy of formation 

divided by the gas constant and the y-intercept is equal to the entropy of formation 

divided by the gas constant.  Figure reprinted with permission from Elsevier Limited 

(Nov. 26, 2013; License Number: 3276820915390).
39

 .......................................... 11 

 

Figure 1.6:  Hydrogen storage capacity of commonly used materials with respect to operating 

temperature. Reprinted with permission from T. Nejat Veziroglu, Founding Editor-

in-Chief, International Journal of Hydrogen Energy (IJHE) (June 24, 2014). .......... 13 

 

Figure 1.7:  Ir-based pincer catalysts: IrH2(C6H3-1,3-(CH2P
i
Pr2)2) (1), IrH2(C6H3-1,3-

(CH2P
t
Bu2)2) (2), IrH2(C6H3-1,3-(OP

t
Bu2)2) (3). ...................................................... 18 

 

Figure 1.8: Some dehydrogenation products of AB. .................................................................... 22 

 

Figure 1.9:  Evolution of signals during in situ isothermal decomposition of AB via 
11

B MAS 

NMR.  Figure reprinted with permission from Phys. Chem. Chem. Phys., 2007, 9, 

1831-1836 from RSC Publishing (Jan 14, 2014; License Number: 

3307811029504).86
 ................................................................................................. 23 

 

Figure 1.10:  Intermediate species observed during the in situ decomposition of AB. ................ 24 

 



xiii 

 

Figure 2.11:  (i) 1-methylimidazole (1-MI); (ii) 1-n-nutylimidazole (1-nBuI); (iii) 1-

isopropylimidazole (1-iPrI). ...................................................................................... 30 

 

Figure 2.12:  Ir-based pincer catalyst, IrH2(C6H3-1,3-(OP
t
Bu2)2), 1. ........................................... 30 

 

Figure 2.13:  N,N′-dimethylimidazabole isomers, 2a and 2b, with resulting chemical shifts in 

ppm from 
1
H (blue), 

13
C (green), and 

11
B (red) NMR. .............................................. 33 

 

Figure 2.14:  
11

B spectra of the thermal decomposition of AB/1-MI solution at (a) 25, (b) 60, (c) 

100, (d) 150, and (e) 200 °C over a period of 20 hours, including (f) the authentic 

sample of 1-MIB. ...................................................................................................... 36 

 

Figure 2.15:  1,3,4,5-tetramethylimidazol-2-ylidene borane; proposed carbene-borane 

intermediate (3); proposed  intermediate (4) towards the formation of 2b; 

pyrrolylborane-N-methylimidazole. .......................................................................... 37 

 

Figure 2.16:
 11

B spectra of the thermal decomposition of AB/1-MI solution with 1 at (a) 25, (b) 

60, (c) 100, (d) 150, and (e) 200 °C over a period of 20 hours.  (f) Synthesis of 

N,N′-dimethylimidazabole with 1-MIB and 1 at 200 °C for 20 hours. .................. 40 

 

Figure 2.17:  Integrated 
11

B spectrum of Entry 10: AB/1-MI solution at 200 °C for 20 hours with 

catalyst 1, depicting area integrations of peaks assigned to isomers 2a and 2b. Slight 

overlap around δ = -32 ppm resulted in the inflation of the integral. ........................ 43 

 

Figure 2.18:  
11

B NMR spectra of 1-MIB reacted with 1 at (a) 100 °C, (b) 150 °C, and (c) 200 °C.  

(d) Thermolysis of 1-MIB at 200 °C without catalyst............................................... 44 

 

Figure 2.19: Proposed cross-linking polymerization units belonging to unassigned chemical 

shifts observed in the 
11

B NMR spectrum of Figure 2.18c. ...................................... 46 

 

Figure 2.20:  Expanded view of the 
11

B NMR spectrum of 2.18c centered on the overlapping 

resonance signals at -18 ppm.  Additional overlays are included depicting lineshapes 

for 1-MIB (red) and 2a (green) in comparison of the originally observed peak of 

2.18c (black). ............................................................................................................. 47 

 

Figure 3.21: Lewis adducts: Cyclopentylamine-borane (1), Cyclohexylamine-borane (2), Borane-

aminocyclohexane (3), Cyclooctylamine-borane (4), Dicyclohexylamine-borane (5), 

borane-piperidine (6), Triethylenediamine-diborane (7), borane-perhydrocarbazole 

(8), borane-methylperhydrocarbazole (9), and borane-ethylperhydrocarbazole (10).

 ................................................................................................................................... 51 



xiv 

 

 

Figure 3.22: Ir-based pincer catalyst, IrH2(C6H3-1,3-(OP
t
Bu2)2), 11. .......................................... 51 

 

Figure 3.23:  
11

B NMR spectra of cyclopentylamine-borane, 1, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11. ................................ 59 

 

Figure 3.24:  
13

C NMR spectra of cyclopentylamine-borane, 1, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11.  Spectrum includes an 

expanded view of 20-70 ppm. ................................................................................... 60 

 

Figure 3.25:  
11

B NMR spectra of borane-piperidine, 6, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11. ................................ 62 

 

Figure 3.26:  
13

C NMR spectra of borane-piperidine, 6, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11. ................................ 63 

 

Figure 3.27:  Comparison 
11

B NMR spectra of 7 starting material (red), reaction of 7 with 

catalyst 11 at 200 °C (blue), and reaction of 7 with TBE (black). ............................ 67 

 

Figure 3.28:  Integrated 
11

B NMR spectrum of borane adduct 10 starting material, depicting four 

individual borane environments of some of the possible stereoisomers.  The broad 

feature around -2 ppm is a result of the boron silicate NMR tube used. ................... 68 

 

Figure 4.29:  (a) XRD patterns for p-BDADC, m-BDADC, LiBH4, the ball-milled LiBH4 with p-

BDADC, and the ball-milled LiBH4 with m-BDADC samples.  (b) FT-IR spectra for 

p-BDADC, m-BDADC, LiBH4, the ball-milled LiBH4 with p-BDADC, and the ball-

milled LiBH4 with m-BDADC samples.  (c) 
11

B NMR spectra of pure LiBH4 and the 

synthesized p-BABB and m-BABB samples. ........................................................... 76 

 

Figure 4.30:  Solid-state 
13

C MAS NMR spectra of (top) p-BABB and (bottom) m-BABB. ...... 77 

 

Figure 4.31:  (a) TGA and TPD results for p-BABB at a heating rate of 5 °C min
-1

 in argon.  (b) 

MS signals of H2, NH3, B2H6, and borazine evolved from p-BABB.  (c) Isothermal 

TPD results for p-BABB.  (d) TGA and TPD results for m-BABB at a heating rate of 

5 °C min
-1

 in argon.  (e) MS signals of H2, NH3, B2H6, and borazine evolved from m-

BABB.  (f) Isothermal TPD results for m-BABB. .................................................... 79 

 

Figure 4.32:  DSC results of p-BABB and m-BABB from room temperature to 200 °C with a 

heating rate of 5 °C min
-1

. ......................................................................................... 80 

 



xv 

 

Figure 4.33:  Solid state 
11

B MAS NMR spectrum of (a) p-BABB after heating to 135 °C and 

200 °C for 6 h, and (b) m-BABB after heating to 185 °C for 3 h and 300 °C for 6 h.

 ................................................................................................................................... 81 

 

Figure 4.34:  XRD patterns for the pure (N2H4)2·H2SO4 and the products of (N2H4)2·H2SO4 after 

2 days reaction in liquid NH3 at 40 °C. ..................................................................... 84 

 

Figure 4.35:  
11

B NMR spectra of the final products for m-BABB after dehydrogenation at 

300 °C, and the reduction products after treatment with (N2H4)2·H2SO4 in liquid NH3 

for 2 days and 7 days at 45 °C, respectively. ............................................................ 85 

 

Figure 4.36:  Solid-state 
11

B NMR spectra of the dehydrogenated p-BABB after treating with 

(N2H4)∙H2SO4 in liquid NH3 for 7 days at 45 °C. ..................................................... 86 

 

Figure 4.37:  MS signals of H2, NH3, B2H6, and borazine evolved from the 7 days-treated 

reduction of m-BABB.  The release of NH3 results from the decomposition of 

ammonium salts. ........................................................................................................ 87 

 

Figure 5.38:  Experimentally observed decomposition temperatures (°C) of select metal 

borohydrides, metal borohydride ammoniates, bimetallic borohydrides, and 

bimetallic borohydride ammonites in relation to the principle metal cation 

electronegativity (χP).  Metals with χP below 1.6 are destabilized by the addition NH3 

while metals with a higher electronegativity are stabilized.  The dotted line depicts a 

trend between the temperature of decomposition and the χP metal.
202

 ...................... 90 

 

Figure 5.39: 
45

Sc MAS NMR of ScCl3 starting material (red) and ScCl3
.
4ND3 (blue), at 223 and 

217 ppm, respectively. ............................................................................................... 95 

 

Figure 5.40:  
11

B MAS NMR of LiSc(BH4)4.  Figure adapted with permission from The Journal 

of Physical Chemistry C, 2009, 113, 9956-9968. Copyright 2014 American 

Chemical Society. ...................................................................................................... 96 

 

Figure 5.41:  
45

Sc MAS NMR of LiSc(BH4)4, * indicates a spinning side band.  Figure adapted 

with permission from The Journal of Physical Chemistry C, 2009, 113, 9956-9968. 

Copyright 2014 American Chemical Society. ........................................................... 96 

 

Figure 5.42:  Comparison between experimental IR spectrum of LiSc(BH4)4 (solid line) with 

calculated theoretical DFT spectrum (dashed line) for the isolated Sc(BH4)4
-
 ions.  

Reprinted with permission from The Journal of Physical Chemistry. A, 2008, 112, 

7551-7555. Copyright 2014 American Chemical Society. ....................................... 97 



xvi 

 

 

Figure 5.43:  Structure of the Sc(BH4)4
-
 complex from the DFT calculations, where purple is Sc, 

red is B, and blue is H.  Reprinted with permission from The Journal of Physical 

Chemistry A, 2008, 112, 7551-7555. Copyright 2014 American Chemical Society. 98 

 

Figure 5.44:  IR spectrum of the parent complex, LiSc(BH4)4, depicting the B-H stretching 

region of approximately  2700-1900 cm
-1

. ................................................................ 99 

 

Figure 5.45:  MAS NMR analysis of LiSc(BH4)4 prepared in-house analyzed via a) 
11

B MAS 

NMR and b) 
45

Sc MAS NMR.  The small peak in the 
11

B spectrum at -41.2 ppm is 

unreacted LiBH4. ..................................................................................................... 100 

 

Figure 5.46:  IR spectrum of LiSc(BH4)4∙4NH3 depicting the N-H and B-H stretching regions 

from approximately 3500-2900 and 2650-2000 cm
-1

, respectively. ....................... 101 

 

Figure 5.47:  IR spectrum of LiSc(BH4)4∙4ND3 depicting the overlapping N-D and B-H 

stretching regions from approximately 2700-1900. ................................................ 102 

 

Figure 5.48:  Representation of the theorized N:∙∙∙Ht—B interaction. ....................................... 104 

 

Figure 5.49:  (a) Local coordination environments of NH3 and BH4 units around Sc in a distorted 

octahedral geometry and (b) crystal structure of LiSc(BH4)4∙4NH3 viewed along the 

b-axis.  Figure reprinted from Acta Materialia, 2013, 61, 3110-3119 with permission 

from Elsevier Limited (Nov. 07, 2014; License Number: 3503850353253). ...... 105 

 

Figure 5.50:  
11

B NMR spectrum of LiSc(BH4)4∙4NH3 acquired at 25 °C.  Figure adapted from 

Acta Materialia, 2013, 61, 3110-3119 with permission from Elsevier Limited (Nov. 

20, 2014; License Number: 3513330123235). ..................................................... 105 

 

Figure 5.51:  
11

B MAS NMR spectra of LiSc(BH4)4∙4NH3 and LiSc(BH4)4∙4ND3 samples. .... 106 

 

Figure 5.52:  Schematic diagram of measured N-H∙∙∙H-B dihydrogen distances between NH3 

units (N5-N8) around BH4 units (B1-B4) in LiSc(BH4)4∙4NH3.  The grey lines depict 

dihydrogen distances, measured in angstroms (Å).  Figure reprinted from Acta 

Materialia, 2013, 61, 3110-3119 with permission from Elsevier Limited (Nov. 07, 

2014; License Number: 3503850353253). ........................................................... 108 

 

Figure 2.53:  
1
H NMR spectrum of initial AB/1-MI solution after mixing. ............................... 120 

 

Figure 2.54:  
13

C NMR spectrum of initial AB/1-MI solution after mixing. .............................. 121 



xvii 

 

 

Figure 2.55:  
11

B NMR spectrum of initial AB/1-MI solution after mixing, depicting small 

conversion of AB (-22 ppm) to 1-MIB (-18 ppm). ................................................. 122 

 

Figure 2.56:  
1
H NMR spectrum of 1-MIB. ................................................................................ 123 

 

Figure 2.57:  
13

C NMR spectrum for 1-MIB. ............................................................................. 124 

 

Figure 2.58:  
11

B NMR spectrum for 1-MIB. ............................................................................. 125 

 

Figure 2.59:  Integrated 
11

B spectrum of Entry 1; AB/1-MI solution at 25 °C for 20 hours without 

catalyst. .................................................................................................................... 126 

 

Figure 2.60:  Integrated 
11

B spectrum of Entry 2; AB/1-MI solution at 60 °C for 20 hours without 

catalyst. .................................................................................................................... 127 

 

Figure 2.61:  Integrated 
11

B spectrum of Entry 3; AB/1-MI solution at 100 °C for 20 hours 

without catalyst. ....................................................................................................... 128 

 

Figure 2.62:  Integrated 
11

B spectrum of Entry 4; AB/1-MI solution at 150 °C for 20 hours 

without catalyst. ....................................................................................................... 129 

 

Figure 2.63:  Integrated 
11

B spectrum of Entry 5; AB/1-MI solution at 200 °C for 20 hours 

without catalyst. ....................................................................................................... 130 

 

Figure 2.64:  Integrated 
11

B spectrum of Entry 6; AB/1-MI solution at 25 °C for 20 hours with 

catalyst 1.  Heavy peak overlap results inaccurate integrations. ............................. 131 

 

Figure 2.65:  Integrated 
11

B spectrum of Entry 7; AB/1-MI solution at 60 °C for 20 hours with 

catalyst 1. ................................................................................................................. 132 

 

Figure 2.66:  Integrated 
11

B spectrum of Entry 8; AB/1-MI solution at 100 °C for 20 hours with 

catalyst 1. ................................................................................................................. 133 

 

Figure 2.67:  Integrated 
11

B spectrum of Entry 9; AB/1-MI solution at 150 °C for 20 hours with 

catalyst 1. ................................................................................................................. 134 

 

Figure 2.68:  Integrated 
11

B spectrum of 1-MIB thermolysis reaction at 200 °C for 20 hours 

without catalyst.  Isomers 2a and 2b integrated to a 2:1 ratio, respectively. ........... 135 

 



xviii 

 

Figure 2.69:  
1
H NMR spectrum of 1-MIB thermolysis reaction at 200 °C for 20 hours without 

catalyst. .................................................................................................................... 136 

 

Figure 2.70:  
13

C NMR spectrum of 1-MIB thermolysis reaction at 200 °C for 20 hours without 

catalyst. .................................................................................................................... 137 

 

Figure 3.71:  
13

C NMR spectra of cyclohexylamine-borane, 2, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11. .............................. 138 

 

Figure 3.72:  
11

B NMR spectra of cyclohexylamine-borane, 2, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11. .............................. 139 

 

Figure 3.73:  
13

C NMR spectra of borane-aminomethylcyclohexane, 3, before (red) and after 

(blue) dehydrogenation at 200 °C for 24 hours in the presence of 11. .................... 140 

 

Figure 3.74:  
11

B NMR spectra of borane-aminomethylcyclohexane, 3, before (red) and after 

(blue) dehydrogenation at 200 °C for 24 hours in the presence of 11. .................... 141 

 

Figure 3.75:  
13

C NMR spectra of cyclooctylamine-borane, 4, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11. .............................. 142 

 

Figure 3.76:  
11

B NMR spectra of cyclooctylamine-borane, 4, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11. .............................. 143 

 

Figure 3.77:  
13

C NMR spectra of dicyclohexylamine-borane, 5, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11. .............................. 144 

 

Figure 3.78:  
11

B NMR spectra of dicyclohexylamine-borane, 5, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11. .............................. 145 

 

Figure 3.79:  
13

C NMR spectra of triethylenediamine-diborane, 7, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11. .............................. 146 

 

Figure 3.80:  
11

B NMR spectra of triethylenediamine-diborane, 7, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11. .............................. 147 

 

Figure 3.81:  
11

B NMR spectrum of the reaction of triethylenediamine-diborane, 7, with TBE at 

200 °C for 24 hours, in the presence of 11. ............................................................. 148 

 



xix 

 

Figure 3.82:  
13

C NMR spectra of borane-perhydrocarbazole, 8, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11. .............................. 149 

 

Figure 3.83:  
11

B NMR spectra of borane-perhydrocarbazole, 8, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11. .............................. 150 

 

Figure 3.84:  
13

C NMR spectra of borane-methylperhydrocarbazole, 9, before (red) and after 

(blue) dehydrogenation at 200 °C for 24 hours in the presence of 11. .................... 151 

 

Figure 3.85:  
11

B (
1
H decoupled) NMR spectra of borane-methylperhydrocarbazole, 9, before 

(red) and after (blue) dehydrogenation at 200 °C for 24 hours in the presence of 11.

 ................................................................................................................................. 152 

 

Figure 3.86:  
13

C NMR spectra of borane-ethylperhydrocarbazole, 10, before (red) and after 

(blue) dehydrogenation at 200 °C for 24 hours in the presence of 11. .................... 153 

 

Figure 3.87:  
11

B NMR spectra of borane-ethylperhydrocarbazole, 10, before (red) and after 

(blue) dehydrogenation at 200 °C for 24 hours in the presence of 11. .................... 154 

 

Figure 3.88:  
1
H NMR spectrum, with expanded insert, of borane-perhydrocarbazole, 8. ........ 155 

 

Figure 3.89:  
1
H NMR spectrum, with expanded insert, of cyclopentylamine-borane, 1. .......... 156 

 

Figure 3.90:  
1
H NMR spectrum, with expanded insert, of cyclohexylamine-borane, 2. ........... 157 

 

Figure 3.91:  
1
H NMR spectrum, with expanded insert, of borane-aminomethylcyclohexane, 3.

 ................................................................................................................................. 158 

 

Figure 3.92:  
1
H NMR spectrum, with expanded insert, of cyclooctylamine-borane, 4. ............ 159 

 

Figure 3.93:  
1
H NMR spectrum, with expanded insert, of dicyclohexylamine-borane, 5. ........ 160 

 

Figure 3.94:  
1
H NMR spectrum, with expanded insert, of borane-piperidine, 6. ...................... 161 

 

Figure 3.95:  
1
H NMR spectrum, with expanded insert, of triethylenediamine-diborane, 7. ..... 162 

 

Figure 3.96:  
1
H NMR spectrum, with expanded insert, of borane-methylperhydrocarbazole, 9.

 ................................................................................................................................. 163 

 



xx 

 

Figure 3.97:  
1
H NMR spectrum, with expanded insert, of borane-ethylperhydrocarbazole, 10.

 ................................................................................................................................. 164 

 

Figure 5.98:  IR spectrum of the parent complex, LiSc(BH4)4. .................................................. 165 

 

Figure 5.99:  IR spectrum of ScCl3∙4NH3. .................................................................................. 166 

 

Figure 5.100:  IR spectrum of LiSc(BH4)4∙4NH3. ...................................................................... 167 

 

Figure 5.101:  IR spectrum of ScCl3∙4ND3. ................................................................................ 168 

 

Figure 5.102:  IR spectrum of LiSc(BH4)4∙4ND3. ...................................................................... 169 

 

  



xxi 

 

LIST OF SCHEMES 

Scheme 1.1:  Reversible dehydrogenation of ethylperhydrocarbazole (EPHC), yielding 6 

equivalents of H2 per molecule. ............................................................................... 20 

 

Scheme 1.2: Proposed thermal dehydrogenation mechanism for AB, beginning with the 

induction period phase of AB followed by the nucleation period yielding both the 

linear dimer and DADB. .......................................................................................... 24 

 

Scheme 1.3: Proposed thermal dehydrogenation mechanism depicting the growth period: 

reaction of DADB with AB. .................................................................................... 25 

 

Scheme 2.4:  Transamination of AB to form the imidazole-borane and ammonia, where R is 

methyl, n-butyl, or isopropyl. .................................................................................. 34 

 

Scheme 2.5:  Proposed reaction schemes to the formation of N,N′-dimethylimidazabole 

isomers 2a and 2b..................................................................................................... 38 

 

Scheme 2.6:  Resonance structures of N,N′-dimethylimidazabole isomer 2a, acting as a dimer 

of carbene-boranes. .................................................................................................. 39 

 

Scheme 2.7:  Proposed reaction mechanism for the formation of intermediate 4. ....................... 41 

 

Scheme 2.8:  Proposed mechanism for the synthesis of imidazabole isomer 2b through 

intermediate 4 and additional AB. ........................................................................... 41 

 

Scheme 3.9:  Proposed mechanism for the condensation of primary amines.
124

 .......................... 49 

 

Scheme 3.10:  Observed sec-butylamine-borane dehydrogenation products.
106

 .......................... 50 

 

Scheme 3.11:  Ideal dehydrogenation reaction demonstrated using three equivalents of borane 

adduct 2 resulting in the complete dehydrogenation of the adduct with limited 

polymerization. ........................................................................................................ 51 

 

Scheme 3.12:  Hydrogenation of carbazoles utilizing high temperatures and high pressure of H2 

gas over Ru/C catalyst. ............................................................................................ 53 

 

Scheme 3.13:  Oligomerization of borane-piperidine, 6. .............................................................. 63 

 



xxii 

 

Scheme 3.14:  Transfer dehydrogenation reaction of cyclooctane (COA) and TBE in the presence 

of Ir-based catalyst 11 and heat.  The resulting products include the saturated tert-

butylethane (TBA) and cyclooctene (COE). ............................................................ 64 

 

Scheme 3.15:  Hydroboration of TBE in the presence or Ir-based catalyst 11 and heat, yielding a 

mono-substituted alkylborane of Markovnikov (i) and anti-Markovnikov (ii) 

orientations. .............................................................................................................. 66 

 

Scheme 4.16:  The proposed mechanism for the transformation of AB, into the diammoniate of 

diborane (DADB) moiety.
151

 ................................................................................... 71 

 

Scheme 4.17:  Procedure for the synthesis of p/m-BABB. ........................................................... 75 

 

Scheme 4.18:  The possible dehydrogenation pathway of p/m-BABB. ....................................... 83 

 

Scheme 4.19:  Procedure for the regeneration of p/m-BABB from their dehydrogenated products.

.................................................................................................................................. 87 

 

  



xxiii 

 

LIST OF ABBREVIATIONS 

 

%  percent 

~  approximately 

≈  approximately equal to 

°  degree 

°C  degree Celsius 

1-MI   1-methylimidazole  

1-MIB  1-methylimidazole-borane 

9-EC  9-ethylcarbazole 

Å  angstrom 

AB  ammonia-borane 

atm  atmosphere of pressure 

BABB  bis-(ammoniumborohydride)benzene 

BMW  Bayerische Motoren Werke AG 

BN  boron nitride 

Bo  external magnetic field 

BP  British Petroleum 

br.q  broad quartet (NMR) 

BTHF  borane-tetrahydrofuan 



xxiv 

 

CBH  cyclohexane-benzene-hydrogen cycle 

cm
-1

  wavenumber 

CO  carbon monoxide 

CO2  carbon dioxide 

CP  cross polarization 

CTB  cyclotriborazane 

d  doublet (NMR) 

DADB  diammonium of diborane 

DNH  decalin-naphthalene-hydrogen cycle 

DOE  Department of Energy 

EPA  Environmental Protection Agency 

EPHC  ethylperhydrocarbazole 

FC  fuel cell 

FCV  fuel cell vehicles 

FWHM full width half maximum 

g  gram 

g/L  grams per liter 

h  hour 

ha  hectare 

HMB  hexamethylbenzene 

Hz  hertz 



xxv 

 

ICE  internal combustion engine 

IR  infrared 

J  joule 

K  Kelvin 

K  equilibrium constant 

kg  kilogram 

kHz  kilohertz 

kJ  kilojoule 

km  kilometer 

km/h  kilometer per hour 

kW  kilowatt 

kWh  kilowatt hour 

kWh/kg kilowatt hour per kilogram 

kWh/L  kilowatt hour per liter 

L  liter 

LOHC  liquid organic hydrogen carrier 

LPG  Liquefied petroleum gas 

m  meter 

M  molar 

m
2
  square meter 

m
3
  cubic meter 



xxvi 

 

MAS  magic angle spinning 

mg  milligram 

MHz  megahertz 

min  minute 

min
-1

  per minute 

MJ  megajoule 

MJ kg
-1

 megajoule per kilogram 

MJ L
-1 

 megajoules per liter 

mL  milliliter 

mm  millimeter 

mmol  millimole 

mol  mole 

mol%  mole percent 

mp  melting point 

MTH  methylcyclohexane-toluene-hydrogen cycle 

Mtoe  million tons of oil equivalents 

MW  megawatt 

n  number or number of moles 

NMR  nuclear magnetic resonance 

P  pressure 

Pa  Pascal 



xxvii 

 

PAB  polyaminoborane 

PEM  proton exchange membrane 

peq  equilibrium pressure 

PIB  polyiminoborane 

ppm  parts per million 

Pt/C  platinum on carbon 

PV  photovoltaic 

PXD  powder X-ray diffraction 

q  quartet (NMR) 

R  gas constant 

RF  radio frequency 

rpm  revolutions per minute 

RT  room temperature 

s  second 

s  singlet (NMR) 

So  standard entropy 

T  temperature 

t  triplet (NMR) 

TBE  tert-butylethylene 

Tc  critical temperature 

TEDA  triethylenediamine 



xxviii 

 

TGA  thermogravimetric analysis 

THF  tetrahydrofuran 

TMS  tetramethylsilane 

TPPM  Two Pulse Phase Modulation 

UN  United Nations 

US  United States of America 

USCAR United States Council for Automotive Research 

w/  with 

w/o  without 

wt  weight 

wt%  weight percent 

XRD  X-ray diffraction 

Δ  change 

δ  chemical shift (ppm) 

ΔfH  enthalpy of formation 

ΔfS  entropy of formation 

ΔG°  standard free energy change 

ΔH  change in enthalpy 

ΔH°   standard enthalpy change 

ΔHDeH  dehydrogenation enthalpy 

ΔHnet  net change in enthaply 



xxix 

 

ΔrH  enthalpy of reaction 

ΔS  change in entropy 

μm  micrometer 

ρ  density 

ρm  gravimetric density 

ρv  volumetric density 



1 

 

CHAPTER 1 

INTRODUCTION 

 

 As stated in British Petroleum’s (BP) 2013 annual Statistical Report, the large majority 

of the energy created in the United States that year was produced via fossil fuels.
1
  As depicted in 

Figure 1.1, the major source of energy consumed in the United States in 2012 was from oil, 

comprising 37% of all available energy sources.
1
  The next highest two sources, natural gas and 

coal (30 and 20%, respectively), also fall under the category of fossil fuels.  Only 13% of the 

energy consumed in the US in 2012 was not a derivative of fossil fuels, with a total of 5% 

belonging to hydroelectric and other renewable energy sources.  This figure depicts the current 

dependence on fossil fuels and/or the inability of alternative renewable energy sources to gain 

enough traction to offset fossil fuel consumption.  However, fossil fuel energy sources are 

exhaustible and therefore not sustainable.  Looking towards the future, an alternative energy 

source must be developed to meet the energy needs of the US as well as strengthen the nation’s 

energy security.   

 In the 1970s, an electrochemist named John Bockris proposed a plan that described the 

use of hydrogen to replace fossil fuels.  This plan, known as “The Hydrogen Economy”,
2
 

essentially defines a society functioning with hydrogen as its primary energy source, whether 

used in automotive applications or mobile electronic devices.  However, it was only in the last 

~15 years that the idea of a post-fossil fuel hydrogen-economy started to gain mainstream 

interest.
3
  Ideally, hydrogen would be mass produced via the electrolysis of water using 

electricity provided from nuclear power plants, resulting in a cleaner route of production without 

the pollution generated from fossil fuels.  Utilization of hydrogen would result in an overall 

decrease in pollution generated as well as the harnessing of an abundant, renewable energy 

source. 



2 

 

  
Figure 1.1: Energy consumption by fuel in the US, as reported in 2012.1  Values 

represent millions of tons of oil equivalents (Mtoe). 

 

1.1 Renewable Energy 

 Renewable energy production has gained a lot of popularity in recent years with the 

increase in fossil fuel prices, increase in environmental concerns, and the increasing need for 

national energy security.  Developing an inexhaustible energy source is paramount to 

establishing and maintaining the country’s energy security.  The five primary renewable energies 

(solar, hydropower, wind, geothermal, and biomass) differ from fossil fuels on the basis that they 

are essentially inexhaustible.  An extensive amount of research has been performed on each of 

the noted renewable energies to maximize their efficiency and overall output.  However, even 

with so many different sources of renewable energy, it is currently not enough to offset the 

massive amount of energy derived from fossil fuels.  It has been suggested that current 

technologies have the potential to provide nearly half of the US energy needs
4
 however, major 

commitments must be made towards the research, development, and implementation of 

alternative and renewable technologies to make a sizable impact on future fossil fuel dependence. 
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1.2 Hydrogen as an Energy Carrier 

 In 2012, approximately 28% of the energy consumed in the US was done within the 

transportation sector (Figure 1.2),
5
 to which 92% was provided by fossil fuels, excluding natural 

gas (3%), also a type of fossil fuel.  Such a large percentage of fossil fuel consumption generates 

significant amounts of greenhouse gases, such as carbon dioxide (CO2), contributing to 

increasing environmental concerns.  In the US alone, it was reported by the US Environmental 

Protection Agency (EPA) that approximately 1.86 billion metric tons of CO2 was being released 

into the atmosphere by the transportation sector in 2011 (Figure 1.3).
6
  This value constituted 

approximately 34% of all CO2 generated in the US for that year.   

 

 

 

 

 

 

Figure 1.2:  Share of total energy consumed in the US by major sectors of the economy, 2012.5  Bar of 

pie chart further expands specific energy source percentages within the transportation sector. 
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Figure 1.3:  Carbon dioxide emissions by sector in the United States from 1990 to 2011.6 

 

 Global climate change, as a result of an accumulation of greenhouse gases, has been an 

additional driving force for the discovery and development of non-polluting and renewable 

alternative transportation fuels, as well as bolstering future national energy security.  Renewable 

energy sources, such as those mentioned above, are typically better suited for stationary 

applications and the generation of electricity.  Biofuels are suitable for mobile applications 

however, they contribute to the CO2 emissions (albeit approximately zero in net) and the “fuel vs. 

food” tradeoff lessens the likelihood of their widespread commercialization.  On the other hand, 

hydrogen offers a promising alternative to fossil fuels for mobile applications. 

 Hydrogen is a non-polluting energy carrier that can be utilized in a variety of ways 

including stationary and mobile applications.  As an energy carrier, it exhibits an energy per 

mass content of 143 MJ kg
-1

, which is approximately three times larger than gasoline and other 

common hydrocarbon based fuels (Table 1.1).
7
  Inopportunely, hydrogen has a poor energy 

content per volume (10.1 MJ L
-1

 for liquid hydrogen vs. 34.2 MJ L
-1

 for gasoline).
7
  This is also 

referred to as energy density. 
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Table 1.1:  Volumetric and gravimetric densities of common fuels.7 Liquefied petroleum gas = LPG. 

Material 
Energy per kilogram  

(MJ kg
-1

) 
Energy per liter  

(MJ L
-1

) 

Hydrogen (liquid) 143 10.1 

Hydrogen (compressed, 700 bar) 143 5.6 

Hydrogen (ambient pressure) 143 0.011 

Methane (ambient pressure) 55.6 0.038 

Natural gas (liquid) 53.6 22.2 

Natural gas (compressed, 250 bar) 53.6 9 

Natural gas 53.6 0.036 

LPG propane 49.6 25.3 

LPG butane 49.1 27.7 

Gasoline (petrol) 46.4 34.2 

Biodiesel oil 42.2 33 

Diesel 45.4 34.6 

 

  

 Hydrogen, like fossil fuels, burns well inside an internal combustion engine (ICE).  When 

combined with oxygen in an ICE
8, 9

 or fuel cell,
10

 can be used to generate power resulting in the 

formation of water as its primary exhaust emission.  Several automotive manufacturers have 

already developed several working prototypes equipped with a hydrogen ICE and hydrogen fuel 

cells, including BMW, Honda, General Motors, Toyota, Ford, Mercedes-Benz, Nissan, Mazda as 

well as several city bus lines – just to name a few.
11

  Although, fuel cells are preferred over 

hydrogen ICE due to their higher theoretical efficiencies.
12, 13

 

 Fuel cells are capable of generating power much more efficiently than an ICE running on 

gasoline (~32% efficiency for diesel-electric; 90% potential efficiency for fuel cells with heat 

capture, 85% for electric motor, 77% overall);
14

 there are several different variations of the fuel 

cell ranging in efficiency amongst them.
15

  Proton exchange membrane (PEM) – also referred to 

as polymer electrolyte membrane – fuel cells (Figure 1.4) have proven to be better suited for 

automotive applications because of their low operating temperatures (50-120 °C).
16

  Lower 

operating temperatures allow for faster warm-up times and quicker starts, resulting in less wear 

and tear on the system and better overall durability and longevity.  Generally, the cell consists of 

a proton conducting membrane inserted between an anode and a cathode (Figure 1.4).  The site 
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of H2 oxidation occurs at the anode (Equation 1.1), splitting it into a pair of protons and electrons.    

The protons travel then through the membrane and reconvenes with electrons and O2 at the 

cathode (Equation 1.2), forming H2O as the principal exhaust emission (summarized in Equation 

1.3).  The most common supported catalyst for both the anode and cathode is platinum supported 

on high surface area carbon, varying in weight of 10-40 wt% Pt/C.
17-19

  Examples of the porous 

carbon support materials are carbon paper and carbon cloth.  The most popular proton 

conducting membrane (electrolyte) employed in these types of cells is a thin film of 

perfluorosulfonic acid polymer (Nafion
®

 by DuPont) ranging in thickness of 50-175 μm.
17, 18, 20

  

Currently, the disadvantage to these fuel cells is the need for expensive transition metal catalysts 

and the cell’s overall sensitivity to fuel impurities.
11, 15, 16, 20

 

 

 
Figure 1.4:  Diagram of a PEM fuel cell.16 

 

Anode:  H2 (g) → 2H+ (aq) + 2e-     (1.1) 

Cathode:  ½O2 (g) + 2H+ (aq) + 2e- → H2O (l)   (1.2) 

Overall:  H2 (g) + ½O2 (g) → H2O (l)     (1.3) 

 

 Competing technologies have introduced an alternative to gasoline automobiles: the 

electric car.  An electric motor is suitable for automotive applications where it is capable of 
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delivering maximum levels of torque at low speeds, when the car needs it the most.  When 

coasting downhill or braking, the electric engine can act as a generator and recapture some of the 

energy from the car’s momentum and recharge the batteries.
12

  The problem with electric motor-

driven vehicles is their short traveling range, poor performance, and tedious battery recharging 

times.  Although, progress is being made to overcome these hindrances as the state of the art 

progresses; or lessened by the coupling of electric and gasoline engines as seen in hybrid 

vehicles.  Hybrid vehicles do lessen the amount of greenhouse gases produced however, when 

using a gasoline ICE, the emissions will never be reduced to zero. 

 

1.3 Hydrogen Production and Distribution 

 Despite being the most abundant element in the universe,
21

 molecular hydrogen does not 

exist in large reservoirs and cannot be harvested directly.  Hydrogen is a secondary form of 

energy that has to be manufactured, similar to electricity.
22

  Fortunately, it can be extracted from 

several sources, which require an additional source of energy.  However, it is worth noting that 

with the current capacity of hydrogen production, only 3% of the world’s total energy demand is 

met.
22, 23

 

 Currently, approximately 96% of the H2 produced worldwide is produced from fossil 

fuels, namely through the steam reforming of natural gas.
17, 24-26

  Steam reforming is the least 

expensive process of H2 production, due to its high efficiency and low production and operation 

costs.
26

  Steam reforming is typically performed using natural gas or other light hydrocarbons, 

but as natural gas is comprised primarily of methane, pure methane is the ideal choice.  The 

process is broken down into a three-step process, as shown in Equations 1.4-1.6. 

 

CH4 + H2O (g) → CO + 3H2    (1.4) 

CH4 + 2H2O (g) → CO2 + 4H2    (1.5) 

CO + H2O (g) → CO2 + H2     (1.6) 

  

 In the first stage (Equation 1.4), methane (CH4) is fed in to the steam (H2O gas) at high 

temperatures and moderate pressures of approximately 500-900 °C and 3-25 bar, respectively.  
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The mixture is passed over a catalyst, mainly comprised of nickel.
27

  The resulting gas mixture of 

CO + H2 – commonly known as syngas – is produced along with the lesser side reaction that also 

yields CO2 (Equation 1.5).
26

  The gas mixtures are cooled to ~360 °C in a gas condenser and 

channeled into a converter where the remaining CO is further reacted with steam, converting it 

into CO2 with an additional equivalent of H2 being produced (Equation 1.6) – a reaction also 

referred to as the Water-Gas-Shift.
28

   

 As the steam reforming of CH4 is currently the most productive and practical method of 

H2 production, it still produces a large amount of CO2, a byproduct that helps in motivating 

change.  Thus, efforts are being made into the research and development of cleaner, alternative 

means of hydrogen production.  For example, electrolysis and related methods simply split water 

molecules into molecular hydrogen and oxygen.  However, these processes need to improve 

before large scale H2 production is considered “greener” for the sake of the environment. 

 The commercial splitting of water molecules into H2 and O2 dates back to the 1890s,
29

 

with approximately 4% of the world’s H2 currently being produced in this manner.
24, 25

  Methods 

of water splitting can be divided into three categories: electrolysis, thermolysis, and 

photoelectrolysis.  It should be noted that these descriptions are only broad umbrella terms as 

there are many more subcategories beneath each as the state of the art is currently being 

thoroughly researched and developed.
26, 28

 

 Through electrolysis, water can be split into hydrogen and oxygen gases using an electric 

current, generalized as the conversion of electrical energy to chemical energy in the form of H2, 

with O2 as a useful side-product.
28

  As mentioned previously, the ideal method of electrolysis 

would be by electricity provided by nuclear power plants.  Nuclear power was selected as it is 

capable of generating the largest amount of electricity, as the energy requirement for the 

electrochemical splitting of water is high, with efficiencies of 56-73% (53.4-70.1 kWh/kg H2 at 1 

atm and 25 °C).
30

   

 Thermochemical water splitting, or thermolysis, uses heat energy alone as water is known 

to decompose at 2500 °C.
29

  However, maintaining such a high temperature while using 

materials that are able to withstand the heat are not easily available and this method quickly 

becomes a costly endeavor.  Thermolysis efficiencies have been reported to be approximately 

50%.
26

  Over 300 various reactions have been reported where the thermolysis reaction 
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temperatures have been reduced below 2500 °C however, to compensate for this, reaction 

pressures are increased or a catalyst is added.
26, 28, 31, 32

 

 Photoelectrolysis is one approach to water splitting that is considered a renewable means 

of hydrogen production,
26

 despite it being relatively new and still in the experimental 

development phase.
26, 33

  This technique utilizes sunlight to directly split water using materials 

similar to those found in photovoltaic cells (i.e.: solar panels).   The performance of the 

photoelectrolytic system is largely determined by the materials used for the electrodes.
28

  For 

example: H2 production efficiencies are generally limited by the specific combination of 

photoelectrodes used, the surface properties of the electrodes, the materials’ resistance to 

corrosion from aqueous electrolytes, and their ability to drive the water decomposition reaction.
29, 

30, 34
 

 Ultimately, what can be said about water splitting is that it is an energy and resource 

expensive process which still requires more development and optimization.  Considering the 

three methods noted above, simple electrolysis is the most productive. However, when 

considering the entire picture of converting heat energy into the electricity used to generate H2 

via electrolysis, overall efficiencies vary between 20-40%.
35

  Furthermore, the environmental 

impact is also dependent on the means of electricity generation; whether by nuclear, fossil fuel, 

etc., power plants will determine the overall cleanliness. 

  

1.4 Hydrogen Storage 

 Onboard hydrogen storage for transportation applications has been one of the most 

technically challenging barriers to overcome towards the widespread commercialization of 

hydrogen-fueled passenger vehicles.
10, 36

  An energy carrier designated for transportation 

applications must be subjected to several major considerations.  To better guide the collective 

efforts towards hydrogen storage material development, the US Department of Energy (DOE), in 

consultation with the US Council for Automotive Research (USCAR), has established a set of 

evolving technical targets for onboard hydrogen systems, briefly summarized in Table 1.2.   
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Table 1.2:  Brief summary of US DOE hydrogen storage targets.36 

Target 2010 2015 Ultimate 

System Gravimetric Density (wt% H2) 
4.5 

(1.5 kWh/kg) 

5.5 
(1.8 kWh/kg) 

7.5 
(2.5 kWh/kg) 

System Volumetric Density (g H2/L) 28 
(0.9 kWh/L) 

40 
(1.3 kWh/L) 

70 
(2.3 kWh/L) 

System Fill Time for 5-kg fill, min 
(Fueling Rate, kg/min) 

4.2 min 
(1.2 kg/min) 

3.3 min 
(1.5 kg/min) 

2.5 min 
(2.0 kg/min) 

Operational cycle life (¼ tank to full) 1000 cycles 1500 cycles 1500 cycles 

H2 delivery temp. (to FC) (°C) -40/85 -40/85 -40/95-105 

Operating Pressure (min./max.) (bar) 0.5/1.2 0.5/1.2 0.3/1.2 

Kinetics (g H2/s)/kW 0.02 0.02 0.02 

  

 Development of a working system is more complicated than just meeting DOE 

gravimetric and volumetric targets.  One of the more important features which is often 

discounted is the fact that the data presented in Table 1.2 refers to the properties of the entire 

storage system, and therefore takes into account the mass, volume, cost (etc.) of any auxiliary 

components associated with the system.
37

  Thus, a viable storage material must possess 

properties surpassing the system requirements.  Additionally, storage materials must meet all the 

targets, simultaneously.  Despite a material possessing one or two outstanding features, it will 

not be used as a solution for hydrogen storage for automotive applications if all the requirements 

are not satisfied.
37

   

 The energy content of the energy carrier must be sufficiently high while occupying the 

smallest possible volume to avoid encroaching on passenger space, as well as possessing the 

smallest mass possible to maintain fuel efficiencies.  As noted in Table 1.2, the storage system 

must ultimately achieve a volumetric energy density of 2.3 kWh/L (70 g H2/L) and a gravimetric 

energy density of 2.5 kWh/kg (7.5 wt% H2).   Additional targets include refuel times ultimately 

be less than 3 minutes and the durability of the system should reach 1500 cycles (hydrogen 
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uptake and release), while having a driving range of no less than 350 miles (~500 km) on a 

single fill.
36, 38

  

 

 

Figure 1.5:  Pressure-composition isotherms for the hydrogen absorption in a typical intermetallic compound on the left-hand 

side.  The solid solution (α phase), the hydride phase (β phase), and the region of the coexistence of the two phases are shown 

(α+β phase).  The coexistence region is characterized by the flat plateau and ends at the critical temperature, Tc.  The 

construction of the Van’t Hoff plot is shown on the right-hand side.  The slope of this line is equal to the enthalpy of formation 

divided by the gas constant and the y-intercept is equal to the entropy of formation divided by the gas constant.  Figure 

reprinted with permission from Elsevier Limited (Nov. 26, 2013; License Number: 3276820915390).39 

 

 Thermodynamic and kinetic factors determine the cycling conditions for the hydrogen 

storage materials.  The thermodynamic aspects of hydride formation can be described by 

pressure-composition isotherms (Figure 1.5).
39

  When solid solution and hydride phase coexist, 

there is a plateau in the isotherms; the length is determined by the concentration of hydrogen 

stored.  In the pure saturated β phase, the hydrogen pressure increases sharply with the 

concentration.  The α+β phase region ends at a critical temperature, Tc.  Above this point the 

transition of α to β phase is continuous.  Following the standard equation for Gibbs free energy 

(Equation 1.7), the free energy of reaction (ΔG) as the driving force at a given temperature, T, 

can be calculated from the enthalpy and entropy of reaction (ΔH and ΔS, respectively).  The 

equilibrium constant, K, can be solved as shown in Equation 1.8, where R is the gas constant.  

The equilibrium constant can be further extrapolated to account for gas pressure.  The 

equilibrium pressure (or plateau pressure, Peq) is related to the changes in enthalpy and entropy 

as a function of temperature by the Van’t Hoff equation (Equation 1.9).
40

  For the sake of 
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discussing hydrogen storage materials, it is conventional to refer to equilibrium pressures as 

equilibrium hydrogen pressures. 

 

∆𝐺 =  −𝑅𝑇 ln 𝐾 =  ∆𝐻 − 𝑇∆𝑆    (1.7) 

𝑙𝑛 𝐾 =  −
∆𝐻

𝑅𝑇
+

∆𝑆

𝑅
     (1.8) 

𝑙𝑛 (
𝑃𝑒𝑞

𝑃𝑒𝑞
𝑜 ) =

Δ𝐻

𝑅
∙

1

𝑇
−

ΔS

𝑅
          (1.9) 

 

As the entropy change corresponds mostly to the change from molecular hydrogen gas to 

adsorbed interstitial hydrogen (ΔS < 0), it is approximately the standard entropy of hydrogen (So 

= 130.7 J/ K∙mol) and is therefore, ΔfS ≈ -130.7 J/ K∙mol H2 for all metal-hydrogen systems.
41

 

 The Van’t Hoff equation dictates that for practical on-board hydrogen storage at 1-10 bar 

H2 pressure, P, and fuel cell temperature, T, of 25-125 °C, the enthalpy of reaction, ΔrH, of an 

ideal material should be within the range of 15-30 kJ/mol H2,
37, 42, 43

 although this range is 

currently under debate.  Therefore, at 1 bar, a 10 kJ/mol H2 variation in ΔH results in about an 

80 °C change in decomposition temperature.
44

  Furthermore, if the magnitude of ΔrH is too high, 

it will result in heat management problems during rehydrogenation.
10, 39, 42

  This will impact the 

system negatively as more system components will be required to deal with heat management, 

leading to an increase in the overall weight of the system and encroach on passenger volume 

within the vehicle.  Conversely, a material with a ΔrH < 10 kJ/mol can be rehydrogenated above 

25 °C only under megabars of hydrogen pressure.
37

 

 Thermodynamics is not the only concern for hydrogen storage materials.  For example, α-

AlH3 has a highly favorable enthalpy of dehydrogenation (7.5 kJ/mol H2), but is kinetically 

sluggish, so temperatures up to 100 °C are required to achieve appreciable hydrogen desorption 

rates.
45

  Therefore, a preferable hydrogen storage material should possess both good kinetic and 

thermodynamic properties.   

 Currently, there are four leading methods for hydrogen storage: physical means, sorbent 

materials, metal hydrides (including complex metal hydrides), and chemical hydrides.
14

  Figure 

1.6 compares the hydrogen storage capacity of several of the most common hydrogen storage 
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materials against their respective operating temperatures.
46

  Noting the material classes of 

sorbent (blue), chemical hydrides (orange), and metal hydrides (red) as they relate to the DOE 

system targets. 

 

 

Figure 1.6:  Hydrogen storage capacity of commonly used materials with respect to operating temperature. 

Reprinted with permission from T. Nejat Veziroglu, Founding Editor-in-Chief, International Journal of Hydrogen 

Energy (IJHE) (June 24, 2014). 

 

1.4.1 High Pressure and Cryogenic Liquid Hydrogen 

 Physical means of hydrogen storage include high pressure gas and cryogenic liquid 

containments.  Hydrogen gas is difficult to store because it is very diffuse (H2 is the smallest 

molecule) and very buoyant.
46

  Three concerns must be addressed before compressed H2 gas is 

utilized: volume, safety, and cost.  High pressure gas tanks must be capable of storing hydrogen 

at pressures up to 700 bar (4.7 MJ L
-1

).
14

  Available materials such as carbon fiber reinforced 

composites allow for the construction of stronger, smaller, light weight tanks capable of holding 

high pressures of hydrogen which would otherwise be too heavy for light-duty passenger 

vehicles.
38, 47, 48

  These materials do address safety concerns associated with such high pressures 
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however, these materials can be expensive.  This method is most commonly used in hydrogen 

fuel cell vehicles (FCV) as it is, at present, the best understood method.
46

 

 An alternative approach for carrying hydrogen physically is by condensing it to a liquid 

state.  Liquid hydrogen is stored in cryogenic tanks at 20 K (-253°C), below the boiling point of 

H2 at ambient pressure.
39

  Liquid H2 carries a higher volumetric density than compressed gas but 

the additional costs and energy required to cool and maintain the liquid state becomes 

problematic, and is seldom used in automotive applications for several reasons.  First, H2 

evaporates very easily during delivery and refueling.  Second, even with the added cooling 

equipment, heat is absorbed from the environment and must be vented several times a day 

resulting in fuel loss of approximately 1-2% of the hydrogen due to daily boil-off.
38, 49

  Due to its 

low critical point of H2 (33 K), liquid H2 must remain in an open system as there is no liquid 

phase above the critical temperature.
10, 39

  In a closed system, internal pressures can reach as high 

as ~10
4
 bar at room temperature.  And third, at least 35% of the fuel’s energy content is used to 

liquefy it, which is three times more energy than is needed to compress H2 to 700 bar.
46

  

Additional components are required to maintain the liquid state which ultimately affect the 

overall system gravimetric and volumetric storage capacities negatively.
14

   

 

1.4.2 Physisorption Materials 

 Adsorption of hydrogen onto materials or intercalated into interstitial sites of a metal host 

(as depicted in Figure 1.5) have been studied intensely in the recent years.  Sorbent materials, or 

physisorption materials, include carbon based nanostructures (i.e.: nanotubes, graphene sheets, 

etc.), zeolites, polymers having intrinsic microporosity (PIMs), and metal-organic frameworks 

(MOFs), all of which being of high surface area materials in that molecular H2 is contained.  This 

class of hydrogen storage material possesses the advantage of adsorbing and desorbing hydrogen 

readily, giving it the characteristic of good reversibility.
14

  However, this is also a contribution to 

their largest disadvantage.  The basis of wt% of stored hydrogen is proportional to the surface 

area of the material, containing hydrogen through weak physisorption forces (van der Waals), 

which typically is less than 5.9 kJ/mol (ΔHad or the adsorption binding energy).  Therefore, it is 

necessary to reduce the loading temperatures to approximately 77 K (-196 °C, liquid nitrogen 

temperatures) to obtain an appreciable amount of H2 uptake.
38, 39, 42

  Thus, despite physisorption 
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materials being capable of reversible storage, sorbent materials are not commercially viable due 

to their low volumetric densities and their need for cryogenic temperatures for hydrogen 

charging. 

 

1.4.3 Metal Hydrides 

 For a hydrogen storage material to be viable commercially, it needs to be reversible, 

meaning that the starting hydrogenated material can be regenerated after releasing its original 

loading of hydrogen.  For metal hydrides, the reversible reaction can be explained using 

Equation 1.10, 

 

Msolid + x/2 H2 gas ↔ MHx solid + Heat,  ΔfH < 0   (1.10) 

 

where M is a metal or alloy, MHx is the metal hydride, and ΔfH is the enthalpy of formation.  

The enthalpy term characterizes the stability of the metal-hydrogen bond.
21

  The forward reaction 

demonstrates the hydrogenation process where the metal takes up hydrogen, forming the metal 

hydride and heat (ΔfH < 0).  This process is exothermic, which allows for direct regeneration of 

the dehydrogenated material.  Under the appropriate conditions (temperature and hydrogen 

pressure), most metals will react with hydrogen to form metal hydrides.  The reverse reaction, or 

dehydrogenation process, for the metal hydride is endothermic (ΔfH > 0) and requires heat to 

initiate the H2 desorption.  A certain degree of endothermicity for dehydrogenation is also 

beneficial for controlling desorption rates. 

 Insight of their ability to undergo direct rehydrogenation, metal hydrides and complex 

metal hydrides constitute a large portion of the research activity in the field of hydrogen storage.  

Metal hydrides are a class of materials in which atomic hydrogen is bonded chemically to the 

metal.  Depending on the nature of the chemical M-H bond and its bond strength, material 

reversibility may be possible.
50

  For example, materials having metallic M-H bonds, such as 

TiFeH2 and LaNi5H6, are readily reversible.  Hydrogen is generally taken up in these materials 

interstitially, as described in the previous section.  Materials possessing ionic M-H bonds are also 

reversible but with more difficulty.  Examples of these materials include LiH, CaH2, and MgH2.  
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 Magnesium hydride (MgH2) has been a favored material in this class based on its high 

gravimetric hydrogen storage capacity (7.6 wt% H2) and its relatively low cost and abundance.
51

  

However, unmodified MgH2 is not suitable for technological applications due to a high 

dehydrogenation enthalpy (77 kJ/mol),
52

 low plateau pressure of 10 Pa (10
-4

 bar) at ambient 

temperature and pressure,
53

 and relatively slow absorption and desorption kinetics.
54

 

 Complex metal hydrides are a further extension of metal hydrides in that the complex 

consists of a mixture of ionic and covalent character, such as metal borohydrides (MBH4) and 

metal alanates (MAlH4).  The hydrogens of the complex metal hydride are located at the corners 

of a tetrahedron with aluminum or boron in the center.  The negative charge of the anion ([BH4]
-
 

and [AlH4]
-
) is compensated by a metal cation, commonly Li

+
 or Na

+
.  This demonstrates the 

ionic nature of the complex however, within the AlH4
-
 moiety there is a significant amount of 

covalency.
50

  Despite possessing a relatively high content of utilizable H2, many of these 

materials suffered from slow dehydrogenation and rehydrogenation kinetics preventing 

reversibility.
55, 56

   

 

1.4.4 Liquid Organic Hydrogen Carriers 

 Another approach to the hydrogen storage problem is to use unsaturated organic 

molecules that have a high capacity to bind hydrogen covalently, with dehydrogenation and 

rehydrogenation performed catalytically.
57

  The utilization of organic molecules for the purpose 

of hydrogen storage has been a tantalizing idea for quite some time, including the appeal of high 

hydrogen storage capacities combined with the physicochemical properties of diesel fuel.
58

  As a 

liquid, at ambient temperatures and pressure, liquid organic hydrogen carriers (LOHCs) benefit 

from an already existing infrastructure for storage, shipping, and distribution.  Thus, the need for 

costly specialty automotive storage tanks is alleviated.  Higher boiling liquids are better suited 

for long-term storage and transportation of the hydrogen in the form of the LOHC.  The resulting 

unsaturated molecules (i.e.: olefins and aromatics) are often times a liquid and can be 

regenerated using H2 gas and metal catalysts, essentially making LOHCs a form of “recyclable 

gasoline”. 

 The dehydrogenation reaction can be fully quantified in terms of basic thermodynamic 

parameters, as explained in Equations 1.7-1.9, for the dehydrogenation/rehydrogenation 
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equilibrium of substrate A as demonstrated in Equation 1.11; K can be defined using Equation 

1.8. 

 

𝐴 + 𝑥

2
𝐻2

𝐾
⇌
 

  𝐴𝐻𝑥             (1.11) 

 

Most rehydrogenation reactions are typically exothermic and are favorable enthalpically based 

on the reaction equilibrium, despite it being entropically unfavorable (ΔS < 0).
59

    The 

equilibrium can be shifted toward dehydrogenation by increasing the temperature.  The 

rehydrogenation of aromatics, such as converting benzene to cyclohexane, in the presence of a 

transition metal catalyst can be performed at modest temperatures and H2 pressure.
60

 

 In the late 1970s,
61

 cyclohexane was investigated as a LOHC because of its low cost, 

high gravimetric and volumetric H2 densities (7.1 wt% H2 and 55.5 g H2/L, respectively), and the 

resulting dehydrogenated product (benzene) remained in the liquid state after releasing three 

equivalents of H2.  However, the carcinogenic properties of benzene and its unfavorable 

dehydrogenation enthalpy (ΔH° = 68.7 kJ/mol H2) were the largest contributing factors 

preventing the implementation of the cyclohexane-benzene-hydrogen (CBH) cycle.  Other cycles 

had been investigated such as the methylcyclohexane-toluene-hydrogen (MTH) cycle
62, 63

 and 

the decalin-naphthalene-hydrogen (DNH) cycle
63

 (Table 1.3). 

 

Table 1.3:  Comparative data for the common LOHC cycles.  The decalin-naphthalene-hydrogen (DNH) cycle includes 

data values for both the cis and trans isomers of decalin. 

Cycle 
Name 

Equiv. 
H2 

Gravimetric  
Density  

(wt% H2) 

Volumetric 
Density  

(g/L) 

Dehydrogenation 
enthalpy  

(ΔH°; kJ/mol H2) 

Standard free energy  
change for H2  

(ΔG°; kJ/mol H2) 

CBH 3 7.1 55.5 68.7 32.6 

MTH 3 6.1 47.0 68.3 31.5 

DNH 5 7.2 64.9 
63.9 (cis) 

66.6 (trans) 
27.6 (cis) 

30.1 (trans) 

  

 In the dehydrogenation of LOHCs, heterogeneous transition metal catalysts, particularly 

Pt and bimetallic catalysts, Pt-M (M = second metal), have demonstrated highly selective 
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dehydrogenation of cycloalkanes.
64

  The addition of the second metals such as Mo, W, Re, Rh, Ir, 

or Pd on the carbon-supported Pt catalysts were reported to result in enhanced dehydrogenation 

rates, attributing it to the promotion of C-H bond cleavage and/or desorption of the aromatic 

products.
64

  Heterogeneous catalysts have the added benefit of easy separation from the substrate 

through simple filtrations, as it is often necessary to use different catalyst for the 

dehydrogenation and rehydrogenation processes.  However, to attain appreciable rates of evolved 

H2, high loadings of catalyst and high reaction temperatures (210-350 °C) are required.  

 Homogeneous catalysts, such as the Ir-based pincer catalysts (Figure 1.7), have also 

shown success in the dehydrogenation of alkanes and cycloalkanes.
65-67

  Homogeneous catalysts 

are soluble in the LOHCs, allowing for better interactions with the substrate resulting in lower 

catalytic loadings and lower dehydrogenation temperatures.  

 

 

Ir
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Figure 1.7:  Ir-based pincer catalysts: IrH2(C6H3-1,3-(CH2P
iPr2)2) (1), 

IrH2(C6H3-1,3-(CH2P
tBu2)2) (2), IrH2(C6H3-1,3-(OPtBu2)2) (3). 

  

 The dehydrogenation of alkanes and cycloalkanes are notoriously difficult as they are 

restricted by large dehydrogenation enthalpies which typically require high reaction temperatures 

and/or high loadings of precious metal catalysts.
68-70

  Strategies for lowering cycloalkanes 

dehydrogenation temperatures require the unsaturated moiety to be more energetically stable 

than the starting material, or the starting material needs to be destabilized to promote C-H 

activation.  In a patent by Pez et al.,
71

 as well as reported by Clot et al.,
72

 it was shown both 

experimentally and computationally that incorporation of fused ring systems or heteroatoms (i.e.: 

N, O, S, or B) into a cycle, the dehydrogenation endothermicity of the molecule is altered 
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compared to its hydrocarbon counterpart. Nitrogen is an advantageous heteroatom as it lowers 

the dehydrogenation enthalpies (Table 1.4).  Utilizing O or S as the heteroatom has a negative 

effect on the dehydrogenation characteristics, especially if the aromaticity is disrupted.
59

  

Additionally, utilizing an electron donating functional group, such as an amine, on a cycloalkane 

was also found to lower the dehydrogenation enthalpy further (Table 1.4).
59, 72

  Nevertheless, the 

removal of hydrogen from the saturated substrate remains considerably endothermic by nature. 

 

 
Table 1.4:  Comparative dehydrogenation enthalpies of select LOHCs. 

N
H

O S
N
H

O

H
N N

a b c d e f g

i j k

NH2

h

 

Substrate wt% H2 
Dehydrogenation enthalpy  

(ΔH°; kJ/mol H2) 

a cyclopentane 5.7 107.5 

b pyrrolidine 5.7 56.1 

c tetrahydrofuran 5.5 74.7 

d tetrahydrothiophene 4.5 74.6 

e cyclohexane 7.2 73.6 

f piperidine 7.1 67.4 

g tetrahydropyran 4.6 104.8 

h cyclohexylamine 7.1 65.7 

i perhydrofluorene 6.8 61.2 

j perhydrocarbazole 6.7 57.3 

k ethylperhydrocarbazole 5.8 53.2 
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 One of the more studied heteroatom LOHCs is ethylperhydrocarbazole (EPHC) (Table 

1.4k and Scheme 1.1), attributing to its relatively high gravimetric density of approximately 6 

wt% H2 and high boiling point above 200 °C.
57, 73-76

  EPHC has been shown to fully 

dehydrogenate in the presence of supported Pt or Pd heterogeneous catalysts (~170 °C), releasing 

all six equivalents of available H2.
75, 77

  The resulting 9-ethylcarbazole (9-EC) is then 

rehydrogenated to EPHC through the application of  high H2 pressure (~100 bar) at elevated 

temperatures (130-150 °C) over a carbon-supported Ru catalyst.
75

  Using the Ir-based pincer 

catalysts (Figure 1.7), it was demonstrated that the catalyst was active in the dehydrogenation of 

EPHC from 150-200 °C over varying periods of time although, full dehydrogenation did not 

occur in all cases.
78

  This report also demonstrated the higher catalytic activity and thermal 

stability of Ir pincer catalyst 3 over catalyst 1 and 2 (Figure 1.7).  Furthermore, utilizing a 

homogeneous catalyst over heterogeneous catalyst to dehydrogenate EPHC was also beneficial. 

It was discovered that as reactions using heterogeneous catalysts progressed, the catalyst itself 

becomes encapsulated in gas bubbles, greatly hindering contact with the substrate and reducing 

catalytic performance.
76

 

 

N N
+ 6 H2

 
Scheme 1.1:  Reversible dehydrogenation of ethylperhydrocarbazole (EPHC), yielding 6 equivalents 

of H2 per molecule. 

 

1.4.5 Chemical Hydrides 

 Chemical hydrides are named as such because the uncharged materials do not directly 

add H2 but instead, add hydrogen sequentially (i.e. H
-
/H

+
) through chemical processes.  These 

materials possess unfavorable thermodynamics, as to say that the decomposition of the starting 

storage material is too highly endothermic for direct uptake of hydrogen under moderate 

conditions,
14

 rendering the possibility of on-board regeneration impractical.  Therefore, 

regeneration must be performed off-board, through additional chemical processes.  However, 

much of their appeal comes from some chemical hydrides possessing high gravimetric and 

volumetric capacities and near-ambient operating conditions, often less than 80 °C at 
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approximately 1 atm.
37

  Of the chemical hydrides, amine-boranes and other B-N compounds are 

discussed herein. 

 

1.4.5.1 Amine-boranes/B-N Compounds 

 Of the chemical hydrides, many of them possess gravimetric densities around 6-7 wt% H2 

and borderline disqualification from storage material candidacy based on DOE gravimetric 

density targets (Table 1.2).  Conversely, ammonia-borane (H3NBH3, AB), the simplest of the 

amine-boranes first prepared by Shore and Parry in 1955,
79

 has garnered a lot of attention in the 

recent years due to its high gravimetric and volumetric H2 density (19.6 wt% H2 and 150 g H2/L, 

respectively), relatively low dehydrogenation temperatures (110-114 °C), and attractive 

dehydrogenation enthalpy (ΔH = -21.7 kJ/mol H2).
14, 37, 80

  Furthermore, AB is air and moisture 

stable, allowing for greater ease in handling and storage.
14

 

 The strength of the boron-nitrogen bond is strong enough that, under most conditions,  

hydrogen loss is favored over the separation of borane and ammonia.
81

  Computational chemistry 

has shown that the substitution of N-bound hydrogens for methyl groups results in the shortening 

of the B-N bond, strengthening the bond.
82

  In the same study, substitution of B-bound 

hydrogens weakened the B-N bond, which is to be expected as adding electron-rich groups to B 

lessens the acidic character of the borane, similar to trimethylamine being a stronger base than 

NH3 in the prior example.
83

  Table 1.5 summarizes the calculated data from the study. 

  

Table 1.5:  Calculated bond dissociation energies and B-N bond lengths for Me3-xHxN-BH3 and H3N-

BHxMe3-x (x = 0-3).82 

 
 

Calc. B-N Dissociation  
Energies (kJ/mol) 

Calc. B-N Bond  

Length (Å) 

 H3N-BH3 131.0 1.661 

Increasing N 
substitution 

MeH2N-BH3 154.0 1.646 

Me2HN-BH3 167.4 1.642 

Me3N-BH3 172.2 1.646 

Increasing B 
substitution 

H3N-BH2Me 108.6 1.667 

H3N-BHMe2 90.1 1.671 

H3N-BMe3 76.0 1.677 
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 Facile dehydrogenation is attributed to the protic nature of the N-bound hydrogens and 

the hydridic nature of the B bound hydrogens, recombining to form H2 through intermolecular 

interactions with neighboring AB molecules.
14, 81

  The simplified decomposition pathway of AB 

is depicted in the Equations 1.12-1.14.
79, 84, 85

   

 

n H3NBH3 → (H2NBH2)n + n H2    (1.12) 

(H2NBH2)n → (HNBH)n + n H2    (1.13) 

(HNBH)n → (NB)n + n H2     (1.14) 

  

 The first equivalent of H2 released results in the initial polymerization of AB with the 

formation of a polyaminoborane (PAB) network (Equation 1.12).
85

  PAB undergoes further 

dehydrogenation with the release of an additional equivalent of H2, resulting in the formation of 

polyiminoborane (PIB) (Equation 1.13).  Therefore, the first two equivalents are released, 

approximating to 13 wt% H2 upon heat treatment at 120-150 °C.  The final equivalent of H2 

could theoretically be removed from PIB (Equation 1.14) but has never actually been 

experimentally demonstrated and is generally unexplored due to the stability of the resulting 

boron nitride (BN) and the high temperature required.  BN is extremely chemically inert, and the 

energy required to reduce it would outweigh all potential benefits of using AB as a hydrogen 

storage material.
84, 85

  In reality, the formation of polyborazylenes (Figure 1.8) is generally the 

end product under moderate reaction conditions where the equivalents of H2 evolved is 

approximated to be between 2 and 3. 
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Figure 1.8: Some dehydrogenation products of AB. 
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 A much more detailed decomposition mechanism of AB has been proposed through the 

use of in situ solid state 
11

B MAS NMR experiments employing isothermal conditions (Figure 

1.9)
86

 where it was found that the substrate undergoes an induction period, followed by 

nucleation (Scheme 1.2), and then leading to growth of the polymeric material (Scheme 1.3).  In 

an uncatalyzed reaction, the induction period can last several minutes at 90 °C or several hours at 

70 °C.
87

  During the induction period, a new “mobile” phase of AB is observable in the 
11

B 

NMR spectra, resonating slightly downfield of the initial AB starting material, occurring below 

AB’s melting point of 112-114 °C.
85, 88

  The mobile phase is supported by the loss of AB 

crystallinity observed in the X-ray diffraction (XRD) diffractograms, a direct result of a 

disruption in the intermolecular dihydrogen bonding network.
86, 87, 89

  Hydrogen evolution begins 

after the induction period, where three new species are observed, during the nucleation period: 

the diammoniate of diborane (DADB, [NH3BH2NH3]
+
[BH4]

-
), and two other moieties 

determined to be the linear dimer of AB (NH3BH2NH2BH3) and the cyclic dimer ([NH2BH2]2) of 

aminoborane (Figure 1.10).
85, 86

  After longer decomposition times, broad and relatively poorly 

defined peaks of the polyaminoborane (PAB) moiety begin to appear, signifying the growth 

period.  The chemical shifts of these features are summarized in Table 1.6.
86

 

 

Figure 1.9:  Evolution of signals during in situ isothermal decomposition of AB via 11B MAS NMR.  Figure reprinted 

with permission from Phys. Chem. Chem. Phys., 2007, 9, 1831-1836 from RSC Publishing (Jan 14, 2014; License 

Number: 3307811029504).
86  
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Figure 1.10:  Intermediate species observed during the in situ decomposition of AB. 
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Scheme 1.2: Proposed thermal dehydrogenation mechanism for AB, beginning with the induction period 
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Table 1.6:  Observed 11B MAS NMR chemical shifts and coupling constants 

during the in situ heating of AB.86 

11
B NMR chemical 

shift (ppm) 
Identity 

11
B-

1
H  

J-coupling 
constant (Hz) 

-38.2 BH4 (DADB) 77 

-24.0 AB 95 

-22.5 new phase AB 94 

-21.1 BH3 (linear dimer) 84 

-13.2 BH2 (DADB) 116 

-12.1 BH2 (linear dimer) 104 

-10.9 BH2 (cyclic dimer) 103 

-10.7 BH2 (cyclic dimer) 102 
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Scheme 1.3: Proposed thermal dehydrogenation mechanism depicting the growth period: reaction of DADB 

with AB. 
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 The dehydrogenation of AB has been studied extensively, focusing on the use of  polar 

solvents,
90, 91

 scaffolding,
92

 ionic liquids,
93-96

 acidic or basic initiators,
94, 97

 various catalysts 

including Ir-based pincer catalyst 3,
98-101

 and regeneration procedures for the spent material.
102-

105
  Nevertheless, as attractive as AB is for a potential hydrogen storage material, the 

dehydrogenation product yields a problematic polymeric material which requires chemically 

expensive processes to regenerate the original AB.
102, 103

 

 

1.5 Motivation for this Dissertation 

 The primary focus of the work described in this thesis was to explore further utilizations 

of AB as well as several AB derivatives for potential use as a hydrogen storage material.  

Solutions of AB, several Lewis acid-base borane adducts, ammonium borohydride moieties, and 

a metal borohydride ammoniate species were synthesized, characterized, and dehydrogenation 

behaviors were observed, essentially expanding the knowledge base and exploring alternative 

avenues of AB related compounds for the purpose of hydrogen storage.   

 AB existing in a liquid state would demonstrate several advantages over solid-state AB.  

For example, AB could be treated in the same manner as liquid fuels currently used today, in 

regards to transportation, storage, and distribution.  Also, removal of the dehydrogenated AB 

from the on-board system would be less of an engineering challenge if it remained in a liquid 

state.  In Chapter 2, AB was dissolved in various imidazole solvents to investigate the 

dehydrogenation behavior of AB in solution.  Imidazole was selected as a solvent to investigate 

the possibility that it was capable of disrupting the polymerization of AB during 

dehydrogenation through solvent interactions, while maintaining high loadings of AB.  Solutions 

were subjected to a range of dehydrogenation temperatures with the resulting products analyzed 

and characterized.  Experiments resulted in the transamination of the borane to the solvent 

without the dehydrogenation of AB in the uncatalyzed reactions and only minor amounts of AB 

dehydrogenation in the catalyzed reactions. 

 Dehydrogenation of AB results in various polymeric materials which are difficult or 

impossible to regenerate to AB.  It is believed that by substituting ammonia with an amine of 

varying substitution, the degree of polymerization can be hindered or limited during 

dehydrogenation.  Furthermore, selecting an amine with a cycloalkyl group attached may provide 
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an additional source of H2 to help compensate for the additional weight of the system.  Chapter 3 

focuses on a series of amine-borane adducts, synthesized and characterized by NMR 

spectroscopy.  As these adducts exist as solids at room temperature, most possess moderately 

low melting points.  The adduct themselves contribute H2 from across the B-N bond but were 

also designed to investigate whether or not additional H2 could be released from the N-bound 

cycloalkyl groups.  Experiments included the dehydrogenation of various amine-borane adducts 

in the presence of catalyst at elevated temperatures, with and without the use of a hydrogen 

acceptor molecule in solution.  As it was expected that the products would consist of polymers of 

varying degrees of connectivity, 
13

C NMR analysis determined that no alicyclic dehydrogenation 

had occurred; a possible consequence of the polymerization and lack of catalyst mobility. 

 With the degree of polymerization still problematic with the amine-borane adducts, 

investigations were conducted in utilizing a more rigid backbone.  Furthermore, additional H2 

was included in the starting materials through the synthesis of a derivative of ammonium 

borohydride ([NH4]
+
[BH4]

-
).  Chapter 4 explores the meta- and para-bis-

(ammoniumborohydride)-benzene (m/p-BABB) complexes as potential candidates for hydrogen 

storage.  Analyses of these complexes demonstrated favorable dehydrogenation performance, 

following a single decomposition pathway that releases approximately 7 and 9 wt% H2 for the 

meta- and para- species, respectively.  Partial regeneration of the dehydrogenated materials was 

also found to be possible and attributed to the prevention of long range polymerization through 

the rigidity of the molecular backbone.  However, the added weight of the phenyl backbone 

lessens the overall wt% H2 of the system. 

 Hydrogen storage materials, such as the complex metal borohydrides, have been shown 

to release diborane (B2H6) as well as H2 during dehydrogenation and suffer from slow 

dehydrogenation kinetics.  This poses problems towards the longevity of the storage material as 

well as affecting the rate in which hydrogen is released.  Incorporation of ammonia into these 

complexes have shown to add stability, greatly reducing the amount of released B2H6, as well as 

lowering the dehydrogenation temperatures, improving kinetics, and increasing wt% H2. Chapter 

5 describes the investigation into further understanding the N—H
δ+

∙∙∙
-δ

H—B interaction of the 

LiSc(BH4)4∙4NH3 complex through IR spectroscopy analysis.  Through comparison of the 

spectroscopic data of the LiSc(BH4)4∙4NH3 complex to the parent compound, LiSc(BH4)4, the 

interaction to which the facile dehydrogenation of the complex (and related AB derived 
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materials) is attributed.  Significant interactions between the N-bound H
δ+

 and the B-bound H
δ-

 

would result in a shift of the wavenumber values representing the terminal B-H stretching 

frequency of the borohydride groups.  However, observation of no significant change to the B-H 

stretching region in the IR spectra demonstrates that there is little to no interaction between the 

NH3 and BH4 groups. 

 Chapter 6 provides concluding remarks for each of the previous chapters.  Here, brief 

summaries for each of the other chapters can be found along with a few descriptions for future 

studies for each of the projects included herein.  
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CHAPTER 2 

AMMONIA-BORANE/IMIDAZOLE SOLUTIONS: AN 

INVESTIGATION INTO A POSSIBLE CANDIDATE FOR AN AB 

SOLVATING AGENT 
 

2.1 Introduction 

 As noted in the previous chapter, ammonia-borane (AB) has garnered a lot of attention as 

a candidate for a hydrogen storage material.  However, one of the larger drawbacks to its 

practical utilization is that it exists as a solid at standard conditions.  Also, due to the nature of 

the storage material, i.e. chemical hydride, the spent material must be removed from the system 

and regenerated off-board.  If AB were liquefied, it could readily utilize existing infrastructure 

for storage, transportation, and distribution methods used for other liquid fuels.  Furthermore, a 

liquid medium would also provide a means of easy removal of the spent material for off-board 

regenerations, where removal of a solid material would provide additional challenges.  It is 

known that AB is soluble in several polar, aprotic solvents
90

 and is capable of being dissolved in 

other liquid primary amine-boranes. The resulting AB/amine-borane solution, or “fuel blend”,
106

 

can contribute H2 from the AB but also from across the B-N bond of the amine-borane solvent 

during dehydrogenation.
107

   This AB/amine-borane blend, or slurry, helps preserve the high 

weight percent of evolved hydrogen.  Unfortunately, upon dehydrogenation, the amine-borane 

solvent also polymerizes, following the observed trend of AB and amine-borane 

dehydrogenation mechanisms.
98, 99, 106

   

 In the investigation to find a suitable solvent for the liquid mobilization of AB, it was 

discovered that AB could be dissolved in various N-substituted imidazoles.  Such imidazoles 

included 1-methylimidazole, 1-n-butylimidazole, and 1-isopropylimidazole (1-MI, 1-nBuI, and 

1-iPrI, respectively) (Figure 2.11) in a 1:1 molar ratio.  Herein are the recent findings of the 

dehydrogenation behavior of AB in solution, with and without the aid of IrH2(C6H3-1,3-

(OP
t
Bu2)2) (1, Figure 2.12) catalyst and varying  reaction temperatures.  The focus of this chapter 

is on AB/1-MI solutions as it was found that the imidazole variants investigated all produced 

similar results, revealing no significant differences in chemical reactivity.  As the solvent does 
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not eliminate H2, it is important to keep track of the overall wt% H2 that can be obtained from the 

hydrogen storage media.  Therefore, it should also be noted that 1-MI is the lightest of the listed 

imidazoles moieties and the 1-MI solution contains 37 wt% AB (compared to the 22 and 16 wt% 

AB in 1-nBuI and 1-iPrI, respectively).   

 

N
N

N

N

N
N

(i) (ii) (iii)
 

Figure 2.11:  (i) 1-methylimidazole (1-MI); (ii) 1-n-nutylimidazole (1-nBuI); (iii) 1-

isopropylimidazole (1-iPrI). 
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Figure 2.12:  Ir-based pincer 

catalyst, IrH2(C6H3-1,3-(OPtBu2)2), 

1. 

 

 As mentioned in Chapter 1, heating AB will ultimately result in the formation of 

polymeric (NH2BH2)n moieties upon loss of the first equivalent of H2,
79, 84, 85

  as monomeric 

NH2BH2 quickly associates to form polyaminoborane (PAB).  Prior work
90

 had been conducted 

to examine if dehydrogenation of AB in various polar, aprotic solvents could stabilize the 

monomer through solvent interactions.  As it was reported (Table 2.7),
90

 when using ethers as 

solvents, AB would dehydrogenate in the standard fashion, resulting in the formation of a 

cyclotriborazane (CTB) followed by the subsequent formation of borazine, as is typical for dilute 

solutions rather than yielding the analogous polymers (PAB and polyborazylene, PB).  Solvation 
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of AB in pyridine resulted in the transamination of the borane and using acetonitrile lead to 

hydroboration. 

 

Table 2.7:  Results of AB thermolysis in various polar, aprotic solvents.90 

Solvent Temp (°C) Time (min) Results 

Diglyme 130 210 CTB and borazine formation 

Glyme Reflux 1500 CTB and borazine formation 

2-Methyltetrahydrofuran Reflux 840 CTB and borazine formation 

THF Reflux 840 CTB and borazine formation 

Pyridine Reflux 60 Transamination 

Acetonitrile Reflux 720 Hydroboration 

 

Therefore, it was believed that dissolving AB in imidazoles would provide a means of disrupting 

the polymerization network of AB during dehydrogenation through solvent interactions, as noted 

above.  However, it would appear that imidazoles are stronger bases than ammonia, resulting in 

the transamination of the borane to the solvent, with the release of ammonia.   

 

2.2 Experimental 

 General Considerations:  Unless otherwise stated, all reactions were carried out under 

an atmosphere of argon in a glovebox (Innovative Technology, Inc.) or using Schlenk techniques 

and glassware.  Ammonia-borane (AB, Pacific Northwest National Laboratories), Borane-

tetrahydrofuran complex (BTHF, 1 M in THF, Aldrich), and Sodium tert-butoxide (Aldrich) 

were used as received without further purification.  1-methylimidazole (Aldrich) was dried and 

purified over calcium hydride via vacuum distillation and stored over molecular sieves.  Solvents 

were purified and dried on a solvent purification system.  Catalyst 1 was prepared following 

literature procedures.
65, 108, 109

   Solution NMR spectra were collected at room temperature using 

a Varian Unity INOVA 500 MHz spectrometer, with resonance frequencies of 500.13, 160.46, 

and 125.76 MHz for 
1
H, 

11
B, and 

13
C nuclei, respectively.  

1
H spectra were referenced to the 

signal of residual 
1
H nuclei (δ = 7.16 ppm) in C6D6 solvent and the 

13
C NMR to the solvent 

13
C 

signal (δ = 128.06 ppm).  
11

B NMR spectra were referenced to an external standard of neat 
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BF3∙Et2O set to δ = 0 ppm with the 
1
H decoupling turned off.  NMR spectra for the initial AB/1-

MI solutions and 1-MIB are located in Appendix 1 (Figures 2.53-2.58). 

 

2.2.1 Ammonia-borane 1-Methylimidazole (AB/1-MI) solution preparation 

 A solution of 0.37 g (0.012 mol) AB in 1.0 g (0.012 mol) 1-MI was prepared at room 

temperature with stirring, resulting in a clear and colorless liquid (37 wt% AB).  
1
H NMR 

(500.13 MHz, C6D6) δ = 7.20 (s, 1H), 7.10 (s, 1H), 6.39 (s, 1H), 2.77 (s, 3H), 4.41 (br.s, -NH3), 

2.29 (br.q, -BH3). 
 13

C NMR (125.77 MHz, C6D6) δ = 138.6 (C-2), 129.7 & 120.4 (C-4 & C-5), 

32.7 (-CH3).  
11

B NMR (160.46 MHz, C6D6) δ = -22 (q, AB). 

 

2.2.2 Dehydrogenation of AB/1-MI solution 

 Using 1.37 g AB/1-MI solution (37 wt% AB) contained in a 25 mL Schlenk flask 

equipped with a reflux condenser and bubbler, the solution was heated to the target temperature 

and maintained for approximately 20 hours while stirring.  A steady flow of argon was used to 

purge the system for the first 15 minutes of the reaction period. 

 

2.2.3 Dehydrogenation of AB/1-MI solution with Catalyst, 1 

 Using 1.37 g AB/1-MI solution (37 wt% AB) combined with 4 mg 1 (0.01 mol% to AB) 

in a 25 mL Schlenk flask equipped with a reflux condenser and bubbler with a slow flow of 

argon moving through the system as the solution was heated.  The reactions remained at the 

prescribed temperature for approximately 20 hours. 

 

2.2.4 1-Methylimidazole-borane Adduct (1-MIB) synthesis 

 Approximately 130 mL (130 mmol) BTHF complex solution was cooled to -78 °C.  

Diluted in ~30 mL THF, 10.0 g (122 mmol) 1-MI was added via cannula and the solution was 

stirred as it slowly warmed to room temperature.  Excess solvent and volatiles were removed in 

vacuo leaving a cloudy oil behind.  The oil was diluted with pentane and the product removed 

using a separatory funnel, resulting in transparent, colorless oil (11 g, 93% yield).  
1
H NMR 
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(500.13 MHz, C6D6) δ = 7.24 (s, 1H), 6.82 (s, 1H), 6.12 (s, 1H), 2.12 (s, 3H).  
13

C NMR (125.76 

MHz, C6D6) δ = 137.6 (C-2), 127.5 (C-4), 121.5 (C-5), 34.3 (-CH3).  
11

B NMR (160.46 MHz, 

C6D6) δ = -18 (q). 

 

2.2.5 N,N′-dimethylimidazabole synthesis 

 In a 25 mL two-necked round bottom flask, equipped with an argon inlet and a reflux 

condenser with bubbler outlet, 3.0 g 1-MIB was collected.  The system was purged with argon 

for 15 minutes during the initial heating.  The reactions remained at the prescribed temperature 

of 200 °C for approximately 20 hours.  White flaky solid deposits were collected and transferred 

to a sublimator, used at 120-125 °C at reduced pressure for ~24 hours yielding a mixture of 

isomers 2a and 2b, determined to be in 1:1.  Numerical NMR data are summarized in Figure 

2.13 (spectra found in Appendix 1, Figures 2.68-2.70).  Melting point of mixed isomers fell 

between 199-202 °C.  
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Figure 2.13:  N,N′-dimethylimidazabole isomers, 2a and 2b, with resulting chemical shifts in ppm from 1H (blue), 13C 

(green), and 11B (red) NMR. 

 

2.3 Results and Discussion 

 Studies were carried out by dissolving AB into imidazoles in a 1:1 molar ratio.  Although 

it was observed that a small percentage of the AB in solution would form an imidazole-borane 

adduct at room temperature via transamination (Scheme 2.4).  Applying heat to an AB/imidazole 

solution increased the overall conversion to the imidazole-borane adduct, as determined by NMR 
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analysis.  Released NH3 was verified by its odor and the colorimetric determination through the 

synthesis of indophenol.
110

 

 

H3N BH3 N
N

R N
N

R

H3B
+ NH3+

 

Scheme 2.4:  Transamination of AB to form the imidazole-borane and ammonia, where R is methyl, n-butyl, or 

isopropyl. 

  

 Initial experiments utilized five solutions of AB/imidazole that were heated at 25, 60, 100, 

150, and 200 °C over a period of 20 hours each, purposely chosen to be excessive to ensure 

reaction completion.  However, it should be noted that the solutions often solidified within a few 

hours or within minutes of reacting, depending on reaction temperatures.  The experiments were 

performed in duplicate, having the second set containing catalyst 1.  The results of each set of 

experiments, with product percentages obtained from integrated 
11

B NMR spectra, have been 

summarized in Table 2.8.  Individual 
11

B NMR spectra for Entries 1-9 can be found in Appendix 

1 (Figures 2.59-2.67) with the exception of Entry 10 (Figure 2.17) which can be located in the 

Results and Discussion section.  Table 2.9 lists all observed 
11

B chemical shifts and coupling 

constants with proposed identities.  Explanations for the identification and assignment of each 

compound are found below in greater detail.  
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Table 2.8:  Results of thermolysis experiments of AB/1-MI solutions at given reaction temperatures and times, with and without 

catalyst 1. (a) % AB represents unchanged AB/1-MI solution. (b) Percentages were determined by peak integrations of 11B 

spectra.  (c) Overlapping peaks hinder accurate area percentage integration measurements.  

NN

BH3

H

3

H2B N

BH2N
N

N

B
H2

N

H2
B

N

N N

2a 2b

NNH3B

1-MIB 4

H3N

H2
B

N
H2

BH3

linear dimer

N

N

BH2
N

N

 

Entry 
Cat. 

1 
Temp 
(°C) 

Time 
(h) 

% 
AB

a,b 
% 

1-MIB
b 

% 
2a

b 
% 

2b
b % 3

b
 % 4

b % 
Other

b 

11
B 

Spectrum 
Fig. Ref. 

1 No 25 20 74 26 0 0 0 0 0 2.14a 

2 No 60 20 7 93 0 0 0 0 0 2.14b 

3 No 100 20 0 100 0 0 0 0 0 2.14c 

4 No 150 20 0 97 0 0 2 0 1 2.14d 

5 No 200 20 0 0 60 40 0 0 0 2.14e 

6 Yes 25 20 43
c 

12
c
 0 0 0 31

c
 14

c
 2.16a 

7 Yes 60 20 38 30 0 0 0 32 0 2.16b 

8 Yes 100 20 0 96 0 0 0 1
c 

3
c 

2.16c 

9 Yes 150 20 0 86
c
 0

c 
0 6 6 2 2.16d 

10 Yes 200 20 0 0 94 6
c 

0 0 0 2.16e 

 

 

 
Table 2.9:  Observed 11B chemical shifts and coupling constants of observed products. 

11
B Chemical 

Shift (ppm) 
Splitting Identity 

11
B-

1
H 

J-coupling/Hz 

-34 q BH3 (3) 86 

-32 t BH2 (2b) 88 

-23 q BH3 (linear dimer) --- 

-22 q BH3 (AB) 95 

-18 q BH3 (1-MIB) 96 

-18 t BH2 (2a) 96 

-9 t BH2 (linear dimer) --- 

-8 t BH2 (2b, 4) 105 

0 t BH2 (??) 110 
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2.3.1 Dehydrogenation of AB in 1-Methylimidazole 

 With the seemingly simple dissolution of AB in to 1-MI under basic preliminary reaction 

conditions, it was concluded that AB had not dehydrogenated based on the lack of evidence for 

borazine/PB and CTB/PAB in the 
11

B NMR spectra (approx. δ = 31 to 27 and -11 ppm, 

respectively).
85, 111

   

 Entry 1 showed approximately 26% of the AB had transaminated to form 1-

methylimidazole-borane (1-MIB) with the bulk of the material remaining as AB in solution 

(Figure 2.14a).  Formation of 1-MIB was confirmed when compared to an authentic sample of 1-

MIB (Figure 2.14f), prepared from BTHF and 1-MI, as noted in the experimental section.   

 

 

Figure 2.14:  11B spectra of the thermal decomposition of AB/1-MI solution at (a) 25, (b) 60, (c) 100, (d) 150, and (e) 

200 °C over a period of 20 hours, including (f) the authentic sample of 1-MIB. 
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 Entries 2 and 3 (Figures 2.14b and 2.14c, respectively) demonstrated the further 

conversion of AB to 1-MIB.  However, at 150 °C (Entry 4, Figure 2.14d), new resonances begin 

to appear in the 
11

B spectra; a new quartet at δ = -34 ppm (J(
11

B-
1
H) 86 Hz) began to emerge.  

Literature data for 1,3,4,5-tetramethylimidazol-2-ylidene borane (
11

B δ = -34.9 ppm, J(
11

B-
1
H) 

86 Hz) (Figure 2.15)
112, 113

 suggest the formation of a similar ylidene-borane product (3), also 

shown in Figure 2.15. 
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Figure 2.15:  1,3,4,5-tetramethylimidazol-2-ylidene borane; proposed carbene-borane intermediate (3); proposed  

intermediate (4) towards the formation of 2b; pyrrolylborane-N-methylimidazole. 

 

 At 200 °C (Entry 5), two product layers were often observed in the reaction flask: the 

first being a white crystalline solid depositing around the upper regions of the reaction flask and 

the second being a yellow solid remaining on the bottom.  The yellow solid was the common 

observation for the majority of all reactions performed.  The white crystalline product was 

confirmed by NMR to be a mixture of N,N′-dimethylimidazabole isomers: the head-to-tail 

isomer 2a and the head-to-head isomer 2b (Figure 2.14e), in a ratio of approximately 3:2, 

respectively.  Resulting products as well as observed ratios of 2a to 2b were found to be in good 

agreement with the thermolysis product of 1-MIB (Figure 2.16f) as well as literature data.
114, 115

  

As the yellow solid was largely insoluble in several common organic solvents, it was difficult to 

obtain clear and defining NMR spectra.  However, the yellow layer was determined to be a 

mixture of starting material, imidazabole isomers, and several unknown byproducts that 

comprised the bulk of it.   

 As the disappearance of 3 in the 
11

B NMR spectra indicates, the ylidene-borane moiety 

exists as an intermediate to imidazabole formation.  It can be theorized that the synthesis of N,N′-

dimethylimidazabole isomer 2a occurs though the self-dimerization of either two equivalents of 

1-MIB or two equivalents of 3 (Scheme 2.5).  On the other hand, 2b is proposed to be 
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synthesized through the reaction of 1-MIB and 3, also depicted in Scheme 2.5.  However, this 

theory was not fully supported when heating the AB/1-MI solution or 1-MIB alone; the resulting 

products were mixtures of imidazaboles, typically in an approximately 3:2 ratio of isomers 2a to 

2b, respectively, in an uncatalyzed reaction.  Moiety 3 is created through a rearrangement of 1-

MIB, with the boryl group moving to the carbenic carbon of the imidazole ring.  This 

isomerization has also been attributed to a rearrangement of the boryl group forming 3 by 

Padilla-Martínez et al.,
114

 as was demonstrated for the analogous pyrazabole,
116, 117

 but may be 

inaccurately named as such.  Padilla-Martínez and coworkers
112

 concluded that the resulting 

imidazaboles are dimers of borane-carbenes rather than the N-borane adduct (Scheme 2.6); citing 

differences in the N-C-N bond angles and lengths and in the B-N bond lengths, observed in the 

crystal structures.
112

  Therefore, it may be reasonable to refer to 3 more accurately as a borane-

carbene. 
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Scheme 2.5:  Proposed reaction schemes to the formation of N,N′-dimethylimidazabole isomers 2a and 

2b.  
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Scheme 2.6:  Resonance structures of N,N′-dimethylimidazabole isomer 2a, acting as a dimer of carbene-boranes. 

 

2.3.2 Dehydrogenation of AB in 1-Methylimidazole with Catalyst 

 After the first series of experiments, it was clear that the resulting products were obtained 

from the transamination of AB to 1-MIB before the ultimate formation of isomers 2a and 2b.  

Clearly, this was providing complications to the system as the AB would undergo transamination 

before any dehydrogenation could occur, and a new strategy had to be employed.   

 There have been several reports of AB being dehydrogenated at temperatures below 80°C 

in the presence of the Ir-based pincer catalyst 1 (Figure 2.12).
98-101

  Therefore, it was believed 

that by including the catalyst in the dehydrogenation reactions, allowing for the dehydrogenation 

of AB to occur before the previously observed transamination and dimerization of AB and the 

solvent. 

 Entries 6-10 (Table 2.8) describe the reaction of AB/1-MI solutions with catalyst 1 at the 

prescribed temperatures.  Initial addition of the AB/1-MI solution to 1 resulted in immediate gas 

evolution and the colorless solution to become a pale yellow color as the catalyst was fully 

solubilized.  Entry 6 displays the results of the solution of AB/1-MI and 1 stirring for 20 hours at 

room temperature.  As revealed through 
11

B NMR analysis (Figure 2.16a), a large portion of the 

AB was consumed to form 1-MIB as well as high percentages of new resonance signals, were 

observed (Figure 2.15).  This new resonance signal, a triplet at approximately δ = -8 ppm, was 

assigned as 4 (Figure 2.15).  Buried within the baseline was other smaller signals at 

approximately δ = -9 and -23 ppm, assigned to the linear dimer of AB (Figure 1.10). 
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Figure 2.16: 11B spectra of the thermal decomposition of AB/1-MI solution with 1 at (a) 25, (b) 60, (c) 100, (d) 150, and (e) 

200 °C over a period of 20 hours.  (f) Synthesis of N,N′-dimethylimidazabole with 1-MIB and 1 at 200 °C for 20 hours. 

 

 The reasoning behind the assignment of 4 arises from a few simple points.  The signal 

possesses a triplet splitting pattern, characteristic of –BH2–.  Furthermore, through the 

comparison of 4 and pyrrolylborane-N-methylimidazole (Figure 2.15), this assignment was 

further supported through similar 
11

B NMR chemical shifts (-8 and -7.8 ppm, respectively) and 

J(
11

B-
1
H) couplings (105 and 102 Hz, respectively).

118
  At this time it is unclear as to the exact 

mechanism resulting in the formation of 4 from the AB/1-MI solution.  Although it can be 

postulated that AB and 1-MI react to form 1-MIB followed by the coordination of an additional 

equivalent of 1-MI, yielding 4 (Scheme 2.7).  It is believed that 4 is also an intermediate to the 

formation of 2b.  With the addition of one more equivalent of AB to 4, reacting at the carbenic 

carbons, the ring is closed, forming isomer 2b (Scheme 2.8).  The catalyst must also to play a 
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role in the formation of 4 as it was not observed in the analogous uncatalyzed reaction (Entry 2, 

Figure 2.14b).  

 

H3N-BH3 + NN
-NH3

NNH3B 1-MI

N

N

BH2
N

N

1-MIB 4  

Scheme 2.7:  Proposed reaction mechanism for the formation of intermediate 4. 
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H3N-BH3+
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N
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Scheme 2.8:  Proposed mechanism for the synthesis of imidazabole isomer 2b through intermediate 4 and additional 

AB. 

 

 Despite existing as near-featureless shoulders, the additional resonances at approximately 

δ = -9 and -23 ppm overlapping the initial AB and 4 signals were attributed to the linear dimer of 

AB (H3N-BH2-NH2-BH3), an observed intermediate in the thermal decomposition of AB.  

Further supporting this assignment was the resonance signals being in good agreement with 

literature values (δ = -11 and -23 ppm in THF-d8).
119

  Performing the experiment at room 

temperature provides an opportunity for the AB to dehydrogenate in the presence of 1 before 

transaminating to form 1-MIB, resulting in the formation of the linear dimer.  However, this 

result is not exceptionally surprising as it has been previously been reported that AB will release 

1 equivalent of H2 in the presence of catalyst 1 in <5 minutes at room temperature.
101

  Due to 
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heavy peak overlap and low concentrations, product percentages could not be determined with a 

large degree of accuracy nor could the J-coupling constants for the linear dimer be determined 

for literature comparison, as noted in Tables 2.8 and 2.9. 

 As observed in Entries 1-5, at temperatures of 60 °C and above result in near quantitative 

conversions of AB to 1-MIB, before AB dehydrogenation.  This trend demonstrates a 

dependence on temperature for the transamination process.  In comparison to the catalyzed 

reaction performed at 60 °C (Entry 7), 
11

B NMR analysis revealed the formation of 1-MIB along 

with complex 4 (Figure 2.16b).  Furthermore, it should be noted that trace amounts of linear 

dimer were also detected through the observations of small featureless upfield shoulders to 4 and 

AB, suggesting that a small amount of AB dehydrogenation had occurred before transamination. 

 These results support the proposed reaction mechanism (Scheme 2.7) and the 

corresponding hypothesis that 4 is an intermediate to the formation of 2b as it present at the 

lower temperatures but not above 100 °C (Entry 8, Figure 2.16c).  Furthermore, 4 is observed 

only in the presence of AB, suggesting that the transamination of AB to 1-MIB is kinetically 

controlled. 

 Although no accumulation of 4 was observed at 100 °C, the resonance signal began to 

reappear at 150 °C (Entry 9, Figure 2.16d).  However, the presence of 4 comes at consumption of 

1-MI, coupled with the formation of 3; both presumed to be intermediates to the formation of 2a 

and 2b.  In fact, the 
11

B spectrum for Entry 9 shared many similarities to that of Entry 4 (Figure 

2.14d), the analogous uncatalyzed reaction, suggesting that 150 °C is the onset temperature for 

imidazabole formation.  Ultimately, when the catalyzed AB/1-MI solution was heated to 200 °C 

(Entry 10, Figure 2.16e), the major product was determined to be 2a, comprising more than 90% 

of the total products formed (Figure 2.17).  This value for 2a is up from the observed 60% 

produced in the uncatalyzed reaction (Entry 5).  It should be noted that signal overlap was 

observed in the spectrum at δ = -32 ppm, resulting in the slight inflation of the integral and had 

been noted as such in Table 2.3. 
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Figure 2.17:  Integrated 11B spectrum of Entry 10: AB/1-MI solution at 200 °C for 20 hours with catalyst 1, depicting area 

integrations of peaks assigned to isomers 2a and 2b. Slight overlap around δ = -32 ppm resulted in the inflation of the integral. 
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2.3.3 Thermolysis of 1-MIB 

 To confirm the identity of the imidazabole isomers created from the AB/1-MI solutions, 

samples of 1-MIB were prepared and reacted with 1 at 100, 150, and 200 °C for 20 hours, 

mimicking basic reaction conditions of the experiments described in sections 2.3.1 and 2.3.2.  At 

100 °C (Figure 2.18a), no reaction was observed as only the 1-MIB quartet at -18 ppm was 

present in the 
11

B spectrum.  As noted prior, 150 °C appears to be the onset temperature for the 

imidazabole formation, as the familiar intermediate resonances are observed in Figure 2.18b.  At 

200 °C (Figure 2.18c), both 2a and 2b isomers were identified however, new features were 

detected that were not previously observed; notably a triplet at δ = 0 ppm (J(
11

B-
1
H) = 106 Hz), a 

triplet at δ = -9 ppm (J(
11

B-
1
H) = 100 Hz), and an ill-defined multiplet around δ = -31 ppm 

(J(
11

B-
1
H) = 88 Hz), overlapping with the triplet assigned to 2b at δ = -32 ppm.   

 

 

Figure 2.18:  11B NMR spectra of 1-MIB reacted with 1 at (a) 100 °C, (b) 150 °C, and (c) 200 °C.  (d) Thermolysis of 1-

MIB at 200 °C without catalyst. 



45 

 

 

 All previously observed N–BH2–N species occur within the range of δ = -5 to -15 ppm,
14, 

87, 115, 118
 N–BH2–C within the range of δ = -15 to -25 ppm,

120
 and C–BH2–C moieties within the 

range of δ = -15 to -35 ppm (as observed in condensed N-heterocyclic carbene boranes and 

imidazaboles).
115, 120

  The triplet at δ = 0 ppm clearly represents a –BH2– moiety, as defined by 

its multiplicity, although the resonance signal falls outside of the ranges noted above.  The triplet 

located at approximately δ = -9 ppm agrees with the previously observed N–BH2–N environment 

noted for 2b and the linear dimer of AB however, the corresponding –BH3 quartet (δ = -23 ppm) 

of the linear dimer was not observed.  Furthermore, as no NH3 was available in this reaction 

scheme (liberated from AB), thus making the linear dimer is highly unlikely.  There is no reason 

why 1-MIB cannot undergo rearrangement, following the proposed pathway for the formation of 

3 therefore, it may be possible that with the formation of 3, a dimerized product can be formed 

with a second equivalent of 1-MIB.  In addition of this, it may be possible for any other 

condensation product forming from all available 1-MIB moieties, resulting in a large variety of 

polymerized products (Figure 2.19).  Bridging N–BH2–N may account for the triplet observed at 

-9 ppm as it is similar to 4 (δ = -8 ppm) and C–BH2–C for the unknown chemical shift observed 

at -31 ppm.  Although, it should be noted again that multiplicity of this resonance cannot 

accurately be determined due to strong signal overlap.  The remaining unassigned chemical shifts 

may belong to cross-linking polymer units, such as those depicted in Figure 2.19 however, based 

on the resolve of the observed triplets, it may be safe to assume that the proposed polymers are 

of low connectivity.  Further analysis of these unknown peaks is required in order to fully 

identify them. 
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Figure 2.19: Proposed cross-linking polymerization units belonging to unassigned chemical shifts observed 

in the 11B NMR spectrum of Figure 2.18c. 

  

 With formation of both imidazabole isomers from the thermolysis of 1-MIB, the 

proposed rearrangement of the boryl group is supported.  Isomer 2a is predicted to be the major 

product.  However, it should be noted that heavy peak overlap occurring with the 2a triplet and 

the quartet for 1-MIB at δ = -18 ppm (Figure 2.20) makes accurate area integrations difficult.  

Therefore, to further verify the identities of the overlapping peaks, overlays of 1-MIB (red) and 

2a (green) were included in Figure 2.20, demonstrating the proper lineshapes.  The uncatalyzed 

thermolysis of 1-MIB at 200 °C (Figure 2.18d) results in purer products with a reproducible near 

equal 1:1 ratio of 2a to 2b.  The 2a triplet corresponds to two matching boron environments and 

2b has two unique boron environments, yielding the 1:2:1 ratio in the 
11

B spectrum (Figure 2.68, 

Appendix 1). 
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Figure 2.20:  Expanded view of the 11B NMR spectrum of 2.18c centered on the overlapping resonance signals at -18 ppm.  

Additional overlays are included depicting lineshapes for 1-MIB (red) and 2a (green) in comparison of the originally observed 

peak of 2.18c (black). 

 

2.4 Conclusion 

 Ammonia-borane is soluble in various imidazoles solvents in a 1:1 molar ratio.  Small 

percentages of –BH3 from the dissolved AB transaminates to form the imidazole-borane adduct 

at room temperature.  The yield of the transaminated product increased steadily with 

temperatures up to 150 °C.  Reactions performed above this temperature resulted in the 

formation of the imidazabole dimers.  The addition of IrH2(C6H3-1,3-(OP
t
Bu2)2) catalyst allowed 

for the formation of the imidazabole isomers at lower temperatures as well as the corresponding 

intermediates not observed in the uncatalyzed reactions.  Furthermore, in the presence of catalyst, 

the imidazabole isomers formed were found to favor one isomer.  Additionally, it was discovered 

that formation of the imidazabole isomers occurs in an approximately 1:1 ratio through the 

uncatalyzed thermolysis of 1-methylimidazole-borane.  Overall, despite the solubility of AB in 

imidazoles, the transamination and formation of imidazaboles rendered it an unsatisfactory 

solvent for a liquid AB medium as only small amounts of AB dehydrogenation occurred at 

temperatures below 60 °C in the presence of catalyst. 
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CHAPTER 3 

SYNTHESIS, CHARACTERIZATION, AND INVESTIGATION 

INTO THE USE OF SELECT B-N LEWIS ADDUCTS FOR 

HYDROGEN STORAGE APPLICATIONS 
 

3.1 Introduction   

 As discussed in Chapter 1, liquid organic hydrogen carriers (LOHCs) are captivating 

candidates for hydrogen storage materials, thus many research groups continue to investigate 

their potential.  By altering functional groups and ring substituents, dehydrogenation enthalpies 

can be adjusted.  Furthermore, inclusion of an appropriate catalyst allows for more favorable 

reaction conditions for substrate dehydrogenation.
66-68, 76, 78, 121-123

  However, chemoselectivity is 

often a challenge as polymerization, dimerization, condensation, rearrangement, and other 

reactions have been observed to outcompete the intended dehydrogenation reaction. 

 It was previously reported
124

 that the reaction of primary amines containing cycloalkyl 

groups with an Ir-based pincer catalyst resulted in a condensation rather than the anticipated ring 

dehydrogenation (Scheme 3.9).  It was concluded that the imine formed from the primary amine 

would react with other amines in solution to form the condensation product, releasing an 

equivalent of ammonia.  One proposed strategy for eliminating the unwanted competing 

reactions “cap” the N lone pair and thus prevents the coordination of N to the Ir center.  Thus, 

allowing C-H oxidative addition of the substrate to the metal, and thus alkane dehydrogenation.  

For the studies reported herein, borane (BH3) was selected as a lightweight Lewis acid to form 

amine-borane adducts.   
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Scheme 3.9:  Proposed mechanism for the condensation of primary amines.124 

 

 Using an amine-borane adduct, however, presents another potential challenge as the 

dehydrogenation thermodynamics become less favorable when compared to an analogous amine 

or heterocycle.  The energy level for a saturated ring system is lower than its unsaturated 

analogue, thus yielding an endothermic dehydrogenation enthalpy (ΔHDeH).  The ΔHDeH is 

greatly lowered by the presence of a heteroatom in or adjacent to the ring.
71, 72

  This is due to the 

tendency of electrons to localize around the electronegative heteroatom, thus resulting in a 

decrease in aromatic character of the dehydrogenated unsaturated ring.  However, if the lone pair 

is utilized in the formation of a B-N bond, destabilization of the unsaturated product through 

donation into the unoccupied π* orbitals of the aromatic ring is greatly diminished.  Therefore, 

dehydrogenation of the cycloalkyl group is less thermodynamically favorable when the nitrogen 

is bonded to boron.   

 The synthesis of amine-borane adducts has been well documented for several decades.
125-

127
  Many of these adducts have received renewed interest as research groups investigate their 

potential use as hydrogen storage materials, based on their ability to release hydrogen under 

similar conditions as AB (Equations 3.1-3.2). In fact, some derivatives were found to be less 

thermally stable than AB and slowly release H2 even at ambient temperatures.
106

   

 

n RH2NBH3 → (RHNBH2)n + n H2    (3.1) 

(RHNBH2)n → (RNBH)n + n H2    (3.2) 
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 Regardless of the amine used in the amine-borane adduct, dehydrogenations result in a 

variety of linear, branched, and/or cyclic polymers similar to the decomposition products of AB 

(Scheme 3.10, Figure 1.8).  One of the drawbacks to using AB as a hydrogen storage material is 

the formation of insoluble polymeric dehydrogenation products.  Materials that are not fully 

dehydrogenated have been found to be more easily regenerated,
85, 96

 as using substituted amines 

instead of ammonia prevents the formation of polymers possessing a high degree of connectivity 

or the highly stable boron nitride (BN) moiety. 
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Scheme 3.10:  Observed sec-butylamine-borane dehydrogenation products.106 

 

 As the outcome of dehydrogenating AB and amine-boranes to yield their respective 

oligomers and polymers is well understood, the various R groups of the amine have not been 

extensively investigated as a secondary source of H2.  Therefore, the intent of this study carried 

three goals.  The first was to utilize BH3 to prevent the N coordination of the LOHC to the 

catalyst by “capping” the lone pair.  The second was the catalyzed release of H2 from activation 

of C-H bonds in tandem to the dehydrogenation across the B-N bond.  The third was to limit the 

connectivity of the resulting polymeric units through the employment of N-bound substituents 

(Scheme 3.11).   
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Figure 3.21: Lewis adducts: Cyclopentylamine-borane (1), Cyclohexylamine-borane (2), Borane-aminocyclohexane (3), 

Cyclooctylamine-borane (4), Dicyclohexylamine-borane (5), borane-piperidine (6), Triethylenediamine-diborane (7), borane-

perhydrocarbazole (8), borane-methylperhydrocarbazole (9), and borane-ethylperhydrocarbazole (10). 
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Scheme 3.11:  Ideal dehydrogenation reaction demonstrated using three equivalents of borane adduct 2 resulting in the 

complete dehydrogenation of the adduct with limited polymerization. 
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Figure 3.22: Ir-based pincer catalyst, IrH2(C6H3-1,3-(OPtBu2)2), 11. 
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 In previous studies, catalyst 11 (Figure 3.22) was found to be effective for the 

dehydrogenation of alkanes and cycloalkanes
65, 108, 128

 as well as molecules including 

heteroatoms and heterocycles.
78, 124, 129-131

  The dehydrogenation of AB and AB derivatives using 

catalyst 11 has also been thoroughly investigated and reviewed, using dehydrogenation 

temperatures lower than 80 °C.
85, 99, 101, 107, 126, 132-134

  Therefore, it is not unreasonable to envision 

C-H bond activation using this catalyst. 

 As noted in Chapter 1, LOHCs are endothermic with regards to dehydrogenation
68-70

 and 

AB dehydrogenation is exothermic.
80, 126

  The combination of the LOHC and borane adduct may 

lower the net dehydrogenation enthalpy of the molecule to a more thermodynamically favorable 

level.  However, the question remains: is the exothermicity of the borane adducts 

dehydrogenation enough to aid in the cycloalkyl dehydrogenation, or in the presence of catalyst 

at elevated temperatures? 

 This chapter describes synthesis, characterization, and investigation of the potential use of 

ten Lewis adducts, using selected amines (Figure 3.21).  Furthermore, experiments were 

performed to investigate the subsequent dehydrogenation behaviors of the adducts utilizing a 

homogeneous Ir-based pincer catalyst, IrH2(C6H3-1,3-(OP
t
Bu2)2) (11, Figure 3.22). 

 

3.2 Experimental 

 General Considerations:  Unless otherwise stated, all reactions were carried out under 

an atmosphere of argon in a glovebox (Innovative Technology, Inc.) or using Schlenk techniques 

and glassware.  Solution NMR spectra were collected at room temperature using a Varian Unity 

INOVA 500 MHz spectrometer.  
1
H spectra were referenced to the signal of residual 

1
H nuclei (δ 

= 7.16 ppm) in C6D6 solvent and the 
13

C NMR to the solvent 
13

C signal (δ = 128.06 ppm).  
11

B 

NMR spectra were referenced to an external standard of neat BF3∙Et2O set to δ = 0 ppm with the 

1
H decoupling turned off.  Gas Chromatography-Mass Spectrometry (GCMS) was performed on 

a Shimadzu QP-2010 Plus.  Elemental analysis was performed by Atlantic Microlabs, Inc. 

(Norcross, GA). 

 The following chemicals were purchased from Sigma-Aldrich and used without further 

purification: carbazole, 9-methylcarbazole, and 9-ethylcarbazole, borane-tetrahydrofuran 

complex (BTHF, 1 M in THF).  Dicyclohexylamine, cyclooctylamine, cyclopentylamine were 

degassed via freeze-pump-thaw and stored over molecular sieves under an argon atmosphere.  



53 

 

Cyclohexylamine was dried and distilled over calcium hydride and stored over molecular sieves 

under an argon atmosphere.  Triethylenediamine (TEDA or DABCO) was sublimed at 35 °C 

under reduced pressure then stored under argon.  Tert-butylethylene (TBE; 3,3′-Dimethyl-1-

butene) was vacuum-transferred and stored over molecular sieves under an argon atmosphere. 

Catalyst 11 was prepared following literature procedures.
65, 108, 109

 

 
1
H, 

11
B, and 

13
C NMR spectra of synthesized starting materials and reaction products not 

shown in the body of the Results and Discussion 3.3 can be found in Appendix 2 (Figures 3.71-

3.97). 

 

3.2.1 Preparation of Perhydrocarbazole Derivatives 

 Perhydrocarbazole derivatives were prepared by using a Parr Instruments 160 mL 

Stainless-Steel Bench-Top Micro Reactor Autoclave, charged with the carbazole derivative and 

ruthenium (5 %) on carbon catalyst in a 5:1 weight ratio, respectively.  The reactor was purged 

with H2 gas before being pressurized to 100–125 atm at 125–150 °C (Scheme 3.12).  Reactions 

would proceed for 24 to 48 hours.  The perhydrocarbazole was extracted with pentane with the 

removal of the catalyst by vacuum filtration.  The pentane was removed under reduced pressure 

at 50 °C.  Isolated products were analyzed via 
1
H and 

13
C NMR and GCMS.  Collected 

perhydrocarbazole derivatives were degassed and stored over molecular sieves under an argon 

atmosphere for a few days before use. 

 

N

R

N

R

Ru/C, H2

125 - 150 °C

R = H, -CH3, -CH2CH3  
Scheme 3.12:  Hydrogenation of carbazoles utilizing high temperatures and high pressure of H2 gas over Ru/C 

catalyst. 
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3.2.2 General Procedure for the Synthesis of Complexes 1-10 

 Using a dry ice/acetone bath, BTHF complex solution was cooled to -78 °C.  The amine, 

diluted in roughly 15 to 20 mL THF, was added to the BTHF complex solution and allowed to 

stir as room temperature was slowly reached.  Excess solvent and volatiles were removed in 

vacuo with the product washed with pentane and dried under reduced pressure. 

 

3.2.2.1 Cyclopentylamine-borane (1) 

 Following general procedures, 5.00 g (58.7 mmol) cyclopentylamine in THF was added 

to approximately 65 mL (65 mmol) BTHF complex solution.  Solvent and volatiles were 

removed in vacuo, resulting in a flakey white solid.  The product was washed with pentane, and 

dried under reduced pressures (5.23 g, 90 %, mp: 76–79 °C).  
1
H NMR (500.13 MHz, C6D6) δ = 

3.05 (br.s, 2H, -NH2), 2.90 (m, 1H, -CH-), 2.08 (br.q, 3H, -BH3), 1.57-1.11 (m, 8H).  
13

C NMR 

(125.76 MHz, C6D6) δ = 59.44, 31.96, 23.75.  
11

B NMR (160.46 MHz, C6D6) δ = -19.38 (q, J = 

94.2, 93.8 Hz). 

 

3.2.2.2 Cyclohexylamine-borane (2) 

 Following the general procedure, 2.59 g (26.2 mmol) cyclohexylamine in THF was added 

to approximately 40 mL (40 mmol) BTHF complex solution.  The solvent and volatiles were 

removed in vacuo, leaving a white residue behind.  The product was washed with pentane and 

dried under reduced pressure (2.89 g, 98 %, mp: 97–99 °C).  
1
H NMR (500.13 MHz, C6D6) δ = 

2.93 (s, 2H, -NH2), 2.37 (m, 1H, -CH-), 2.17 (q, 3H, -BH3), 1.75 (d, 2H), 1.43 – 0.44 (m, 8H).  

13
C NMR (125.76 MHz, C6D6) δ = 56.52, 32.00, 25.47, 24.61.  

11
B NMR (160.46 MHz, C6D6) δ 

= -19.64 (q, J = 92.4, 90.8 Hz).  Anal. Calc. for C6H16BN (113.01): C, 63.77; H, 14.27; N, 12.39.  

Found: C, 64.05; H, 14.53; N, 12.29. 

 

3.2.2.3 Borane-aminocyclohexane (3) 

 Following general procedures, 3.04 g (26.9 mmol) aminocyclohexane in THF was added 

to a solution of approximately 30.0 mL (30.0 mmol) BTHF complex solution.   The solvent and 

volatiles were removed in vacuo.  The white flaky solid was washed with pentane and collected 
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via vacuum filtration and dried under reduced pressure (2.98 g, 87% yield, mp: 131 °C).  
1
H 

NMR (500.13 MHz, CDCl3): δ = 3.76 (broad s, 2H), 2.63 (m, 2H), 1.70 (q, 4H), 1.58 (m, 1H), 

1.21 (q, 4H), 1.15 (t, 3H), 0.92 (q, 2H).  
13

C NMR (125.76 MHz, CDCl3): δ = 54.1, 36.1, 29.4, 

25.0, 24.4.  
11

B NMR (160.46 MHz, CDCl3): δ = -19.5 (br.q).  Anal.  Calc. for C7H18NB 

(127.04): C, 66.18; H, 14.28; N, 11.03.  Found: C, 66.21; H, 14.34; N, 10.93 %. 

 

3.2.2.4 Cyclooctylamine-borane (4) 

 Following general procedures, 5.00 g (39.3 mmol) cyclooctylamine in THF was added to 

approximately 55 mL (55 mmol) BTHF complex solution.  The solvent and volatiles were 

removed in vacuo, leaving yellowish oil behind.  Approximately 2 mL of diethyl ether and 

roughly 50 mL of cyclohexane were added to the oil and the solution was filtered, followed by 

the removal of the solvents resulting in an off-white solid.  The solid was washed with pentane 

and dried under reduced pressure (3.74 g, 74 %, mp: 63–65 °C).  
1
H NMR (500.13 MHz, C6D6) δ 

= 3.00 (s, 2H, -NH2), 2.66 (s, 1H, -CH-), 2.17 (br.q, 3H, -BH3), 1.61 (s, 2H), 1.40 – 0.97 (m, 

12H).  
13

C NMR (125.76 MHz, C6D6) δ = 58.26, 31.38, 26.93, 25.73, 23.79.  
11

B NMR (160.46 

MHz, C6D6) δ = -19.51 (br.q). 

 

3.2.2.5 Dicyclohexylamine-borane (5)  

 Following general procedures, 5.00 g (27.6 mmol) dicyclohexylamine in THF was added 

to approximately 45 mL (45 mmol) BTHF complex solution.  The solvent and volatiles were 

removed in vacuo, leaving a white solid.  The product was washed with pentane and dried under 

reduced pressure (4.76 g, 88 %, mp: 115 °C).  
1
H NMR (500.13 MHz, C6D6) δ = 2.81 (s, 1H, -

NH), 2.57 (t, 2H), 2.22 (br.q, 3H, -BH3), 1.74 (d, 2H), 1.69 – 1.49 (m, 8H), 1.49 – 1.29 (m, 4H), 

1.08 – 0.79 (m, 6H).  
13

C NMR (125.76 MHz, C6D6) δ = 60.58, 30.89, 29.76, 25.95, 25.70, 25.55.  

11
B NMR (160.46 MHz, C6D6) δ = -19.01 (q, J = 90.4 Hz). 

 

3.2.2.6 Borane-piperidine (6)  

 Following the general procedure, 5.05 g (59.3 mmol) piperidine in THF was added to 

approximately 65 mL (65 mmol) BTHF complex solution.  The solvent was removed in vacuo, 
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leaving a white flakey solid.  The material was washed with pentane and dried under reduced 

pressure (4.78 g, 81%, mp: 78–81 °C).  
1
H NMR (500.13 MHz, C6D6) δ = 2.93 (s, 1H, -NH), 

2.89 (d, 2H), 2.21 (q, 3H, -BH3), 2.15 (q, 2H), 1.13 – 0.55 (m, 6H).  
13

C NMR (125.76 MHz, 

C6D6) δ = 53.13, 25.12, 22.40 ppm.  
11

B NMR (160.46 MHz, C6D6) δ = -13.95 (q, J = 96.1 Hz).  

Anal. Calc. for C5H14BN (98.98): C, 60.67; H, 14.26; N, 14.15.  Found: C, 60.80; H, 14.46; N, 

14.00. 

 

3.2.2.7 Triethylenediamine-diborane (7)   

 Following the general procedure, 0.50 g (4.46 mmol) triethylenediamine in THF was 

added to approximately 20 mL (20 mmol) BTHF complex solution.  The solvent and volatiles 

were removed in vacuo, leaving a white solid.  The product was washed with pentane and dried 

under reduced pressure (0.565 g, 91 %, mp: >350 °C).  
1
H NMR (500.13 MHz, C6D6) δ = 2.11 (s, 

-CH2-), 1.99 (broad, -BH3).  
13

C NMR (125.76 MHz, C6D6) δ = 50.86.  
11

B NMR (160.46 MHz, 

C6D6) δ = -9.57 (q, J = 103.1 Hz). 

 

3.2.2.8 Borane-perhydrocarbazole (8)   

 Following general procedures, 2.75 g (15.3 mmol) perhydrocarbazole in THF was added 

to approximately 25 mL (25 mmol) BTHF complex solution.  The solvents and volatiles were 

removed in vacuo, resulting in a solid white mass.  The mass was broken up and washed with 

pentane.  The white solid was collected via vacuum filtration and dried under reduced pressure 

(1.43 g, 48%, mp: 96-101 °C).  Anal. Calc. for C12H24BN (193.14): C, 74.63; H, 12.53; N, 7.25.  

Found: C, 74.52; H, 12.76; N, 7.11. 

 

3.2.2.9 Borane-methylperhydrocarbazole (9)   

 Following general procedures, 5.00 g (25.9 mmol) methylperhydrocarbazole in THF was 

added to approximately 35 mL (35 mmol) BTHF complex solution.  The solvents and volatiles 

were removed in vacuo, resulting in a viscous oil.  See Figures 3.96, 3.84, and 3.85 in Appendix 

2 for 
1
H, 

13
C, and 

11
B NMR spectra, respectively. 
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3.2.2.10 Borane-ethylperhydrocarbazole (10)  

 Following general procedures, 5.00 g (24.1 mmol) ethylperhydrocarbazole in THF was 

added to approximately 35 mL (35 mmol) BTHF complex solution.  The solvents and volatiles 

were removed in vacuo, resulting in a solid white mass.  The mass was broken up and washed 

with pentane.  The white solid was collected via vacuum filtration and dried under reduced 

pressure (4.59 g, 86%, mp: 64-69 °C).   Anal. Calc. for C14H28BN (221.23): C, 76.02; H, 12.76; 

N, 6.33.  Found: C, 76.25; H, 12.88; N, 6.34.  See Figures 3.97, 3.86, and 3.87 in Appendix 2 for 

1
H, 

13
C, and 

11
B NMR spectra, respectively. 

 

3.2.3 General Procedure for Adduct Dehydrogenation 

 In a 25 mL two-neck round bottom flask, with an argon gas inlet and reflux 

condenser/bubbler outlet, 500 mg of the prescribed adduct was added to approximately 8 mg of 

11.  The reaction was allowed to proceed for 24 hours at 200 °C.  The flask was purged with Ar 

as the prescribed reaction temperature was reached then reduced to a slow and steady flow for 

the duration of the experiment.  Reaction conditions have been summarized in Table 3.10, 

depicting catalyst loadings along with corresponding figures for 
13

C and 
11

B NMR spectra. 

 

3.2.4 Transfer Dehydrogenation  

 In a 25 mL Kontes
®
 flask sealed with a Teflon

®
 needle valve, 500 mg of adduct was 

added along with approximately 8 mg of 11 and 3,3-dimethyl-1-butene (tert-butylethylene, TBE), 

following the ratios noted in Table 3.10.  The flask was sealed then submerged nearly completely 

into an oil bath for the prescribed 24 hours.   
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3.3 Results and Discussion 

 Reaction conditions have been summarized in Table 3.10, depicting additive and catalyst 

loadings along with corresponding figures numbers for the 
13

C and 
11

B NMR spectra.   

 

Table 3.10:  Summarized collection of data for reactions performed with and without the addition of TBE additive, 

including corresponding figure references for the 13C and 11B NMR spectra.  Figure 3.70-3.86 can be found in Appendix 2. 

Adduct mol% 11 
Reaction Temp 

(°C) 
Additive 

Molar Ratio of 
Additive : Adduct 

Time 
(hours) 

13
C NMR 
Figure 

11
B NMR 
Figure 

1 0.3 200 --- --- 24 3.24 3.23 

 0.3 200 TBE 4.5:1 24 --- --- 

2 0.3 200 --- --- 24 3.71 3.72 

 0.3 200 TBE 5:1 24 --- --- 

3 0.3 200 --- --- 24 3.73 3.74 

4 0.4 200 --- --- 24 3.75 3.76 

 0.4 200 TBE 5:1 24 --- --- 

5 0.5 200 --- --- 24 3.77 3.78 

 0.5 200 TBE 7:1 24 --- --- 

6 0.3 200 --- --- 24 3.26 3.25 

 0.3 200 TBE 4:1 24 --- --- 

7 0.8 200 --- --- 24 3.79 3.80 

 0.6 200 TBE 3:1 24 --- 3.81 

8 0.6 200 --- --- 24 3.82 3.83 

9 0.6 200 --- --- 24 3.84 3.85 

10 0.7 200 --- --- 24 3.86 3.87 

  

 The predictive nature of the B-N dehydrogenation/polymerization aside, the primary 

focus of this study was the dehydrogenation of the organic portion of the amine-borane adduct.  

13
C NMR spectra of the dehydrogenated products proved to be the most concise method of 

determining the occurrence of cycloalkyl dehydrogenation.  
11

B NMR provided information of 

the B-N regions of the adducts with regards to product polymerization although it was difficult to 

ascertain the degree and type of polymerization (i.e., cyclic, linear, or branched) and is purely 

speculative until further investigations can be performed.  Solidification of the material during 

the reaction further supported the suggestion of networked polymerization, which is consistent 

with the broad resonance signals and the partially soluble solid masses within each NMR sample. 
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3.3.1 Amine-Borane Adducts 1-6 

 Experiments involving adducts 1-5 with 11 exhibited similar results, where Figures 3.23 

and 3.24 demonstrate an example of the typical 
11

B and 
13

C NMR spectra observed for these 

reactions.  Figure 3.23 shows the resulting 
11

B NMR spectrum of adduct 1, before (red) and after 

(blue) the dehydrogenation reaction was performed. 
 
Typical of all borane adduct starting 

materials, the 
11

B NMR of adduct 1 starting material exhibited a quartet centered at 

approximately -19.4 ppm (
11

B δ = -18.5, -19.1, -19.7, -20.3 ppm; J(
11

B-
1
H) = 94 Hz), 

representing a –BH3 environment.  Polymerization of the product is supported by the appearance 

of a peak with 
11

B resonances familiarly associated with borazine and polyiminoboranes (
11

B δ = 

30-50 ppm).
126

  The broad features of this peak (
11

B δ = 33 ppm, FWHM = ~600 Hz) signify 

random polymerization networks demonstrated by the solid masses in the NMR sample tube due 

to poor product solubility in common organic solvents.  Smaller features in the blue 
11

B spectra 

centered on approximately δ = 3 ppm were attributed to the thermodynamically stable B-O 

oxidation species formed during the dehydrogenation periods.
135

   

 

 

Figure 3.23:  11B NMR spectra of cyclopentylamine-borane, 1, before (red) and after (blue) dehydrogenation at 200 °C 

for 24 hours in the presence of 11.   
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 Based on the resulting 
13

C NMR spectra (Figure 3.24), no cycloalkyl dehydrogenation 

had occurred at 200 °C as determined through the lack of resonance signals in the aryl regions of 

the 
13

C NMR spectra (
13

C δ = 80-160 ppm).  Thus, the cycloalkyl pendants of the resulting B-N 

polymers (
13

C δ = 20-70 ppm) remained unaffected by the 11 catalyst.  Although, it can be noted 

that a small downfield shift in resonance signals from 59.44, 31.96, and 23.75 ppm (red) of the 

starting material to 63.01, 36.97, and 24.74 ppm of the product (blue) signify a change in the 

electronic environment (deshielding) of the system, a result of the polymerizations of B-N 

regions of the adducts.  The expanded region of Figure 3.24 gives a more detailed view of the 

peaks location between 20-70 ppm. 

 

Figure 3.24:  13C NMR spectra of cyclopentylamine-borane, 1, before (red) and after (blue) dehydrogenation at 200 °C for 24 

hours in the presence of 11.  Spectrum includes an expanded view of 20-70 ppm. 
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 Similar results were observed for borane adducts 2-5, as summarized in Table 3.11 below.  

11
B NMR spectra showed the expected polymerized product peaks (

11
B δ = 30-50 ppm) while the 

13
C NMR spectra showed no resonance signals in the aryl regions (

13
C δ = 80-160 ppm) however, 

showing small downfield shifts in resonance signals similar to what was described for adduct 1. 

 

 

Table 3.11:  Summary of dehydrogenation products of adducts 1-5, utilizing 

catalyst 11 at 200 °C for 24 hours. 

NH2BH3

NH2BH3

NH2BH3

NH2BH3

N

H
BH3

1

2

3

4

5

[RNBH]n

[RNBH]n

[RNBH]n

[RNBH]n

[R2NBH2]n

CH2

Adduct Major Product R

 

 

 Unique to all observed reaction 
11

B NMR spectra, the dehydrogenation product of 6 

(Figure 3.25, blue) showed a well resolved triplet at approximately δ = 2 ppm (
11

B δ = 3.0, 2.3, 

1.6 ppm; J(
11

B-
1
H) = 112 Hz), indicating a –BH2 moiety.  A significant downfield shift from the 

quartet of the starting material centered at approximately -14.1 ppm (
11

B δ = -13.2, -13.8, -14.4, -

14.9 ppm; J(
11

B-
1
H) = 95 Hz). The narrow linewidths of the product suggest the degree of 

polymerization may be relatively low and that the resulting product exists as an oligomer 
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(Scheme 3.13), as the reaction product was found to be a viscous oil with no insoluble precipitate 

present in the NMR sample tube.  Despite this interesting result, the 
13

C NMR spectrum (Figure 

3.26) exhibited no sign of ring dehydrogenation through lack of resonance signals in the aryl 

regions. 

 

 

 

Figure 3.25:  11B NMR spectra of borane-piperidine, 6, before (red) and after (blue) dehydrogenation at 200 °C for 24 hours 

in the presence of 11.   
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Figure 3.26:  13C NMR spectra of borane-piperidine, 6, before (red) and after (blue) dehydrogenation at 200 °C for 24 hours in 

the presence of 11.   

 

H2B

N
B
H2

N

BH2

N
3

N
H BH3 11

200 oC, 24 hours
+ 3 H2

 

Scheme 3.13:  Oligomerization of borane-piperidine, 6. 

 

3.3.2 Transfer Dehydrogenation with TBE/Hydroboration 

 Transfer dehydrogenation of aliphatic groups involves the transfer of hydrogen from a 

saturated molecule to an unsaturated hydrogen acceptor molecule, synthesizing a saturated 

molecule with C-H bonds that are stronger than those found in the initial saturated molecule, 
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resulting in a net ΔH that favors product formation rather than the starting materials.  Transfer 

dehydrogenation is thermodynamically favorable at low temperatures and is limited only by 

kinetic constraints.
66

  The additive TBE is commonly used to facilitate the C-H activation via 

transfer dehydrogenation, converting it to tert-butylethane (TBA) in the process, having been 

used successfully for many years with transition metal catalysts, as shown in Scheme 3.14.
65, 66, 

121, 128, 136, 137
   

 

+ +11

 

Scheme 3.14:  Transfer dehydrogenation reaction of cyclooctane 

(COA) and TBE in the presence of Ir-based catalyst 11 and heat.  The 

resulting products include the saturated tert-butylethane (TBA) and 

cyclooctene (COE). 

  

 For these experiments, transfer dehydrogenation was utilized as an alternative strategy to 

take advantage of a potentially more favorable thermodynamic pathway, allowing for C-H 

activation of the cycloalkyl groups and the saturation of the hydrogen acceptor molecule.  It 

should be understood that with a hydrogen acceptor molecule present, the total enthalpy (ΔHnet) 

required to drive the reaction is briefly summarized in Equation 3.3.  Through the summation of 

the ΔH required to break two C-H bonds of the substrate and the formation of two new C-H 

bonds on the acceptor molecule, as well as the formation and saturation of the related C-C 

double bonds on each molecule, ΔHnet is determined.  The ΔHnet term is not zeroed out as the ΔH 

values for each of the actions performed in Equation 3.3 are not equal to each other, but rather 

are dependent on the stability of the molecules reacting and produced during the reaction.  

Furthermore, the net ΔS term for this reaction is close to zero and therefore, the reaction itself is 

more dependent on reaction temperatures to overcome the ΔHnet. 
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ΔHnet = ΔHC-H broken + ΔHC=C broken – ΔHC-H formed – ΔHC=C formed   (3.3) 

 In a reaction system where no acceptor molecule is present, the ΔHnet term consists of the 

same ΔH required to break the two C-H bonds on the substrate minus the ΔH of the H-H bond 

formation and formation of the C-C double formation on the substrate (Equation 3.4).  Also, due 

to the formation of the H2, the ΔS term becomes a factor.   

ΔHnet = ΔHC-H broken – ΔHC=C formed – ΔHH-H formed   (3.4) 

 Initial experiments utilizing equivalent amounts TBE to match the equivalents of H2 that 

could potentially be removed from the cycloalkyl groups proved to be unsuccessful.  It is know 

that excess TBE will inhibit catalytic activity,
66

 so further experiments utilizing TBE and the 

substrate in a 1:1 molar ratio were carried out.  Unfortunately, in the case of the experiments 

reported in this work, cycloalkyl dehydrogenation still had not occurred, with any ratio of TBE 

utilized.   Instead, NMR spectra revealed that the TBE had undergone several side reactions at 

200 °C, presumably via hydroboration reaction with the adducts, alkylating the boron atoms 

(Scheme 3.15).
138

  Older reports demonstrated the synthesis of trialkylboranes through reactions 

of various tertiary amine-borane adducts with an alkene,
139

 under similar reaction conditions 

employed in the reactions reported here.  Therefore, it is presumed that the resulting 

hydroboration products are a mixture of mono-, di-, and trialkyl substituted boranes of both 

Markovnikov and anti-Markovnikov orientations, as described by the Brown hydroboration 

reaction.
140

  It can be further speculated that with the increasing substitution of the hydrides 

found on B, weakening of the B-N dative bond is expected.
82

  And so, under the given reaction 

conditions, B-N bond cleavage is possible.  Inclusion of TBE helped to solubilize all reagents 

into a more homogeneous solution as it was heated.  However, inclusion of TBE was deemed 

ineffective in the presence of borane as the olefin was susceptible to hydroboration. 
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B
H2

B
H2

R3N
R3N+BH3R3N +

11

i ii  

Scheme 3.15:  Hydroboration of TBE in the presence or Ir-based catalyst 11 and heat, yielding a mono-substituted 

alkylborane of Markovnikov (i) and anti-Markovnikov (ii) orientations. 

 

3.3.3 Triethylenediamine-diborane 7 

 Triethylenediamine-diborane, 7, demonstrated high thermal stability as the 

decomposition temperature was found to be above 350 °C, much higher than those observed with 

all other adducts.  Due to the amine-borane adduct’s inability to melt, reacting 7 with 11 at 

200 °C without a solvent resulted in no chemical reaction.  As mentioned above, using TBE 

solubilized the reagents, however the resulting product of the dehydrogenation of adduct 7 

consisted of various hydroborated products as well as unreacted starting material (Figure 3.27).  

Broad peaks in the 
11

B NMR spectrum (Figure 3.27, black) at approximate 31.9 and 23.2 ppm 

(FWHM = ~500 and ~1300, respectively) are typical chemical shifts for alkylated borons of 

varying degrees of substitutions.
141-143

   

 As a side note, adduct 7 may show potential as an air- and thermally-stable borane source 

for other types of reactions. 
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Figure 3.27:  Comparison 11B NMR spectra of 7 starting material (red), reaction of 7 with catalyst 11 at 200 °C (blue), 

and reaction of 7 with TBE (black). 

 

3.3.4 Borane-Perhydrocarbazole Derivatives 8-10  

 Characterization of the perhydrocarbazole-based adducts, 8-10, proved difficult due the 

complexity of the 
1
H NMR spectra as a direct result of the numerous stereoisomers for each,

144, 

145
  as demonstrated for 8 in Figure 3.88 (Appendix 2).  

13
C and 

11
B spectra also reflect the 

numerous stereoisomers present, as shown in the pre- and post-reaction comparison spectra for 

adducts 8-10 (Appendix 2, Figures 3.82-3.87, respectively).  Thus, 
11

B NMR was used to 

determine the success of the perhydrocarbazole-based adduct’s synthesis based on the 

observation of quartets in the range of δ = -7 to -24 ppm.  For example, Figure 3.28 depicts the 

11
B NMR spectrum of adduct 10 where four sets of boron environments are visible.  Although 

only two of the resonance signals are seen as probable quartets (
11

B δ = -12.2 and -16.9 ppm), it 

is believed that the remaining resonance signals (
11

B δ = -7.2 and -23.3 ppm) are in too little 

concentration to exhibit similar multiplicity and are observed as two-peak patterns.  With regard 

to the initial hydrogenation of the carbazole to the corresponding perhydrocarbazole (Scheme 

3.12), success was determined by the absence of aryl peaks in the 
1
H and 

13
C NMR as well as 
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verification via GCMS analysis.  Interestingly enough both adducts 8 and 10 were able to be 

isolated as a white solid; contrary to this, 9 resulted in a viscous liquid.  This left uncertainties 

towards its overall purity and % yield however, NMR analysis proved difficult to disprove these 

doubts.  Resulting 
11

B NMR had to be 
1
H decoupled to gather better resolved resonances for 9 

(Appendix 2, Figure 3.85).   

 

 

 

Figure 3.28:  Integrated 11B NMR spectrum of borane adduct 10 starting material, depicting four individual borane environments 

of some of the possible stereoisomers.  The broad feature around -2 ppm is a result of the boron silicate NMR tube used. 

  

 Perhydrocarbazoles — specifically ethyl-perhydrocarbazole (EPHC) — are known to 

dehydrogenate in the presence of 11 without the use of a hydrogen acceptor, TBE.
78

  TBE was 

not employed here due to complications of observed side products through hydroboration and 

adducts 8-10 were reacted with only 11 under a continuous flow of argon at 200 °C.   
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 EPHC dehydrogenation reactions, and others like it, were monitored through GCMS 

analysis.  However, this analytical technique was not available for the borane adduct analogues 

due to complications of product polymerization and insolubility in many organic solvents. 

 The complexity of the resulting 
11

B NMR spectra for adduct 8-10 suggest that 

polymerization was occurring, as presumed with the formation of a solid mass during the 

reaction.  Based on prior observations, formation of polyiminoborane clusters should have been 

avoided by using N-alkyl perhydrocarbazoles due to the lack of available bonding sites to the N 

by a neighboring B.  This result calls into question the overall stability of the perhydrocarbazole-

borane moiety under such extreme conditions, especially in the presence of a reactive –BH3 

functional group.  Regardless of the resulting polymerizations, the 
13

C NMR spectra from each 

of these adducts exhibited no olefinic resonance signals and therefore, no cycloalkyl 

dehydrogenation had resulted from the reactions.  It was further observed that the complexity of 

the resulting 
13

C spectra compared to the 
13

C spectra of the initial starting material had increased 

significantly (Appendix 2, Figures 3.82, 3.84, and 3.86 for adducts 8, 9, and 10, respectively).  

This may be a result of a change to the proportions of the each conformer present, coupled with 

the change in electronic environments due to the various B-N polymerizations.  It appears that 

disrupting the conjugation of the π-system for the fully dehydrogenated product by way of the B-

N dative bond formation prevented the dehydrogenation of the amine-borane adduct, despite the 

known dehydrogenation capabilities for the perhydrocarbazoles in the presence of 11.   

  

3.4 Conclusion 

 With the investigation into the dehydrogenation of various amine-boranes, it has been 

found that the inescapable conclusion is the polymerization of the B-N compounds, despite 

variations in the amine used.  No additional H2, through the dehydrogenation of the cycloalkyl 

regions of the amine-borane adducts were observed, when using the Ir-based pincer catalyst.  

“Capping” the nitrogen lone pair did not permit activation of the C-H bonds within the amine-

borane adduct, as originally intended.  Rather, borane adduct formation inhibits the otherwise 

viable catalytic dehydrogenation of perhydrocarbazoles by the Ir pincer complexes.  Utilizing 

TBE as a hydrogen acceptor was found to be ineffective in the presence of borane as various side 
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reactions occurred, leading to the alkylation of boron via hydroboration, as determined by the 

presence of numerous resonances in the 
11

B NMR spectra. 
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CHAPTER 4 

PHENYL INTRODUCED AMMONIUM BOROHYDRIDES: 

SYNTHESIS AND REVERSIBLE DEHYDROGENATION 

PROPERTIES 
 

4.1 Introduction 

 As briefly discussed in Section 1.4.5.1, ammonia-boranes have the potential to be 

practical hydrogen storage materials because of their large hydrogen content and low hydrogen 

desorption temperatures.
80, 146, 147

  Ammonium borohydride, [NH4]
+
[BH4]

-
, has the highest 

gravimetric weight percent of hydrogen at 24.5%.
148

  Although being first synthesized more than 

50 years ago,
149

  ammonium-borohydride was never really considered a viable hydrogen storage 

material due to reported instability above -40 °C.  Thermal dehydrogenation in the solid state 

proceeds via a multistep mechanism and generates a wide variety of final products.
80, 86, 146, 147, 150

  

For instance, ammonia-borane (AB) releases two equivalents of hydrogen at approximately 100 

and 150 °C in the solid state.  Loss of the first equivalent of H2 occurs after a long induction 

period, in which the dihydrogen bonding network is disrupted and results in the formation of the 

diammoniate of diborane ([NH3BH2NH3]
+
[BH4]

-
, DADB), an ionic isomer of NH3BH3 (Scheme 

4.1).
86, 87, 150, 151

   

H3N

H2
B

H

H

N
H2

BH3 H3N

H2
B

H

H3B

NH3 H2B

NH3

NH3

BH4
-

2 AB AB* DADB

+

 

Scheme 4.16:  The proposed mechanism for the transformation of AB, into the diammoniate of diborane (DADB) moiety.151 

 

Once formed, DADB induces the remaining AB molecules to release H2 and form the linear, 

branched, cyclic, and cross-linked B-N-H residues, through a complex dehydrogenation-

polymerization mechanism,
80, 86, 87, 146, 147, 150-154

  also referred to as the Induction period as noted 
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in Chapter 1.  The simultaneous evolution of ammonia, boranes and borazine
155-160

 upon 

dehydrogenation compromises the purity of the hydrogen released and shortens the lifespan of 

the hydrogen storage material through the physical loss of the base storage material.  For 

example, if 10% of the boron is lost after each dehydrogenation as diborane gas, after 10 cycles, 

there would be little to no boron remaining in the material to regenerate.  These complications 

present a large challenge towards the practical utilization of AB, in addition to the development 

of methods for its regeneration from the end products. 

 Recently, it has been demonstrated that the polyborazylene (PB, Figure 1.8), a 

predominant product from nickel carbene catalyzed dehydrogenation of AB, and borazine can be 

regenerated with benzenedithiol and Bu3SnH as the reagent and reductant,
161, 162

 or hydrazine 

(N2H4) in liquid ammonia (NH3) at 40°C.
102 

 This suggests that ammonium borohydrides and/or 

amine-boranes derivatives with controllable decomposition pathways might give rise to products 

that could be generated through viable off-board processes.  In light of this possibility, we have 

explored the dehydrogenation of ammonium borohydrides which contain N-phenyl or N,N′-

phenyl groups.  The presence of the large organic fragments was expected to sterically prohibit 

the establishment of dihydrogen bonding networks such as those found in AB or [NH4]
+
[BH4]

-
, 

thus suppressing the formation of unwanted volatile side products and substituted 

borazine/polyborazylenes,
163

 and thus enabling reversibility. 

 This chapter describes the first synthesis and determination of the dehydrogenation 

properties of two novel N,N′-phenyl substituted derivatives of [NH4]
+
[BH4]

-
, meta- and para-bis-

(ammoniumborohydride)-benzene (m/p-BABB).  The phenyl moieties of the homo-bifunctional 

monomers were found to confer a favorable dehydrogenation performance resulting from a 

single decomposition pathway that also allows for the regeneration of the hydrogenated material. 

 

4.2 Experimental 

 Lithium borohydride (LiBH4), para-benzenediamine dihydrochloride (p-BDADC), and 

meta-benzenediamine dihydrochloride (m-BDADC) were purchased from Sigma-Aldrich with 

stated purities of 95%, 99%, and 99%, respectively, were used without further purification. 

Hydrazine sulfate ((N2H4)2·H2SO4, 99%) and NH3 were obtained commercially from Alfa Aesar. 

NH3 was purified by soda lime before using.  
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4.2.1 Preparation of p/m-BABB 

 The LiBH4–p-BDADC and LiBH4–m-BDADC mixtures, in a LiBH4/BDADC molar ratio 

of 2:1, were ball-milled on a QM-3SP2 planetary ball mill at 250 rpm under argon with the ball-

to-powder mass ratio of 25:1, respectively.  The milling process was carried out alternating 6 

minutes of milling and 6 minute pauses in order to avoid an increase in temperature of the 

powders in the vessel.  All samples were handled in a MBRAUN glove box filled with purified 

argon gas. 

 After the samples were prepared, separation of LiCl was attempted through centrifugal 

separation from THF, ether, n-hexane and other solutions of the BABBs.  Unfortunately, the 

immediate evolution of approximately 2 equivalents of H2 per mol of p/m-BABB resulted upon 

exposure to THF and ether.  Although the samples were stable in n-hexane, the centrifugal 

method could not separate LiCl from the ball-milled products, owing to the poor solubility of 

p/m-BABB in n-hexane.  Lacking a method for LiCl removal, we explored the properties of p/m-

BABB without considering the effect of LiCl. 

 

4.2.2 Regeneration of the residues for BABBs 

 Hydrazine sulfate ((N2H4)2·H2SO4) and the dehydrogenated products of p/m-BABB were 

combined in a 2:1 molar ratio (the molar ratio was calculated based on the amount of BABBs 

before dehydrogenation, ((N2H4)2·H2SO4/BABBs = 2:1) and immersed in liquid ammonia in a 

pressure vessel.  Then the pressure vessel was sealed and placed in an electric-heated 

thermostatic water bath at 45 °C for a certain period (2 or 7 days).  After reduction, the pressure 

vessel was evacuated by a rotary vacuum pump for 24 h at 30 °C to eliminate the volatiles (NH3 

and the remaining hydrazine).  Then the products were collected and stored in a glovebox. 

 

4.2.3 Characterizations 

 Powder X-ray diffraction (XRD, Rigaku D/max 2400) measurements were conducted at 

Fudan University, China, to confirm the phase structure.  Powders were spread on a Si single 

crystal before measurements were taken.  Amorphous polymer tape was used to cover the 

surface of the powder to avoid oxidation during the XRD measurement.  Fourier transform 
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infrared (FT-IR) spectroscopy (Magna-IR 550 II, Nicolet) analyses were conducted to confirm 

the chemical bonds in the samples.  Samples were pressed with KBr and then loaded into a 

sealed chamber filled with argon to be measured.  Thermal property measurements were 

performed by thermogravimetry (TGA, STA 409 C)/mass spectroscopy (MS, QMS403) with a 

heating rate of 5 °C min
-1

 under 1 bar of argon.  Dehydrogenation properties for the samples 

were evaluated using Sievert’s volumetric method with a heating rate of 5 °C min
-1

 under argon.  

Approximately 0.1 g of the sample was loaded and heated with a heating rate of 5 °C min
-1

 from 

room temperature to 250 °C.  The pressure data (P) and the temperature data (T) were recorded 

automatically at every 6 s.  Finally, according to the equation: PV = nRT, where R is the gas 

constant, the mol (n) of the gas released from p/m-BABB could be calculated.  The H2 and B2H6 

content were determined using gravimetric and volumetric results based on the fact that the 

emission gas mainly consisted of H2 and B2H6.  Firstly, the total gas released (Mp) data from 

p/m-BABB was obtained by the Sievert’s type apparatus as volumetric result, while the mass 

percent (Wp) of gas released from p/m-BABB was calculated from the weight change of the 

sample, and then the mole fractions of H2 (𝑥𝐻2
) and B2H6 (𝑥𝐵2𝐻6

) from gas released could be 

calculated from Equations 4.1 and 4.2, where Ws is the molecular weight of the p/m-BABB, 

𝑚𝑤𝐻2
 and 𝑚𝑤𝐵2𝐻6

 represent the molecular weights of H2 and B2H6, respectively. 

 

𝑥𝐻2
+ 𝑥𝐵2𝐻6

= 1                             (4.1) 

(𝑥𝐻2
𝑚𝑤𝐻2

+ 𝑥𝐵2𝐻6
𝑚𝑤𝐵2𝐻6

) (
𝑀𝑝

𝑊𝑠
) = 𝑊𝑝   (4.2) 

 

 Differential scanning calorimetry (DSC, Netzsch 200) was conducted at Fudan 

University, China, under 1 bar argon from room temperature to 250 °C at a heating rate of 5 °C 

min
-1

 to verify the thermal change.  Solid-state magic angle spinning nuclear magnetic resonance 

(MAS NMR) analysis was performed on a Varian Inova 400 WB NMR equipped with a Varian-

Chemagnetics 3.2 mm T-3 HX probe, with resonance frequencies of 128.38 and 100.61 MHz for 

11
B and 

13
C nuclei, respectively.  Samples were subjected to DPMAS at 12 kHz without H-1 

decoupling and referenced to an external standard of neat BF3∙Et2O set to δ = 0 ppm for 
11

B 

analysis.  For 
13

C, spectra were acquired with H-1 decoupling at 60 kHz using Two Pulse Phase 
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Modulation (TPPM) and were referenced to the methyl group of hexamethylbenzene (HMB) at δ 

= 17 ppm relative to tetramethylsilane (TMS).  Sample rotors used comprised of 3.2 mm, 22 µL 

Zirconia sleeves with Torlon™ caps and drive tips. 

 

4.3 Results and Discussion 

 The p/m-BABB was synthesized based on a metathesis reaction as shown in Scheme 4.17.  

This was accomplished through ball milling p/m-benzenediamine dihydrochloride (p/m-

BDADC) and lithium borohydride (LiBH4) in a 1:2 molar ratio at room temperature.  After ball 

milling, XRD patterns (Figure 4.29a) indicated that metathesis had occurred, as the peaks for 

LiBH4 and p/m-BDADC disappeared and only peaks for LiCl were observed.  It was observed 

that para- and meta-bis-(ammoniumborohydride)-benzene (p/m-BABB) form in an amorphous 

state.  Moreover, the FT-IR spectrum of the p/m-BABB samples (Figure 4.29b) exhibit intense 

B-H stretching modes at 2379, 2334, and 2260 cm
-1

, in contrast to that for pure LiBH4 at 2386, 

2291, and 2224 cm
-1

.
39, 164

  New absorptions in the region of 3100-3280 cm
-1

 are assigned to the 

N-H stretching
165

 in p/m-BABB.   

 

 

 

ClH3N

NH3Cl

H4BH3N

NH3BH4

p-BABB

2LiBH4 + + 2LiCl

p-BDADC

NH3Cl NH3BH4

m-BABB

2LiBH4 +
+ 2LiCl

m-BDADC

NH3Cl NH3BH4

 

Scheme 4.17:  Procedure for the synthesis of p/m-BABB. 
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Figure 4.29:  (a) XRD patterns for p-BDADC, m-BDADC, LiBH4, the ball-milled LiBH4 with p-BDADC, and 

the ball-milled LiBH4 with m-BDADC samples.  (b) FT-IR spectra for p-BDADC, m-BDADC, LiBH4, the ball-

milled LiBH4 with p-BDADC, and the ball-milled LiBH4 with m-BDADC samples.  (c) 11B NMR spectra of 

pure LiBH4 and the synthesized p-BABB and m-BABB samples. 

 

 To further confirm the formation of p/m-BABB, solid-state 
11

B MAS NMR data was 

collected as shown in Figure 4.29c, which reveals a boron species (BH4) with a chemical shift of 

δ = -38.9 ppm for the p/m-BABB samples compared to that in LiBH4 (δ = -41.3 ppm.).
166

  The 

subtle downfield shift of the 
11

B resonance in the p/m-BABB samples compared with that in 

LiBH4 suggests that the BH4
-
 anions in the LiBH4 have completely transferred to the p/m-

phenylenediammonium cations in the synthetic procedure.  The materials are clearly high purity 

borohydrides as their spectra is dominated by the resonance of BH4 and only a very small feature 

can be seen at δ = 3 ppm which can be assigned to an impurity of an oxidized boron species
135

 

that was either present in the LiBH4 used in the synthesis or formed during the synthetic balling 

milling procedure.  Furthermore, the 
13

C NMR data of p-BABB was also collected, as shown in 

Figure 4.30.  The spectrum displays two peaks at δ = 119.5 and 125.6 ppm, as expected for p-

BABB.  On the other hand for m-BABB, six peaks were observed at δ = 141.4, 132.2, 130.0, 
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124.8, 123.0, and 119.1 ppm.  This indicates that the product mixture may contain a second 

species, likely a monoammonium borohydride or amino benzene, and/or starting material which 

shares similar chemical shifts of δ = 132.2, 124.9, and 119.2 ppm.
167

 

 

 
Figure 4.30:  Solid-state 13C MAS NMR spectra of (top) p-BABB and (bottom) m-BABB. 

 

 Dehydrogenation of the p-BABB and m-BABB was investigated using temperature-

programmed desorption (TPD) and thermogravimetry-mass spectroscopy (TGA-MS) 

measurements.  Upon heating, the p-BABB (Figure 4.31a) starts to decompose at about 60 °C 

and releases approximately 5.62 equivalents of H2 in the 60 to 200 °C temperature range as part 

of the weight loss of 9.62 wt%.  The thermal dehydrogenation of m-BABB (Figure 4.31d) has a 

lower onset temperature of 50 °C, but it only releases approximately 4.54 equivalents of H2 

while undergoing a weight loss of 7.15 wt% as the temperature increases from 50 to 200 °C.  

The MS analysis of the gas evolved from the two BABBs (Figure 4.31b and 4.31e) reveals that 
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the hydrogen released from the BABBs contains only very low levels of diborane and a 

negligible amount of ammonia/borazine.  Based on the fact that gaseous products obtained from 

the BABBs mainly consisted of H2 and B2H6, the amounts of H2 and B2H6 evolved from each 

compound can be calculated by the combination of the total gas released and the weight loss at 

200 °C, summarized in Table 4.12.  The hydrogen purities are as high as 98.89 and 99.29 mol% 

for the p-BABB and m-BABB samples, respectively.  The MS results confirm several of our 

predicted favorable aspects of the dehydrogenation behavior of BABBs: (1) ammonia is not 

produced upon thermal decomposition of BABBs; (2) due to the presence of the phenyl groups, 

any borazine-like products have high molar masses and thus a significant decrease in volatility; 

and (3) diborane is produced at only very low levels (less than 1.11 and 0.71 mol% for p-BABB 

and m-BABB, respectively).  It is worth noting that the massive weight loss above 200 °C in the 

TGA results (Figure 4.31a and 4.31d) for p/m-BABB is likely to be the result of the rupture of 

the C-N bonds in the dehydrogenated products.
168

 

 

Table 4.12:  Dehydrogenation purities of p-BABB and m-BABB at 200 °C. 

Sample 
Weight loss 

(wt%) 
Total gas released 

(equiv.) 
H2 released 

(equiv.) 
B2H6 released 

(equiv.) 
Hydrogen purity 

(mol%) 

p-BABB 9.26 5.62 5.558 0.062 98.89 

m-BABB 7.15 4.54 4.508 0.032 99.29 
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Figure 4.31:  (a) TGA and TPD results for p-BABB at a heating rate of 5 °C min-1 in argon.  (b) MS signals of H2, NH3, 

B2H6, and borazine evolved from p-BABB.  (c) Isothermal TPD results for p-BABB.  (d) TGA and TPD results for m-

BABB at a heating rate of 5 °C min-1 in argon.  (e) MS signals of H2, NH3, B2H6, and borazine evolved from m-BABB.  (f) 

Isothermal TPD results for m-BABB. 
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Figure 4.32:  DSC results of p-BABB and m-BABB from room temperature to 200 °C with a 

heating rate of 5 °C min-1. 

 

 The differential scanning calorimetry (DSC) and isothermal volumetric temperature-

programmed desorption (TPD) results for p/m-BABB revealed that their dehydrogenation 

proceeds via a multistep mechanism similar to that of AB
85

 and [NH4]
+
[BH4]

-
.
147

  The DSC 

result for the p-BABB (Figure 4.32) exhibits three moderately exothermic peaks at 74, 94, and 

149 °C, respectively, which are associated with its three-step decomposition; every step 

corresponds to the release of two equivalents of H2.  Above 200 °C, the endothermic dip is 

assigned to the rupture of the C-N bonds, which is in good agreement with the TGA results in 

Figures 4.31a and 4.31d.  Integration of the differential heat in the range of 50-200 °C for the p-

BABB yields a decomposition heat of approximately -8.2 kJ/mol H2, which is remarkably lower 

compared to that of neat AB (-21 kJ/mol H2).
80, 146

  This result implies the feasibility of a more 

facile chemical route for the recycling of BABBs than AB.
102

 
 
The results of the isothermal TPD 

studies of p/m-BABB (Figure 4.31c) also confirm the multistep decomposition mechanism.  At 

100, 130, and 180 °C, 2.8, 4.0, and 4.8 equivalents of H2, respectively, are released within 8 
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hours.  The decomposition of m-BABB presents three exothermic peaks at 75, 120, and 165 °C, 

respectively, with a major difference from p-BABB being the melting endotherm at 114 °C.  

Thus, indicating similarities in the intermediates during dehydrogenation (Figure 4.32).  

Moreover, its isothermal TPD results (Figure 4.31f) also indicate a multistep decomposition 

mechanism as 1.9, 4.0, and 5.6 equivalents of H2 are evolved at 120, 180, and 200 °C, 

respectively.

 

Figure 4.33:  Solid state 11B MAS NMR spectrum of (a) p-BABB after heating to 135 °C and 200 °C for 

6 h, and (b) m-BABB after heating to 185 °C for 3 h and 300 °C for 6 h. 

 

 To further confirm the dehydrogenation pathway and the final products, the MAS 
11

B 

NMR spectra were obtained for p/m-BABB after heating to various temperatures.  The 
11

B NMR 

spectrum of p-BABB after heating to 135 °C for 6 hours (Figure 4.33a) shows that the BH4 

resonance shifts from δ = -40.2 ppm and only a minor signal for a B-N bonded oligomer appears 

at δ = 14 ppm, which suggests that the p-BABB did not yield para-bis-(ammoniaborane)-
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benzene after the first stage of decomposition.  Furthermore, the spectrum obtained after further 

heating at 200 °C for 6 hours, shows that a major amount of dehydrogenation to the B-N bonded 

oligomer had occurred, but that a significant amount of the BH4 species (δ = -39.2 ppm) is still 

present.  However, the 
11

B NMR spectrum obtained after heating m-BABB to 185 °C (Figure 

4.33b) shows only a minor amount of BH4
-
 (δ = -39.7 ppm)

 
remains and that a new boron species 

with a broad resonance centered at δ = 14 ppm is predominant.  Additionally, the N2BH2 moiety 

of a tetrahedrally coordinated boron atom also appears in the range of δ = -5 to -15 ppm which 

suggests that the dehydrogenation of m-BABB may follow the DADB ([NH3BH2NH3]
+
[BH4]

-
) 

pathway similar to that of [NH4]
+
[BH4]

-
 and [CH3NH3]

+
[BH4]

-
.
147, 163

  It has been reported 

previously
163

 that the BH4 resonance of [CH3NH3]
+
[BH4]

-
 (δ = -37.9 ppm) decreased upon 

heating and was replaced by two new resonances at δ = -38.4 and -6.9 ppm, corresponding 

respectively to the BH4 and BH2 sites of [BH2(CH3NH2)2]
+
[BH4]

-
.  Upon further heating of the 

sample at 300 °C for 6 hours, the 
11

B NMR spectrum contained only the signal at δ = 14 ppm for 

the B-N bonded oligomer/polymer, thus indicating that m-BABB has undergone complete 

dehydrogenation.  Similarly, large downfield chemical shifts have been observed for borazine 

and polyborazylene, which arise upon the thermal dehydrogenation of AB/[NH4]
+
[BH4]

-
.
152-154 

 

Also, the observation of a reduced 
11

B NMR chemical shift of δ = 14 ppm for the boron in the 

dehydrogenated product compared to the δ = 28-35 ppm for un-substituted polyborazylene
169 

is 

in agreement with our formulation of the dehydrogenation product as a phenyl substituted 

polyborazylene.
  
Therefore, we propose that the dehydrogenation of the p/m-BABB proceeds as 

shown in Scheme 4.18.  In this reaction sequence, the BABBs are converted to ionic 

oligomers/polymers upon elimination of two equivalents of H2 (first stage) followed by 

sequential elimination of four additional equivalents (second and third stage) to produce an 

oligomerized or polymerized B-N bonded, unsaturated network. 
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Scheme 4.18:  The possible dehydrogenation pathway of p/m-BABB. 

 

 

 As discussed above, the BABBs, could in theory, release 6 equivalents of H2 and form 

phenyl substituted polyborazylene as the predominant product of their thermal decomposition.  

Thus they have the potential to be practical hydrogen storage materials.  However, practicality is 

critically dependent on the development of an efficient off-board method of regeneration.  

Presently, only a few research projects regarding the regeneration of ammonia-borane have been 

reported.
102, 161, 162, 170-172

  Among them, utilizing hydrazine (N2H4) in liquid ammonia (NH3) as 

reductant is the most convenient and effective approach.  This prompted us to consider this 

method to regenerate BABBs.  However, pure N2H4 is explosive, hydrophilic, and difficult to 

extract from hydrazine hydrate (N2H4·H2O).  Thus, we explored hydrazine sulfate 

((N2H4)2·H2SO4) instead of N2H4 in liquid NH3 to regenerate the final dehydrogenation products 

of BABBs.  We confirmed that (N2H4)2·H2SO4 is a ready source of hydrazine by reacting it with 

liquid NH3 at 40 °C.  After 2 days, the (N2H4)2·H2SO4 completely converted to (NH4)2SO4, and 

free hydrazine was achieved (Figure 4.34 and Scheme 4.19).  On the basis of this finding, we 

explored the recycling ability of the final dehydrogenation products of p/m-BABB using 

hydrazine sulfate. A 1:2 mole ratio of the residues (obtained following heating at 300 °C for 6 

hours) and (N2H4)2·H2SO4 were immersed in liquid ammonia at 45 °C in a sealed pressure vessel.  
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Figure 4.35 shows the 
11

B NMR spectrum of the residues of m-BABB after reduction for 2 days 

and 7 days, respectively.   

 

 
Figure 4.34:  XRD patterns for the pure (N2H4)2·H2SO4 and the products of (N2H4)2·H2SO4 

after 2 days reaction in liquid NH3 at 40 °C. 
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Figure 4.35:  11B NMR spectra of the final products for m-BABB after dehydrogenation at 300 °C, 

and the reduction products after treatment with (N2H4)2·H2SO4 in liquid NH3 for 2 days and 7 

days at 45 °C, respectively.   

 

The 
11

B NMR spectrum obtained after treatment with (N2H4)2·H2SO4 in liquid NH3 for 2 days, 

shows a clear decrease in intensity of the resonance at δ = 14 ppm, assigned to phenyl substituted 

polyborazylene, and a resonance for a new boron species centered at δ = -21 ppm appears, which 

is within range that has been observed for other BH3 adducts (
11

B δ = -10 to -25 ppm).
154

  Upon 

further reaction for 7 days, the intensity of the feature for the new BH3 species is enhanced and 

the resonance at δ = 14 ppm almost disappears, suggesting that the residues of m-BABB have 

been converted to derivatives of AB with N,N′-phenyl substitution.  A similar result was also 

obtained for the p-BABB sample (Figure 4.36).  It is worth noting that the thermodynamically 

stable B-O species at δ = 3 ppm (resulting from the oxidation of m-BABB during its thermolysis) 

remained unreacted.  Finally, the MS analysis (Figure 4.37) of the residues after 7 days of 

recharging followed by a second cycle of dehydrogenation reveals that the hydrogen is released, 

with an onset temperature of 120 °C and two desorption peaks centered at 168 and 177 °C, 

respectively.  Moreover, only trace amounts of diborane and borazine are detected.  The 
11

B 
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NMR and MS results confirm that the BABB residues can be regenerated to form N,N′-diborane 

adduct of the diaminobenzene after a 1 week treatment with (N2H4)∙H2SO4 in liquid NH3 at 

45 °C.  A summary of the regeneration process of the dehydrogenated products of BABBs is 

presented in Scheme 4.19.  

 

 
Figure 4.36:  Solid-state 11B NMR spectra of the dehydrogenated p-BABB after treating with (N2H4)∙H2SO4 in liquid 

NH3 for 7 days at 45 °C. 
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Figure 4.37:  MS signals of H2, NH3, B2H6, and borazine evolved from the 7 days-treated reduction of m-BABB.  

The release of NH3 results from the decomposition of ammonium salts. 

 

(N2H4).H2SO4 (s) + 2 NH3 (l)
40 oC

2 days
(NH4)2SO4 (s) + 2 N2H4 (l)

N*
H
B *

n

(N2H4).H2SO4 (s) + 2 NH3 (l)

45 oC, 7 days

NH2BH3

NH2BH3

 
Scheme 4.19:  Procedure for the regeneration of p/m-BABB from their dehydrogenated products. 

 

 Compared with the thermal decomposition of pure AB, [NH4]
+
[BH4]

-
 and 

[CH3NH3]
+
[BH4]

-
, which release borazine, B2H6 and NH3 impurities upon decomposition,

147, 173 

the two novel N,N′-phenyl substituted ammonium borohydrides (p/m-BABB) release fairly pure 

H2 in the same temperature range.  The incorporation of the N,N′-phenyl backbone with the  

functionalities of [NH4]
+
[BH4]

-
, resulted in the formation of ionic oligomers/polymers upon 
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dehydrogenation.  The rigidity of the structure brought about a significant change in the 

decomposition pathway that leads to the suppression of volatile side product formation during 

the dehydrogenation process, and further lead to the formation of substituted borazine-like or 

polyborazylene-like compounds as final products.
174

 

 

4.4 Conclusion 

 Two ammonium borohydrides, para- and meta-bis-(ammoniumborohydride)-benzene 

(p/m-BABB), were synthesized for the first time from the metathesis of p/m-benzenediamine 

dihydrochloride (p/m-BDADC) and lithium borohydride (LiBH4) through ball-milling.  

Approximately 6 equivalents of fairly pure H2 are released from p/m-BABB in the temperature 

range of 50-200 °C.  Their decomposition in the solid state proceeds via a multistep mechanism 

during heating, resulting in the formation of N,N′-phenylene substituted polyborazylenes as the 

final products.  These residues can be partly converted back to N,N′-phenylene substituted 

ammonia-boranes by a 1 week treatment with hydrazine sulfate ((N2H4)2·H2SO4) in liquid 

ammonia (NH3) at 45°C.  Although it does not provide an economically practical method, it does 

show that off-board generation of these ammonium borohydrides can be accomplished through 

relatively simple chemical processes, which could perhaps be modified such that the amount of 

hydrogen required would be catalytic rather than stoichiometric.  We conclude that the 

introduction of organic N,N′-phenyl groups into the [NH4]
+
[BH4]

-
 molecules significantly 

influences the decomposition pathway of ammonium borohydrides and amine-boranes, leading 

to the favorable dehydrogenation behaviors and achievable reversibility.  Although the 

regeneration mechanism is still not clear in this system, our initial results will bring new insight 

to the design of B-N-H compounds as promising chemical hydrogen storage materials. 
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CHAPTER 5 

INVESTIGATION OF THE DIHYDROGEN INTERACTION IN THE 

AMMONIATE OF LITHIUM SCANDIUM BOROHYDRIDE 
 

5.1 Introduction 

 Metal borohydrides, such as LiBH4, NaBH4, Mg(BH4)2, and Ca(BH4)2 for example, 

typically possess high theoretical gravimetric densities of hydrogen (18.5, 10.7, 14.9, and 11.6 

wt%, respectively).
175

  However, the dehydrogenation of Li and Group II borohydrides are 

plagued by severe kinetic limitations, high dehydrogenation enthalpies, and difficulty in material 

regeneration, thus preventing their use under practical conditions.
39, 176

  Fortunately, there are 

several strategies available to destabilize the complex, effectively allowing for tunability of the 

storage material to better comply to the DOE targets.
177

   For instance, adjustments can be made 

to the thermodynamic properties by employing additives,
178-182

 incorporating the material in 

porous materials such as aerogels or nanotubes,
183, 184

 use of nanoscale particles,
111

 or focusing 

on the Pauling electronegativity of the metal.
176, 185, 186

 

 An interesting correlation was found demonstrating a relationship of the Pauling 

electronegativity (χP) of the metal of the borohydride complex and its dehydrogenation enthalpy, 

where it was observed that the dehydrogenation temperatures decreased with increasing values of 

χP.
176, 185, 186

  Therefore, the χP of a metal can be used as an important indicator for estimating the 

thermodynamic stability of the complex, allowing for predictive tuning of new metal 

borohydride complexes.  However, it is worth noting that when χP exceeds 1.5, the metal 

borohydride becomes unstable and its decomposition products will contain diborane 

impurities.
186

  For example, zinc borohydrides are relatively thermally unstable (χP = 1.6), 

releasing H2 and B2H6 during decomposition, between 85-140 °C.
187, 188

 

 Bimetallic borohydrides, MM'(BH4)n, where M and M' have different  electronegativities, 

have provided an additional route to precisely tune the thermodynamic stability.
183

  Employing 

the correct combination of cations may be used as an effective means for fine-tuning the 

thermodynamic stability of the borohydride, similar to the conventional “alloying” method for 

hydrogen storage alloys.
175, 183

  In a similar category of complex metal hydrides is a group 
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referred to as metal borohydride ammoniates (MBAs), M(BH4)n∙mNH3 (M = Li,
189-191

 Mg,
192

 

Ca,
193-195

 Y,
196

 Zn,
197

 Al,
190, 198

 V
199

).   

 Originally discovered in the 1950s,
191

 MBAs have recently gained a lot of attention as 

potential hydrogen storage materials as they are known to possess higher hydrogen capacities 

and lower dehydrogenation temperatures compare to their analogous metal borohydride.  This 

facile dehydrogenation of MBA compounds is comparable to the dehydrogenation of ammonia-

borane (AB), attributed to the intermolecular recombination of the H
δ+

∙∙∙
-δ

H dihydrogen bonds; 

substituting the weak dihydrogen interactions for the stronger covalent bond of H2.
200, 201

  

Furthermore, it was concluded that depending on the χP of the metal, the coordinated NH3 may 

act to stabilize or destabilize the complex (Figure 5.38).
202

 

   

 

Figure 5.38:  Experimentally observed decomposition temperatures (°C) of select metal borohydrides, metal borohydride 

ammoniates, bimetallic borohydrides, and bimetallic borohydride ammonites in relation to the principle metal cation 

electronegativity (χP).  Metals with χP below 1.6 are destabilized by the addition NH3 while metals with a higher electronegativity 

are stabilized.  The dotted line depicts a trend between the temperature of decomposition and the χP metal.202 

  

 This can be explained simply by the strength in which the NH3 is able to coordinate with 

the metal.  Metals of low χP have low affinity for added electron density from the NH3 and 
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therefore the NH3 is weakly held, at best.  For example, complexes with cations having χP of 1.0-

1.2 were found to release NH3 rather than H2.  On the other hand, complexes having higher 

values of χP (1.4-1.6) were found to release H2 of relatively high purity.  This revived interest in 

borohydride complexes that were once deemed ineligible for use has a hydrogen storage material 

due to the release of B2H6. 

 It should be noted that some of the complexes listed in Figure 5.38 require various 

caveats.  First, in the destabilization portion of the figure, complexes of LiBH4 and Ca(BH4)2 

with coordinated NH3 do decompose at lower temperatures however, the literature states that 

NH3 is released first and in some cases, leaving the parent borohydride behind to decompose at 

its normal temperature.
190, 193

  Catalysts and/or other additives were also employed to generate 

any H2 below the normal dehydrogenation temperature of the parent compound.  Secondly, on 

the side of the stabilized complexes, many of the non-ammoniated complexes (e.g.: Al(BH4)3, 

V(BH4)3, and Zn(BH4)2) are either only observable at very low temperatures or stabilized by 

through solvent coordination or an additional cation, and are known to release boranes during 

decomposition.
176, 187, 188, 203-206

 

 However, it wasn’t until the last decade when the strategies of bimetallic/Pauling 

electronegativities correlations with N—H
δ+

∙∙∙
-δ

H—B recombinations were utilized 

simultaneously, presenting a new pathway toward complex tuning. Bimetallic borohydride 

ammoniates allow for further improvements to dehydrogenation temperatures as shown in the 

first isolable example, Li2Al(BH4)5∙6NH3, where it demonstrated dramatically improved 

dehydrogenation properties over an analogous single-cation borohydride ammoniate.
201

   

 While LiSc(BH4)4 has previously been characterized and evaluated,
199, 207, 208

 little work 

has been done in understanding the properties of the ammoniate, LiSc(BH4)4∙4NH3, aside from 

basic dehydrogenation studies.
199

  The Pauling electronegativity of Sc is similar to Al (χP = 1.4 

and 1.6, respectively) so it is not inconceivable that the bimetallic borohydride ammoniates may 

behave similarly to each other. 

 It was the intention of this work to further understand the N—H
δ+

∙∙∙
-δ

H—B interaction of 

the LiSc(BH4)4∙4NH3 complex.  To do so, the complex was recreated as previously reported
199

 

and using isotopically labeled ammonia, yielding LiSc(BH4)4∙4ND3.  This afforded the ability to 

better compare IR spectroscopic data between the non-ammoniated parent compound, 

LiSc(BH4)4,
207, 208

 with the complexes synthesized in this work.  Deuterated ammonia was 
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employed to provide a better focus on the B bound H atoms when analyzing via IR.  It was 

presumed that variations in wavenumbers would be detectable in the IR spectra, if there was a 

strong correlation between the N—D
δ+

∙∙∙
-δ

H—B interactions, based on the heavy atom effect.  

Conversely, if no interaction was observed then wavenumbers of the BH4 groups will remain 

unchanged and mirror those of the parent compound, LiSc(BH4)4.  In addition, the spectroscopic 

data obtained from the experiments will also provide better insight into the environments the 

borohydride clusters are located within the lattice.  This information will provide a better 

understanding of potential dehydrogenation/decomposition pathways of the entire complex.  

Synthesis of the material was based on previously reported works, shown in Equations 5.1 and 

5.2, utilizing isotopically labeled ammonia.
196, 197, 199

 

 

ScCl3 + 4ND3 → ScCl3∙4ND3         (5.1) 

ScCl3∙4ND3 + 4LiBH4 → LiSc(BH4)4∙4ND3 + 3LiCl   (5.2) 

 

5.2 Experimental 

 General Considerations:  Unless otherwise stated, all reactions and sample preparations 

were carried out under an atmosphere of argon in a glovebox (Innovative Technology, Inc.) or 

using Schlenk techniques and glassware.  Anhydrous ScCl3 (99.99%, Strem) and ND3 (99 

atom % D, Sigma-Aldrich) were used, as received, without further purification.  Scandium 

chloride ammoniate and lithium scandium borohydride ammoniate samples were prepared 

following literature procedures.
199

 

 
11

B and 
45

Sc NMR analysis was performed on a Varian Inova 400 WB NMR equipped 

with a Varian-Chemagnetics 3.2 mm T-3 HX probe, with resonance frequencies of 128.38 and 

97.20 MHz for 
11

B and 
45

Sc nuclei, respectively.  Samples were subjected to MAS spun at 12 

kHz.  Sample rotors used comprised of 3.2 mm, 22 µL Zirconia sleeves with Torlon™ caps and 

drive tips.  The 
11

B and 
45

Sc NMR shifts were externally referenced to standards of 0.1 M 

aqueous boric acid (H3BO3, 19.6 ppm) as a secondary standard relative to BF3∙EtO2 (0 ppm) and 

1M aqueous Sc(NO3)3 (0 ppm), respectively.
209

 



93 

 

 Infrared analysis was conducted using a Shimadzu IRAffinity-1 Fourier Transform 

Infrared (FTIR) spectrophotometer.  Samples were diluted with anhydrous KBr, pressed into 

pellets, and loaded into a sealed chamber with NaCl salt plate windows under an atmosphere of 

argon.  Full IR spectra can be found in Appendix 3. 

  

5.2.1 ScCl3∙4NH(D)3 Preparation 

 Anhydrous ScCl3 was loaded into a sealable flask under an argon atmosphere.  The 

atmosphere was evacuated then replaced with NH3/ND3 at liquid nitrogen temperatures, 

saturating the ScCl3 with liquid NH3/ND3 upon warming to room temperature for several hours.  

Excess NH3/ND3 was removed and the sample was weighed.  This procedure was repeated until 

a constant weight or 4 equivalents of NH3/ND3 was achieved.  Stoichiometry was determined via 

gravimetric calculations.  In the event of 5 or more equivalents of NH3/ND3 were added, the 

samples were treated with heat (40-50 °C) in vacuo for 10 minutes until the desired 4 equivalents 

were obtained.  
45

Sc NMR (97.2 MHz) δ = 217.0 ppm.  

 

5.2.2 LiSc(BH4)4∙4NH(D)3 Preparation 

 Mechanochemical mixing of ScCl3∙4NH(D)3 and LiBH4 (1:4 molar ratio, respectively) 

was performed using a Fritsch Pulverisette 7 planetary ball mill using a 12 mL stainless CrNi-

steel vessel and three 10 mm diameter stainless steel balls, carrying a ball to powder ratio of 

approximately 37:1 by weight, under an atmosphere of argon.  The mixtures were milled at 400 

rpm for 6 minutes with 10 minute cool down periods, alternating directions after pause for a total 

of 30 repetitions (total 180 minutes mixing time).  
11

B MAS NMR (128.38 MHz) δ = -23.1 ppm.  

45
Sc MAS NMR (97.2 MHz) δ = 106.0 ppm. 

 

5.2.3 LiSc(BH4)4 Preparation 

 Mechanochemical mixing of ScCl3 and LiBH4 (1:4 molar ratio, respectively) was 

performed using a Fritsch Pulverisette 7 planetary ball mill using a 12 mL stainless CrNi-steel 

vessel and three 10 mm diameter stainless steel balls, carrying a ball to powder ratio of 

approximately 37:1 by weight, under an atmosphere of argon.  The mixtures were milled at 500 
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rpm for 6 minutes with 10 minute cool down periods, alternating directions after pause for a total 

of 30 repetitions (total 180 minutes mixing time). 

 

5.3 Results and Discussion 

5.3.1 ScCl3∙4NH(D)3 Preparation and Characterization 

 ScCl3∙4NH(D)3 was readily synthesized upon the addition of NH3/ND3 gas to an 

evacuated flask containing the ScCl3 powder in a mildly exothermic reaction.  The reaction 

vessel was cooled to condense the ammonia, allowing for a stirrable suspension of ScCl3 in 

liquid ammonia.  Samples were allowed to warm to room temperature for several hours before 

venting excess ammonia followed by weighing of the sample.  The procedure was repeated until 

the sample mass remained constant.  Through gravimetric analysis of the sample, it was 

calculated that 5 molar equivalents of NH3/ND3 were present in the sample.  Ideally, when 

synthesizing LiSc(BH4)4∙4NH3, ScCl3∙4NH3 was the preferred starting reagent due to the 

resulting product being more crystalline post-mechanochemically mixing.
199

  Fortunately, the 

removal of a single equivalent of ammonia could be reproducibly achieved through the heating 

of the sample at 40-50 °C for approximately 10 minutes in vacuo.  However, it should be noted 

that whether the ammoniate contained 4 or 5 equivalents of NH3/ND3, the end result still yields 

the desired tetraammoniate post-milling. 

 
45

Sc NMR analysis of ScCl3∙4ND3 was compared to the ScCl3 starting material (Figure 

5.39).  A notable shift in the resonance between the starting material and the ammoniate was 

observed, from 223 to 217 ppm, respectively.  The upfield shift and line broadening (FWHM = 

670 Hz from 200 Hz of the starting material) can be explained as a result of ND3 coordination to 

the complex, increasing the amount of shielding on the metal center by the donor electrons.   
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Figure 5.39: 45Sc MAS NMR of ScCl3 starting material (red) and ScCl3
.4ND3 (blue), at 223 and 217 ppm, respectively. 

 

 The effects of coordination, hydrogen bonding, configuration of the complex, and solvent 

interactions also resulted in a decrease in the N-H infrared stretching frequencies.
210

  

Furthermore, substitution of H atoms with D is expected to have observable effects on the IR 

spectrum.  IR analysis of ScCl3∙4ND3 (Appendix 3, Figure 5.101) revealed N-D stretching bands 

in the region between 2600 and 2100 cm
-1

, with N-D bending vibrations between 1450 and 1000 

cm
-1

.  As expected, these vibrations are much lower in wavenumber than what has been observed 

for the proteo equivalent of the ScCl3 ammoniate (Appendix 3, Figure 5.99), where N-H 

stretching is observed within the region of 3300-2780 cm
-1

 and bending vibrations within the 

region of 1630-1400 cm
-1

.
199

   

  

5.3.2 LiSc(BH4)4∙4ND3 Preparation and Characterization 

 As noted above, during the ball milling procedure, ScCl3∙5ND3 will lose one equivalent 

of ND3, resulting in the formation of LiSc(BH4)4∙4ND3 when milled with LiBH4.  It should also 

be noted that the post-milling byproduct, LiCl (Equation 5.2), was not considered to be an active 

component in all the measurements performed in this work.  

 When discussing the parent complex, LiSc(BH4)4, it was reported that the complex is 

highly symmetric.
207

  
11

B MAS NMR data of LiSc(BH4)4 revealed only a single peak at -23 ppm 

(Figure 5.40).
208

  This result indicates that all borohydride environments are equivalent to each 
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other.   Additionally, the 
45

Sc MAS NMR of the same sample also revealed a single resonance at 

approximately 109 ppm (Figure 5.41),
208

 also suggesting the same conclusion of a single Sc 

environment, leading to the conclusion of high symmetry.  

 

 

Figure 5.40:  11B MAS NMR of LiSc(BH4)4.  Figure adapted with permission from 

The Journal of Physical Chemistry C, 2009, 113, 9956-9968. Copyright 2014 

American Chemical Society.  

 

 

Figure 5.41:  45Sc MAS NMR of LiSc(BH4)4, * indicates a spinning side band.  

Figure adapted with permission from The Journal of Physical Chemistry C, 2009, 113, 

9956-9968. Copyright 2014 American Chemical Society. 

  

 The reported IR data of LiSc(BH4)4 (Figure 5.42)
207

 revealed a B-H stretching mode at 

2468 cm
-1

, assigned to the terminal H (Ht), as well as a doublet around 2200-2270 cm
-1

 

representing B-H stretching mode, assigned to the bridging H atoms (Hb). A strong peak at 

approximately 1200 cm
-1 

was observed as a result of the bridge deformation.
207

  These results 

suggested a tridentate orientation of the borohydride around the central Sc atom, when 

comparisons were made to the IR-active fundamental vibrational transitions commonly observed 

for MBH4 configurations (Table 5.13).
211

  It is worth mentioning that the vibrational properties 

depend strongly on the nature of the surrounding lattice and resulting vibrational wavenumbers 
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for the BH4 groups may differ slightly from the table.
212

  Furthermore, when DFT calculations 

were performed on the isolated [Sc(BH4)4]
-
 complex, the vibrational spectra (Figure 5.42) and 

optimized geometries (Figure 5.43) support the notion that each borohydride surrounded the Sc 

metal tetrahedrally, in a tridentate fashion.
207

 

 

 

Figure 5.42:  Comparison between experimental IR spectrum of LiSc(BH4)4 (solid line) with calculated theoretical 

DFT spectrum (dashed line) for the isolated Sc(BH4)4
- ions.  Reprinted with permission from The Journal of Physical 

Chemistry. A, 2008, 112, 7551-7555. Copyright 2014 American Chemical Society. 

 

Table 5.13:  Infrared-active fundamental vibrational transitions commonly observed for MBH4 configurations.  Reprinted 

with permission from Chemical Reviews, 1977, 77, 263-293. Copyright 2014 American Chemical Society. 

Structure 
Approx. freq. 

(cm
-1

) 

Type of internal 

coordination 

change 

Symmetry 

type 
Comments 

I 

monodentate 

2300-2450 

~2000 

~1700-2000 

1000-1150 

B-Ht stretching 

B-Hb stretching 

M-Hb stretching 

BH3 deformation 

A1, E 

A1 

A1 

A1, E 

Strong, probably a doublet 

Strong 

May be very broad 

Strong band, possible with weaker one at slightly higher frequency 

II 

bidentate 

2400-2600 

1650-2150 

1300-1500 

1100-1200 

B-Ht stretching 

B-Hb stretching 

Bridge stretching 

BH2 deformation 

A1, B1 

A1, B2 

A1 

B2 

Strong doublet, 50-80 cm
-1

 splitting 

Strong band, possible shoulder 

Strong, broad 

Strong 

III 

tridentate 

2450-2600 

2100-2200 

1150-1250 

B-Ht stretching 

B-Hb stretching 

Bridge stretching 

A1 

A1, E 

E 

Strong singlet 

Doublet, 50-80 cm
-1

 splitting 

Strong 

IV 

ionic 

2200-2300 

1050-1150 

B-Ht stretching 

BH2 deformation 

T2 

T2 

Strong, broad 

Strong, broad 
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Figure 5.43:  Structure of the Sc(BH4)4

- complex from the DFT calculations, where purple is Sc, red 

is B, and blue is H.  Reprinted with permission from The Journal of Physical Chemistry A, 2008, 112, 

7551-7555. Copyright 2014 American Chemical Society. 

 

 For comparative analysis of the parent complex and to remove any potential 

discrepancies between instrumentations, LiSc(BH4)4 was prepared in-house through the ball 

milling of ScCl3 and LiBH4 in a 1:4 molar ratio, respectively, and analyzed via IR and MAS 

NMR. The fine white powder resulted in IR data (Figure 5.44) that was in good agreement with 

the literature however, variances in the wavenumber may be accounted for due to a difference in 

instruments used.
207

  Peak comparisons are summarized in Table 5.2.  The in-house prepared 

authentic sample of LiSc(BH4)4 was analyzed via 
11

B and 
45

Sc MAS NMR, having similar 

results as the literature,
208

 at -23.1 and 106.0 ppm, respectively (Figure 5.45).  It bears 

mentioning that the small peak observed at -41.2 ppm in the 
11

B NMR spectrum belongs to 

unreacted LiBH4 and the small feature at approximately 230 ppm in the 
45

Sc NMR spectrum in 

unreacted ScCl3. 
 
Therefore, as it was apparent that the parent complex was indeed synthesized in 

lab, for the sake of this work, comparisons were made to the in-house prepared sample of 

LiSc(BH4)4 to alleviate any potential analytical discrepancies between instruments or reagents 

used. 
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Figure 5.44:  IR spectrum of the parent complex, LiSc(BH4)4, depicting the B-H stretching region of 

approximately  2700-1900 cm-1. 

  

 

Table 5.14:  Comparison between experimental IR for LiSc(BH4)4 of this 

work and reported literature values from Reference 207.  All values are in 

cm-1. 

Peak Assignment This work Literature Δ 

B-Ht 2480 2468 12 

B-Hb 2311 2259 52 

B-Hb 2241 2199 42 
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Figure 5.45:  MAS NMR analysis of LiSc(BH4)4 prepared in-house analyzed via a) 11B MAS NMR and b) 45Sc 

MAS NMR.  The small peak in the 11B spectrum at -41.2 ppm is unreacted LiBH4. 

  

 Upon inclusion of ammonia into the complex, IR data begins to exhibit new features.  

The analysis of LiSc(BH4)4∙4NH3 (Figure 5.46) possessed many of the same features of the 

parent LiSc(BH4)4 complex with a few notable exceptions.  The appearance of a small peak 

neighboring the previously assigned B-Ht stretching frequency, at 2382 and 2470 cm
-1

, 

respectively.  With the appearance of two peaks at 2470 and 2382 cm
-1

 in the IR spectrum of 

LiSc(BH4)4∙4NH3, it can be suggested that there is a level of interaction occurring between some 

(not all) of the borohydrides and ammonia.  This peak at 2382 cm
-1

 confirms that there is an 

interaction between the borohydride and the ammonia.  Furthermore, the shift in wavenumbers 

between the two complexes demonstrates a degree of perturbation to the BH4
-
 group, supporting 

the claim of interaction with an NH3 group.  It should be noted that the B-Ht stretching frequency 

in the ammoniated sample at 2470 cm
-1

 is 10 cm
-1

 lower than the B-Ht stretching frequency 

observed in the parent complex (2480 cm
-1

, in-house sample).  This may be a direct result of the 

change in electronics of the Sc metal center due to NH3 coordination. 
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Figure 5.46:  IR spectrum of LiSc(BH4)4∙4NH3 depicting the N-H and B-H stretching regions from approximately 

3500-2900 and 2650-2000 cm-1, respectively. 

 

 Difficulties in spectral analysis quickly became apparent when using deuterated ammonia 

in the synthesis of LiSc(BH4)4∙4ND3 in that the regions of N-D stretching overlapped with B-H 

stretching regions in IR.  This provided some trouble in differentiating between the two during 

peak assignments.  Fortunately, the peak assigned to the B-Ht interaction (2383 cm
-1

) in the IR 

spectrum of the LiSc(BH4)4∙4ND3 (Figure 5.47) was not hindered by the N-D stretching region 

overlap.  The B-Ht stretching frequency assigned to the BH4
-
 not demonstrating ND3 interaction 

was observed at 2471 cm
-1

.  Again, shifts in the remaining B-H stretching frequencies are 

evidence of some BH4
-
 perturbations due to ammonia interactions within the complex.  

Wavenumbers for the B-H stretching frequencies have been summarized in Table 5.15.   

 It should also be noted that there was a small peak observed at approximately 3265 cm
-1

 

in Figure 5.47.  As N-D stretching frequencies are known to overlap within the same region of 

B-H stretching frequencies, this new developing peak is more reminiscent of an N-H stretching 
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frequency.  Therefore, this peak may be suggestive of an H/D exchange between B-H and N-D, 

resulting in B-D and N-H.   Such an exchange would occur if there was an adequate interaction 

between the two groups.  Further support for this can be observed in the 1800-1000 cm
-1

 region 

of the full LiSc(BH4)4∙4ND3  spectrum, depicting small peaks mirroring the N-H deformations of 

LiSc(BH4)4∙4NH3  (Appendix 3, Figures 5.102 and 5.100, respectively).  Another theory for the 

appearance of the N-H stretching frequency in the deuterated sample is the possibility of water 

contamination during IR data acquisition, in the humid Hawaiian climate, where H/D exchange 

between the water and ammonia is suspected.  However, the samples themselves do not depict 

the characteristic broad O-H stretching frequencies around 3400 cm
-1

 associated with water, nor 

do they depict any deuterated water bending peaks. 

  

 

Figure 5.47:  IR spectrum of LiSc(BH4)4∙4ND3 depicting the overlapping N-D and B-H stretching regions from 

approximately 2700-1900. 
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Table 5.15:  Observed B-H stretching frequencies of LiSc(BH4)4, 

LiSc(BH4)4∙4NH3, and LiSc(BH4)4∙4ND3.  All values are reported 

in cm-1. 

LiSc(BH4)4 LiSc(BH4)4∙4NH3 LiSc(BH4)4∙4ND3 

2480 2470 2471 

 2382 2383 

2311 2290 2307 

2241 2249 2249 

 

 As an interesting caveat to Table 5.15, the resulting B-Ht stretching wavenumbers from 

the interactions do not show significant differences as a result from an isotope effect (H vs. D).  

This leads to a possible alternative, albeit non-classical, theory that the observed interaction may 

not be due to an N—H
δ+

∙∙∙
-δ

H—B interaction occurring at all, but rather a possible N:∙∙∙Ht—B 

interaction via lone pair donation from the N to the Ht atom of the borohydride (Figure 5.48).  

Although this theory may not seem plausible for the fact that the H atoms bound to the B are 

traditionally hydridic and carry a partial negative charge.  Having such a charge would provide 

unfavorable conditions towards accepting any additional electron density from neighboring 

sources.   In light of this, it is recalled that in the LiSc(BH4)4 parent complex that each of the 

borohydrides were aligned around the Sc atom tetrahedrally, in a tridentate fashion where three 

of the four hydrides were facing Sc with the final Ht existing as the terminal hydride.  Therefore, 

it is believed that if this N:∙∙∙Ht—B interaction were to occur, there would have to be a significant 

shift of electron density from the borohydride to the Sc atom, resulting in a decrease in the 

electron density located on the terminal H atom.  Thus, allowing for more favorable conditions 

towards electron donation from N to Ht and accounting for no discernible difference in the 

measured B-Ht stretching frequency when acted upon by NH3 or ND3.  To verify this theory, 

neutron diffraction studies would need to be conducted. 
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Figure 5.48:  Representation of the theorized N:∙∙∙Ht—B 

interaction. 

  

 Additional difficulties became obvious when considering the reported XRD crystal 

structure of LiSc(BH4)4∙4NH3 (Figure 5.49),
199

 where it was identified that the complex contains 

borohydrides that are coordinated to the Sc, trans to NH3 groups, resulting in a distorted 

octahedral complex, but also contained free NH3 and BH4 units distributed within the remaining 

spaces of the cell.  Figure 5.49 has anointed each of the four B atoms B1-B4 and the N atoms 

have been labeled N5-N8.  B1, B3, and B4 are coordinated to the Sc atom where B2 is free 

within the lattice space.  Similarly, N5, N6, and N8 are also coordinated to the Sc atom with N7 

existing within the lattice vacancies. 
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Figure 5.49:  (a) Local coordination environments of NH3 and BH4 units around Sc in a distorted octahedral geometry 

and (b) crystal structure of LiSc(BH4)4∙4NH3 viewed along the b-axis.  Figure reprinted from Acta Materialia, 2013, 61, 

3110-3119 with permission from Elsevier Limited (Nov. 07, 2014; License Number: 3503850353253). 

  

 Due to the slight variations in their environments, it should be expected that such 

subtleties would be reflected in 
11

B NMR analysis.  This was indeed the case as the 
11

B NMR 

spectrum of the complex (Figure 5.50) depicted four distinct chemical shifts for each of the 

borohydrides.
199

 

 

 

Figure 5.50:  11B NMR spectrum of LiSc(BH4)4∙4NH3 acquired at 25 °C.  

Figure adapted from Acta Materialia, 2013, 61, 3110-3119 with permission from 

Elsevier Limited (Nov. 20, 2014; License Number: 3513330123235). 



106 

 

  

 The resonance at -40.9 ppm was assigned to the uncoordinated borohydride, B2.  Due to 

the coordination of B to Sc, the subtle downfield shifts for the resonances of -38.8 and -36.4 ppm 

were assigned to boron atoms B3 and B4, respectively.  The remaining resonance at -23.8 was 

assigned to B1.  Such a large downfield shift was attributed to a strong interaction between Li 

and B1.
199

  Comparison to the collected 
11

B MAS NMR data of LiSc(BH4)4∙4NH3 and 

LiSc(BH4)4∙4ND3 (Figure 5.51) depicted similar results. 

 

Figure 5.51:  11B MAS NMR spectra of LiSc(BH4)4∙4NH3 and LiSc(BH4)4∙4ND3 samples. 

  

 There were slight observed differences between LiSc(BH4)4∙4NH3 and LiSc(BH4)4∙4ND3 

however, when comparisons were made to the literature 
11

B NMR spectrum of 

LiSc(BH4)4∙4NH3,
199

 there were a few exceptions.  Of the complexes reported herein, there were 

four distinct peaks, as previously reported.
199

  Three of the observed peaks (-23, -36, and -39 

ppm of Figure 5.51) were in good agreement to the literature values (-24, -36, and -38 ppm of 

Figure 5.50).  Although, a new peak arose at approximately -20 ppm while the peak at -41 ppm 

was absent.  It is believed that the peak observed in the literature at -41 ppm is possibly 

unreacted LiBH4 (
11

B δ = -41 ppm) and the peak at -20 ppm may be a result of a different phase 

of the complex where B is more strongly influenced by nearby Li atoms within the lattice; a 

probable result through variations in the ball milling conditions.  Further analysis of the sample 
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is required to verify this speculation.  Aside from these differences, in conjunction with the 

resulting IR data, it was further concluded that the ammoniated samples were synthesized. 

  From the crystal structure (Figure 5.49), the distances of the N bound H atoms to the 

nearest B bound H atoms were measured for each of the different environments (Figure 5.52).  

However, it should be noted that it is not possible to precisely locate hydrogen atoms using 

standard X-ray diffraction techniques due to hydrogen’s poor x-ray scattering abilities and thus, 

their positions are calculated to be the most optimized locations.  From these calculations, it can 

be speculated that the interaction observed in the IR spectra depicting the may be the interactions 

between the H atoms attached to B3 and N8 (1.919 Å), B3 and N7 (1.941 Å), or B2 and N8 

(1.993 Å).  This speculation was based on that the fact all interactions possess intermolecular 

distances below 2.0 Å, values which are in good agreement with the observed intermolecular 

N—H
δ+

∙∙∙
-δ

H—B interactions within AB (dHH = 2.03 Å),
213

 as determined via neutron diffraction 

studies.  However, when considering that B2 was previously assigned to the free borohydride 

within the lattice, it is suspected that B3 is the borohydride yielding the B-Ht stretching 

frequency of 2380 cm
-1

 as it is acted upon by N7, the free ammonia also within the lattice.  

Again, it requires mentioning that with variations between published 
11

B NMR data
199

 and the 

11
B NMR data reported here, this theory may not be applicable if the products exist in different 

phases. 
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Figure 5.52:  Schematic diagram of measured N-H∙∙∙H-B dihydrogen distances between NH3 units (N5-N8) around 

BH4 units (B1-B4) in LiSc(BH4)4∙4NH3.  The grey lines depict dihydrogen distances, measured in angstroms (Å).  

Figure reprinted from Acta Materialia, 2013, 61, 3110-3119 with permission from Elsevier Limited (Nov. 07, 2014; 

License Number: 3503850353253). 

 

5.4 Conclusion 

 The LiSc(BH4)4∙4ND3 complex was successfully synthesized and characterized following 

literature procedures.  Using IR analysis, interactions between ammonia and borohydride were 

observed, as indicated through the formation of a new peak at approximately 2380 cm
-1

, formally 

not observed in the IR of the parent complex, LiSc(BH4)4.  Furthermore, as a result of the 

ammonia-borohydride interaction, the B-Ht stretches of the borohydrides not directly interacting 

with ammonia have also been affected slightly as their stretching frequency had been lowered to 

approximately 2470 cm
-1

 from 2480 cm
-1

 of the parent complex, demonstrating perturbation of 

the entire complex.  Due to observed differences in the 
11

B NMR data gathered here compared to 

literature data, it is speculated that a new phase of the complex may have been synthesized 

however, further analysis is required to verify this claim. 



109 

 

CHAPTER 6 

CONCLUSION AND FUTURE STUDIES 

 

 High theoretical hydrogen densities, favorable dehydrogenation temperatures and kinetics 

continue to make AB a tantalizing option for a hydrogen storage material.  However, its inherent 

problems of existing as a solid at STP and polymerization upon dehydrogenation pose critical 

engineering and chemical challenges for the removal and subsequent regeneration of the 

dehydrogenated material. 

 In this work, attempts were made to tackle these challenges.  The solvation of AB into 

various imidazole solvents was explored.  These solvents dissolved AB in a 1:1 molar ratio.  

However, it was discovered that upon dehydrogenation, borane transamination to the solvent 

occurred, synthesizing imidazole-boranes with the release of NH3.  Furthermore, upon heating 

the solution, the transaminated product condenses, forming imidazabole isomers.  Inclusion of a 

catalyst allowed for the dehydrogenation of AB before transamination.  However, the catalyzed 

reaction was required to be performed at room temperature as any applied heat results in 

transamination and formation of imidazabole isomers rather than the dehydrogenation of AB.  

Therefore, despite allowing for such high loadings of AB, imidazole solvents were deemed 

unacceptable as transamination cannot be curtailed.  Following the trend of utilizing N-

heteroatom cycles, bulkier N bound substituents may prevent the transamination from occurring.  

It is also possible that performing the reactions at temperatures below 25 °C in the presence of 

catalyst may allow for greater AB dehydrogenation before any transamination occurs. 

 To limit the degree of polymerization, alterations were made to AB where NH3 was 

replaced with several amines of varying degrees of substitution.  Furthermore, the N bound 

cycloalkyl groups substituents were also selected for the possibility of also contributing H2 upon 

dehydrogenation.  Unfortunately, dehydrogenation of the cycloalkane pendent groups did not 

release any hydrogen, despite being reacted with a catalyst known for its C-H bond activating 

properties.  In many cases, the resulting products would result in polymeric solids with varying 

degrees of connectivity with few exceptions.  Use of a hydrogen acceptor molecule was included 
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but also deemed unacceptable as it was discovered that the available olefin would undergo 

hydroboration with the borane adducts.  Further studies may investigate the use of reaction 

solvents to increase the overall mobility of the molecules as well as possibly lower the degree on 

polymerization occurring across the B-N bonds as the catalyst would no longer become trapped 

in the previously observed polymer lattice.  Furthermore, other olefins for the use of hydrogen 

acceptors within the reaction however, they should be selected based their ability to resist 

hydroboration, if at all possible. 

 Another attempt made at limiting polymerization was through the introduction of a more 

rigid molecular backbone, utilizing a meta- and para- substituted benzene ring forming a 

derivative of ammonium borohydride.  The resulting gases evolved proved to be of high H2 

purity with only trace amounts of diborane.  The dehydrogenated material was then treated with 

hydrazine sulfate and ammonia for seven days, allowing for the partial regeneration of the 

starting material, forming a derivative of AB.  Although the initial starting material is near 

impossible to directly recharge with hydrogen, the fact that the AB derivative was regenerated 

from the hydrazine reaction demonstrates that it is possible to chemically regenerate the 

dehydrogenated material.  An interesting follow-up to this study would be into the synthesis and 

investigation into a 1,3,5-tris(ammonium borohydride)benzene complex.  Possessing an extra B-

N environment on the complex would add to the amount of theoretical H2 capable of being 

released however, it may add to the potential polymerization challenge. 

 An exploration was made into bimetallic borohydride ammoniates, investigating the 

potential interaction between N bound H atoms with B bound H atoms within the system lattice.  

Through IR analysis, there was a new B-Ht stretching frequency observed in the ammoniated 

samples of LiSc(BH4)4, as opposed to the non-ammoniated complex.  The appearance of a B-H 

stretch at the new frequency confirms that significant perturbation of the borohydride upon 

amination.  However, when using ND3, there was little difference in wavenumber of the new B-

Ht stretch.  This suggests that B-Ht is unaffected, or influenced very little, by isotopic 

perturbation or that the interaction does not involve N—H
δ+

∙∙∙
-δ

H—B bonding, but rather direct 

interaction of the N bound lone pair on the terminal H atom of borohydride.  Neutron diffraction 

studies are required to verify this claim however; it can be said now that an interaction does exist, 

resulting in the observation of the new B-Ht stretching frequency. 
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APPENDIX 1:  SUPPLEMENTAL SPECTROSCOPIC DATA FOR 

CHAPTER 2 

 

Figure 2.53:  1H NMR spectrum of initial AB/1-MI solution after mixing. 
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Figure 2.54:  13C NMR spectrum of initial AB/1-MI solution after mixing. 
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Figure 2.55:  11B NMR spectrum of initial AB/1-MI solution after mixing, depicting small conversion of AB (-22 ppm) to 1-MIB 

(-18 ppm). 
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Figure 2.56:  1H NMR spectrum of 1-MIB. 
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Figure 2.57:  13C NMR spectrum for 1-MIB. 
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Figure 2.58:  11B NMR spectrum for 1-MIB. 
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Figure 2.59:  Integrated 11B spectrum of Entry 1; AB/1-MI solution at 25 °C for 20 hours without catalyst. 
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Figure 2.60:  Integrated 11B spectrum of Entry 2; AB/1-MI solution at 60 °C for 20 hours without catalyst. 
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Figure 2.61:  Integrated 11B spectrum of Entry 3; AB/1-MI solution at 100 °C for 20 hours without catalyst. 
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Figure 2.62:  Integrated 11B spectrum of Entry 4; AB/1-MI solution at 150 °C for 20 hours without catalyst. 
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Figure 2.63:  Integrated 11B spectrum of Entry 5; AB/1-MI solution at 200 °C for 20 hours without catalyst. 
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Figure 2.64:  Integrated 11B spectrum of Entry 6; AB/1-MI solution at 25 °C for 20 hours with catalyst 1.  Heavy peak overlap 

results inaccurate integrations. 
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Figure 2.65:  Integrated 11B spectrum of Entry 7; AB/1-MI solution at 60 °C for 20 hours with catalyst 1. 
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Figure 2.66:  Integrated 11B spectrum of Entry 8; AB/1-MI solution at 100 °C for 20 hours with catalyst 1. 
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Figure 2.67:  Integrated 11B spectrum of Entry 9; AB/1-MI solution at 150 °C for 20 hours with catalyst 1. 
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Figure 2.68:  Integrated 11B spectrum of 1-MIB thermolysis reaction at 200 °C for 20 hours without catalyst.  Isomers 2a and 2b 

integrated to a 2:1 ratio, respectively. 
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Figure 2.69:  1H NMR spectrum of 1-MIB thermolysis reaction at 200 °C for 20 hours without catalyst.   
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Figure 2.70:  13C NMR spectrum of 1-MIB thermolysis reaction at 200 °C for 20 hours without catalyst.   
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Figure 3.71:  13C NMR spectra of cyclohexylamine-borane, 2, before (red) and after (blue) dehydrogenation 

at 200 °C for 24 hours in the presence of 11.   
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Figure 3.72:  11B NMR spectra of cyclohexylamine-borane, 2, before (red) and after (blue) dehydrogenation 

at 200 °C for 24 hours in the presence of 11.   
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Figure 3.73:  13C NMR spectra of borane-aminomethylcyclohexane, 3, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11.   
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Figure 3.74:  11B NMR spectra of borane-aminomethylcyclohexane, 3, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11.   
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Figure 3.75:  13C NMR spectra of cyclooctylamine-borane, 4, before (red) and after (blue) dehydrogenation 

at 200 °C for 24 hours in the presence of 11. 
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Figure 3.76:  11B NMR spectra of cyclooctylamine-borane, 4, before (red) and after (blue) dehydrogenation 

at 200 °C for 24 hours in the presence of 11. 



144 

 

 

Figure 3.77:  13C NMR spectra of dicyclohexylamine-borane, 5, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11.   
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Figure 3.78:  11B NMR spectra of dicyclohexylamine-borane, 5, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11.   

 



146 

 

 

Figure 3.79:  13C NMR spectra of triethylenediamine-diborane, 7, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11.   
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Figure 3.80:  11B NMR spectra of triethylenediamine-diborane, 7, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11.   
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.  

Figure 3.81:  11B NMR spectrum of the reaction of triethylenediamine-diborane, 7, with TBE at 200 °C for 

24 hours, in the presence of 11. 
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Figure 3.82:  13C NMR spectra of borane-perhydrocarbazole, 8, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11.   
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Figure 3.83:  11B NMR spectra of borane-perhydrocarbazole, 8, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11.   
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Figure 3.84:  13C NMR spectra of borane-methylperhydrocarbazole, 9, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11.   
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Figure 3.85:  11B (1H decoupled) NMR spectra of borane-methylperhydrocarbazole, 9, before (red) and after 

(blue) dehydrogenation at 200 °C for 24 hours in the presence of 11.   
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Figure 3.86:  13C NMR spectra of borane-ethylperhydrocarbazole, 10, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11.   
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Figure 3.87:  11B NMR spectra of borane-ethylperhydrocarbazole, 10, before (red) and after (blue) 

dehydrogenation at 200 °C for 24 hours in the presence of 11.   
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Figure 3.88:  1H NMR spectrum, with expanded insert, of borane-perhydrocarbazole, 8. 
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Figure 3.89:  1H NMR spectrum, with expanded insert, of cyclopentylamine-borane, 1. 
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Figure 3.90:  1H NMR spectrum, with expanded insert, of cyclohexylamine-borane, 2. 
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Figure 3.91:  1H NMR spectrum, with expanded insert, of borane-aminomethylcyclohexane, 3. 
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Figure 3.92:  1H NMR spectrum, with expanded insert, of cyclooctylamine-borane, 4. 
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Figure 3.93:  1H NMR spectrum, with expanded insert, of dicyclohexylamine-borane, 5. 
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Figure 3.94:  1H NMR spectrum, with expanded insert, of borane-piperidine, 6. 
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Figure 3.95:  1H NMR spectrum, with expanded insert, of triethylenediamine-diborane, 7. 
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Figure 3.96:  1H NMR spectrum, with expanded insert, of borane-methylperhydrocarbazole, 9. 
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Figure 3.97:  1H NMR spectrum, with expanded insert, of borane-ethylperhydrocarbazole, 10. 
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Figure 5.98:  IR spectrum of the parent complex, LiSc(BH4)4. 
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Figure 5.99:  IR spectrum of ScCl3∙4NH3. 
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Figure 5.100:  IR spectrum of LiSc(BH4)4∙4NH3. 
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Figure 5.101:  IR spectrum of ScCl3∙4ND3. 
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Figure 5.102:  IR spectrum of LiSc(BH4)4∙4ND3. 

 


