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     Ph.D. Synopsis  

The scientific community has identified hydrogen energy as a potential fuel for the foreseeable 

future. The hunt for hydrogen storage materials capable of storing hydrogen efficiently while 

remaining compact and lightweight is one of the most difficult tasks facing the emerging 

hydrogen economy. Using solid chemical hydrides with high gravimetric and volumetric 

hydrogen densities, it may be possible to overcome the difficulties associated with hydrogen 

storage. The solid-phase nature of these hydrogen storage devices provides key advantages 

such as ease of discharge, a greater kinetic, and controlled release of hydrogen equivalents at 

moderate temperatures. 

However, solid-state dehydrogenation of AB has significant restrictions, including the 

need to modify the structure of AB molecules by employing carbon derivatives or adducts. 

Ionic liquids (ILs) and Deep Eutectic Solvents (DESs), a class of environmentally friendly 

solvents, have several potential usages because of their physicochemical features. ILs and 

DESs can be utilized to sidestep the issue of thermolysis of AB and its adducts due to their low 
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vapor pressure, superior thermal stability, and molecular tunability. Due to their solubilizing 

capabilities, ILs/DESs tend to stabilize the polar and transition intermediates produced during 

the dehydrogenation process, and they effectively inhibit the onset phase of the 

dehydrogenation process of AB and its adducts. Consequently, they foster a conducive 

environment for dehydrogenation to take place. 

This thesis investigates the usage of ionic liquids (ILs) as a catalytic solvent media for 

the dehydrogenation of amine borane complexes. For the dehydrogenation study, a set of ILs 

based on methyl, ethyl, and butyl substituted pyrrolidinium, ammonium, and imidazolium 

cations with methyl carbonate [CH3COOˉ], methylsulfate [MeSO4ˉ], methanesulfonate 

[MeSO3ˉ], tetrafluoroborate [BF4ˉ], and hexafluorophosphate [PF6ˉ] anions have been selected 

for further investigation. Additionally, this work utilizes ionic liquid-based Deep Eutectic 

Solvents (IL-based DESs) and metal salt-based Deep Eutectic Solvents (Type 1 DESs). 1-

butyl-3-methylimidazolium methanesulfonate ([BMIM][MeSO3]) here is used as the hydrogen 

bond acceptor (HBA) for DESs in order to synthesize novel ionic liquid-based Deep Eutectic 

Solvents (IL-based DESs). In this case, Urea (U) and Imidazole (Im) are assumed to be the 

appropriate hydrogen bond donors (HBDs). Additionally, for the synthesis of Type 1 metal 

salt-based Deep Eutectic Solvents, choline chloride (ChCl) was considered as a hydrogen bond 

acceptor (HBA), whilst metal (II) chloride based on zinc and tin atoms was used as a metal 

halide salt, resulting in the design of Type 1 DESs. 

The thesis begins by discussing the use of pyrrolidinium and ammonium-based ILs. 

Initially, ILs were employed to aid in the dehydrogenation of chemical hydrides, specifically 

ammonia borane (AB) and ethylene diamine bisborane (EDAB). Additionally, a conductor-

like Screening Model-Segment Activity Coefficient (COSMO-SAC) thermodynamic model is 

utilized to screen out potential solvents from a large number of cations and anions. The 

dehydrogenation assays conducted in the presence of pyrrolidinium and ammonium cation-
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based ILs revealed that ammonium-based ILs outperformed pyrrolidinium-based ILs, releasing 

1.46 and 3.50 equivalents of hydrogen from AB and EDAB, respectively. In addition, 1H and 

11B NMR validates the catalytic activity of ILs and the reaction mechanism for the 

dehydrogenation of chemical hydrides. However, as previously documented, the effect of 

anions' hydrogen bond basicity (β) on the catalytic process was non-existent during the 

preliminary dehydrogenation process. This prompted us to investigate the dehydrogenation 

reaction in the presence of imidazolium-based ILs and anions with varying β-value. Following 

dehydrogenation experiments on AB and EDAB in the presence of imidazolium-based ILs, it 

was determined that the effect of anions basicity on the dehydrogenation process is a 

controlling parameter in the presence of imidazolium cation. [MeSO4ˉ] anion with a β-value 

of 0.71 coupled with [Bmim]+ cation was capable of releasing 2.18 and 3.66 equivalents of 

hydrogen from AB and EDAB, respectively. Furthermore, a DFT-based calculation was 

performed to verify the origin of anion's basicity and its effect on the dehydrogenation process 

at the molecular level.   

The economics of ILs are impeding their industrial deployment. Whereas in 

dehydrogenation, the inability to regenerate chemical hydrides in on-board devices necessitates 

us to use DESs. Due to the solubility of the polymer species formed during the reaction in ILs, 

the regeneration of chemical hydrides or the catalytic solvent is complicated. This transition 

focuses on the possibility of DESs as a catalytic solvent in the dehydrogenation reaction. The 

investigation continues by examining the type 1 metal salt-based DES formation mechanism, 

which was previously unknown. The design of DESs was thoroughly investigated using a 

combination of experimental and DFT-based computational methodologies. To validate the 

synthesis of DES, FTIR spectroscopy was used. Optimized geometries, interaction energies, 

and atom in molecules (AIM) and reduced gradient (RDG) analysis demonstrated the presence 

of electrostatic and hydrogen bond interactions in DES systems. 
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Additionally, higher dehydrogenation rates were observed with AB and EDAB in  IL-

based DESs due to their ionic nature and increased thermal stability. TGA analysis 

demonstrates no mass loss above 150°C, indicating that IL-based DES can be used as a catalytic 

solvent for the dehydrogenation of amine boranes at elevated temperatures. By stabilizing the 

transition species formed during the dehydrogenation process, [BMIM][MeSO3]:[Urea], IL-

based DES offered an optimal catalytic environment. [BMIM][MeSO3]:[Urea] produces 3.2 

equivalents of hydrogen gas, which is significantly less than its IL component 

[BMIM][MeSO3]. In the next part, a type 1 metal salt-based DES constituted of ChCl and metal 

(II) halide salts was used as a catalytic solvent in the dehydrogenation process. ChCl: ZnCl2 

produced 3.89 equivalents of H2, which was significantly more than the solvent systems used 

in this investigation. This study leads to the establishment of DES as a novel catalytic media 

for the thermolytic dehydrogenation of chemical hydrides.  

The present thesis also investigated a novel hydrogen storage carrier, morpholine 

borane complex (MBC). Experimental investigations were conducted to verify the 

dehydrogenation of MBC in its solid-state, which resulted in the release of 0.6 equivalents of 

hydrogen gas and a more extended induction period compared to AB and EDAB. MBC was 

dehydrogenated for the first time in the presence of protic ILs, which are well-known for their 

catalytic activity. The addition of protic ILs improved the dehydrogenation of MBC, resulting 

in the release of 1.62 equivalents of hydrogen gas via an intramolecular and intermolecular 

dehydrogenation that was confirmed using 11B NMR and DFT-based transition state 

calculations. Figure S1 provides an overview of the thesis. 

Keywords: Ionic Liquids, Deep Eutectic Solvents, AB, EDAB, MBC, DFT, AIM, NCI 
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Figure S1: Schematic outline of the current thesis 
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1.1. Hydrogen as a Future Fuel  

 

The term "hydrogen economy" has gained traction in recent years. To put it another 

way, a hydrogen economy is a picture of the future in which electric power will be created not 

by direct combustion of fossil fuels or nuclear fission but rather through the electrochemical 

oxidation of hydrogen in a fuel cell device.1 There are significant prospects of replacing 

conventional power plants with hydrogen-powered fuel cells, whether on the grid or distributed 

energy applications. Aside from that, there is a great deal of interest in discovering alternatives 

to fossil fuels for use in transportation applications.2 Internal combustion engines (ICEs) 

powered by hydrogen are also an alternative for transportation, which is the reason that this 

hydrogen consumption method is included in the hydrogen economy vision.3 Finally, several 

ventures are researching tiny fuel cells as a potential replacement for batteries in 

portable/mobile applications such as laptop computers and mobile phones. 

 

 

Figure 1.1: Different applications of hydrogen as a fuel source 

Hydrogen storage and delivery must be resolved prior for the hydrogen economy to be 

accomplished on a national or global scale, regardless of the use.4 Other critical concerns 

include developing low-cost, sustainable, and effective methods for hydrogen production and 
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distribution, as well as enhancing the efficiency and dependability of the fuel cell and lowering 

its cost. International research is being conducted on these critical concerns, and a list of 

possible science and technology reviews are accessible.5 

When it comes to petrochemical applications, hydrogen production, storage, transport, 

and use are well matured and well-developed. However, hydrogen storage and generation for 

the hydrogen economy, as stated above, are now under development.6 In addition to the ways 

to hydrogen storage and transport that are currently under active study and development, there 

are various other approaches that have been discussed in studies that are both scientific and 

application-oriented.7 A multitude of chemical processes can release hydrogen, which can then 

be used in a fuel cell or an ICE.8 Complex chemical hydrides have also been found to be capable 

of storing hydrogen in the solid form at temperatures and pressures that are close to ambient.9 

The thermophysical properties of chemical hydrides and reaction products are particularly 

important for sizing storage and heat management equipment.10 The selection of catalysts and 

the design of the reactor for hydrogen delivery to the power conversion device is ultimately 

dictated by the kinetic characteristics of the hydrogen, in conjunction with the 

thermochemistry.11 Naturally, economic analysis, security, and transportation infrastructure all 

play a role in the hydrogen economy, and these concerns can be handled through the use of 

various hydrogen storage materials.12 In comparison to alternative hydrogen storage 

technologies, chemical hydrides will be our primary emphasis, primarily due to their high 

hydrogen content and ability to release a significant amount of hydrogen at moderate 

temperatures and a faster reaction rate.13 

1.2. Chemical Hydrides 

Hydrogen, one of the cleanest sources of energy, is gaining a lot of attention lately since 

it has the potential to replace fossil fuels and petrochemical resources.14 In our pursuit of a 

hydrogen-powered economy as a long-term solution to the world's energy concerns, one of the 
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most difficult hurdles is the discovery of effective hydrogen storage materials.15 One of the 

major obstacles is the lack of onboard hydrogen storage, which limits the use of hydrogen as a 

fuel for vehicular applications and fuel cells.16 As a result, much research has been conducted 

to exploit promising hydrogen storage materials, such as metal-organic frameworks, chemical 

hydrides, and metal hydrides, in order to overcome this barrier.17  

This resulted in the investigation of a number of chemical hydrides, which, upon heat 

disintegration, release a significant amount of hydrogen gas.18 The amine borane family of 

compounds, commonly known as B-N compounds, may be considered a contender for 

hydrogen storage.13 It is well established that B-N compounds have hydrogen linked to the B 

and N moieties, which can be desorbed at a moderate temperature in the presence of a solvent 

or a catalytic system.19 In the amine borane family, ammonia borane (AB) is the most basic 

compound and has been discovered as a promising chemical hydride storage medium due to 

its high hydrogen weight percent (19.6 wt%) and probable regenerability.20 As illustrated in 

Fig.1.2, AB has a higher gravimetric density than the majority of other documented chemical 

systems. This combined capacity and stability has rekindled interest in ammonia borane as a 

hydrogen storage carrier.21 An ample study has been carried out during the initial years after 

the first synthesis and characterization of Ammonia Borane (NH3BH3) by Sheldon Shore in the 

late ’50s.22 The polar nature of ammonia borane (5.2 debye) thus contributes to the physical 

properties where an extensive network of dihydrogen bonding between amine and boron 

species of adjacent ammonia borane molecules has been suggested as a key phenomenon that 

dictates dehydrogenation from ammonia borane in the solid-state.23 

The breakdown of AB can also result in the production of borazine and ammonia gas, 

both of which are highly hazardous in nature and can congest fuel cells.24 Numerous attempts 

have been made to resolve this issue, many of which entail altering the structure of ammonia 

borane via the use of carbon derivatives or adducts of AB molecules.25 Although partial 
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dehydrogenation of ammonia borane can be generated thermally in the solid-state, milder 

conditions and more controlled reactions are required for the process to be beneficial for 

hydrogen storage. Given these considerations, it is known that carbon substituted amine 

boranes such as ethylene diamine bisborane (EDAB),26 tert-butyl amine borane (TBAB),27 

methyl amine borane (MeAB),28 and sec-butyl amine borane (SBAB)29 exist. These amine 

boranes release less hydrogen but do not produce volatile or hazardous compounds.  

 

 
 

Ammonia Borane (AB) (19.6 wt%) Methylamine Borane (MeAB) (11.23 wt%) 

 

 

Hydrazine Borane (HAB) (15.38 wt%) Tert-Butylamine Borane (TBAB) (5.80 wt%) 
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Ethylenediamine bisborane (EDAB) (11.49 wt%) 

 

 

 

 

Dimethylamine Borane (DMAB) (6.84 wt%) Trimethylamine Borane (TMAB) (5.53 wt%) 

  

           Figure 1.2: Various chemical hydrides and their hydrogen content 

Carbon replacements for amine borane complexes were introduced into practice with 

the advancement of technology and resources. Despite the fact that it contains a high amount 

of hydrogen, hydrazine borane (HAB) cannot be used as a hydrogen storage carrier due to its 

instability and explosive nature at higher temperatures.30 Given its higher gravimetric density 

(11.5 weight percent), EDAB was adopted for the dehydrogenation reaction in this application. 
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Ethylene diamine bisborane (EDAB), a white crystalline molecule with outstanding kinetic 

stability, is a hydrogen storage carrier with the promise to be a credible alternative to ammonia 

borane.31 In comparison to AB, it is more stable at temperatures below 100°C and releases 

approximately 10.0 wt% of molecular hydrogen without discernible toxins between 100 and 

200°C, at ambient pressure.32 At temperatures greater than 120°C, Neiner et al. demonstrated 

that EDAB releases hydrogen at a quicker rate than ammonia diborane.33 However, as a 

potential solid-state hydrogen carrier, EDAB confronts a shorter induction period than AB. To 

circumvent the problems associated with solid-state dehydrogenation, solvent-assisted 

dehydrogenation approaches induced by environment-conscious solvents such as ionic liquids 

(ILs)34, and Deep Eutectic Solvents (DESs)35 have been developed. 

1.3. Ionic Liquids and their Usage as a Thermal Dehydrogenation Media 

ILs can be defined as a substance that is solely made up of ions, organic cations, and 

organic/inorganic anions, which is liquid at temperatures close to the ambient temperature and 

does not crystallize at room temperature.36 Additionally referred to as room temperature ionic 

liquids (RTILs), these solvents have been proven to be peculiar solvents owing to the 

distinctive features dictated by their structure and interactions occurring within the system. 

RTILs are usually made up of large organic cations and inorganic or organic anions.37 The 

cations based on imidazolium or pyridinium rings with one or more alkyl groups linked to the 

nitrogen or carbon atoms are the most usually regarded for extraction and synthesis, while 

quaternary ammonium salts have been widely implemented for electrochemical 

applications.38 The most frequently employed ions are halide (Cl, Br), tetrafluoroborate (BF4), 

tetrafluoroaluminate (AlCl4), hexafluorophosphate (PF6), and bis(perfluoromethyl-

sulfonyl)imide anion (CF3SO2)2N. 39 
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Since a long time, the catalytic abilities of ILs have been considered in a wide variety 

of applications.40 Since their inception, ILs have been routinely employed in the catalytic 

dissolution of lignocellulosic biomass. Due to the solvent's ability to dissolve pure cellulose, 

lignin, and hemicellulose, the researchers investigated the solvent's potential to dissolve raw 

lignocellulosic biomass.41 Moyna and colleagues first described the use of [Bmim][Cl] and its 

capacity to dissolve a variety of wood species with differing degrees of hardness.42 Li and Zhao 

demonstrated that raw cellulose might be hydrolyzed in [Bmim][Cl] in the presence of mineral 

acids such as H2SO4, HCl, HNO3, and H2PO4.
43 The research revealed that the acidity of the 

acids in the presence of IL is a critical parameter in the hydrolysis of cellulose. Several other 

fields of research demonstrate the broad utility of ILs in homogeneous and heterogeneous 

catalysis.44  

The first homogeneous catalysis reaction to utilize RTILs was a transition metal 

catalysis reaction. Using a Ziegler-Natta catalyst, the reaction involved the use of weakly acidic 

imidazolium-based chloroaluminates for the polymerization of ethylene.45 However, 

chloroaluminate-based ILs are notoriously moisture-sensitive and rapidly hydrolyze to 

hydrochloric acid and aluminum oxides, which is a significant disadvantage for a process. To 

make the process more efficient, researchers also opted to substitute the chloroalumiante anions 

with tetrafluoroborate or nitrate anions, known as hydrolytic stable anions. Emphasis is being 

placed on expanding the anions accessible for modifying and optimizing the catalytic 

performance of ILs. Numerous heterogeneous catalytic reactions have benefited from the use 

of task-specific ILs (TSILs), which are composed of various cations and anions.46 In general, 

regardless of its nature, the use of an IL in heterogeneous catalysis results in an increase in 

reaction activity. There are just a few instances where adverse impacts are documented when 

IL is used, owing to mass transportation constraints. However, these concerns can be solved 
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by gaining a better understanding of the IL system required for a specific reaction, which can 

have a positive effect on the reaction's desired yield.47 

Due to their physicochemical properties, IL's are advantageous for a variety of 

applications in the field of hydrogen storage.48 In their initial work, Sneddon et al. have 

demonstrated that IL's are capable of acting as promoting solvents for the dehydrogenation of 

amine boranes.49 Due to their low vapor pressure, excellent thermal stability, and molecular 

tunability, ionic liquids can be used to circumvent the problem of thermolysis of amine borane 

and its adducts (Figure 1.3). Since ILs have a solubilizing property, they are an excellent 

alternative for use as solvents in a broad array of applications. Due to their solubilizing 

properties, ILs tend to stabilize the polar and transition intermediates generated during the 

dehydrogenation process, and they are effective in suppressing the onset phase of the 

dehydrogenation process of ammonia borane and its adducts. Consequently, it creates favorable 

conditions for dehydrogenation to occur.  

 

 

Figure 1.3: Various applications and properties of Ionic Liquids (ILs) 
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Himmelberger and colleagues demonstrated in another study that the release of 

hydrogen equivalents from ammonia borane can be significantly increased by the addition of 

ionic liquids.50 These systems facilitate the generation of hydrogen gas at low temperatures, 

with high reaction rates and total hydrogen yields. The addition of ILs lowers the activation 

energy required to initiate the rate-determining reaction, namely the formation of an ionic 

intermediate species diammoniate of diborane [DADB]. It was discovered that the rate-

determining step is the formation of DADB.51 The increased reaction rate and decreased 

operating temperature are attributed to the stabilization of DADB in a more bronsted basic 

environment offered by some task-specific ionic liquids (TSILs). When compared to solid-state 

dehydrogenation of AB, the time required for hydrogen liberation is significantly reduced when 

employing ILs for the solvent-assisted dehydrogenation of AB. On dehydrogenation, solid-

state AB generated 0.9 equivalents after an induction period of 3hrs when operated at 85°C, 

but a mixture of AB/IL produced 1.0 equivalent of hydrogen gas within 67 minutes; and 2.2 

equivalents of hydrogen in 330 minutes at 85°C with a minimal induction duration.52  

The study of reaction kinetics in both domains, namely solid-state ammonia borane and 

ammonia borane with ionic liquids, has been limited due to the fact that each domain requires 

a unique modeling strategy.53 Sahler and his colleagues carried out studies with a variety of 

ionic liquids to determine their catalytic influence on the dehydrogenation of ethylene diamine 

bisborane (EDAB). They investigated the catalytic activity of many different catalytic solvents 

based on imidazolium and pyrrolidinium cations. This system is capable of delivering around 

6.5 wt% hydrogen at 140°C, which is comparable to the capacity of traditional hydrogen 

storage systems. The authors explored the relationship between the polarity of the ILs and the 

amount of hydrogen produced, where an analysis of the appropriateness of the results for 

hydrogen storage devices were discussed.54 
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 As part of the same field of research, Zhang et al. reported the hydrogen (H2) 

production and reaction rate measurements of ammonia borane (AB) thermolysis in both its 

pure form and with the addition of an ionic solvent, 1-butyl-3-methylimidazolium chloride 

([bmim][Cl]).55 All measurements were carried out under quasi-isothermal conditions at 

varying temperatures ranging from 85°C to 120°C. For the first time, the specifics of rapid 

hydrogen evolution at the initial step of the thermolysis process have been documented. As a 

result of their investigation, they concluded that the addition of [bmim][Cl] resulted in a 

considerable increase in both the rate and amount of hydrogen equivalents emitted compared 

to the same amounts at equal temperatures for neat thermolysis of AB. Ahluwalia et al. 

proposed a model for ammonia borane dehydrogenation facilitated by imidazolium-based IL 

on the basis of data from an isothermal batch reaction.56 The proposed system was capable of 

releasing 2.35 equivalents of H2 at a temperature greater than 200°C. Modifications were done 

to the Avrami-Erofeyev model to account for the two-step dehydrogenation scheme. The 

Adams-Bashforth-Moulton method was used to solve the ordinary differential equations. 

In a recent work, Banerjee et al. demonstrated the dehydrogenation of ethylene diamine 

bisborane (EDAB) using allyl-based imidazolium cations at three distinct temperatures and 

under vacuum circumstances.57 The allyl-based ionic liquid (IL) was chosen based on its 

infinite dilution activity coefficient (IDAC), which was predicted using the COSMO-SAC 

(COnductor-like Screening MOdel-Segment Activity Coefficient) model. At 115°C, the 

EDAB/[AMIM][Br] system produced the maximum amount of hydrogen (3.25 equivalents). 

Kundu et al. proposed ionic liquid (IL) aided dehydrogenation of tert-butylamine borane 

(TBAB) at a moderate temperature of 90°C and 105°C.58 For the purpose of screening probable 

IL solvents, (COSMO-SAC) based thermodynamic model was used to predict the solubility of 

TBAB in various ILs. At 105°C, TBAB/[Bmim][OAc] released 1.95 equivalents of hydrogen, 

while TBAB/[TDTHP][Phosph] produced 1.63 equivalents after 360 minutes of 

TH-2826_166107108



Introduction   Chapter 1 

Page 12 
 

dehydrogenation. Banerjee et al. devised a strategy for screening ILs for subsequent EDAB 

dehydrogenation. Initially, the ILs were screened using the quantum chemical-based COSMO-

SAC model. To avoid the existence of impurities and moisture, the thermal dehydrogenation 

of EDAB was carried out at 95°C and 105°C in a vacuum.59 At 105°C, desorption of 

EDAB/[BMIM][OAc] and EDAB/[EMIM][OAc] resulted in the release of a total of 3.96 and 

3.52 equivalents of hydrogen, respectively. The released gases during the dehydrogenation 

experiment were analyzed using the gas chromatographic (GC) analysis. A brief quantum 

chemical-based DFT calculations were performed to understand the mechanism of IL-induced 

dehydrogenation of EDAB. The capacity to dissolve polar and non-polar organic, inorganic, 

and polymeric molecules is a well-known property of imidazolium cation-based ILs. They are 

used widely in catalytic reactions such as biomass treatment, extraction, and separation.55 

Despite their lower cost and documented physicochemical features, ammonium and 

pyrrolidinium cation-based ILs have not been explored in the accessible literature for 

dehydrogenation of AB and EDAB.46 

However, ILs are not commonly used in industrial applications at the moment due to 

their high cost and toxicity concerns. It is possible that the continuous development and usage 

of these solvents will result in inadvertent discharge and pollution, which has not been explored 

so far. Chemical and thermal stability, as well as non-volatility, are among the characteristics 

that make them attractive as a prospective industrial target. However, degradation and 

persistence in the environment are two issues that they may encounter. In general, a lack of 

knowledge and uncertainty about the environmental impact of ILs is a significant impediment 

for use in industry.60 Attempts have been undertaken to circumvent this limitation and gain a 

rudimentary understanding of how ILs respond in aqueous environments.  

Recently, DESs have been discovered as novel IL analogues developed as green solvent 

substitutes to regular ILs because of their ease of preparation, high purity, and low cost 
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compared to more traditional ILs.61 This is precisely the domain in which we desire to 

investigate these solvents. 

1.4 Deep Eutectic Solvents 

DESs are defined as the formation of particular interactions, primarily hydrogen bonds, 

between two molecules, specifically a Hydrogen Bond Donor (HBD) and a Hydrogen Bond 

Acceptor (HBA).63 This results in the formation of a new chemical entity with a lower melting 

point than the precursor compounds. DESs, in particular those derived from natural sources, 

have been discovered, and it is anticipated that these compounds will be converted into a new 

class of chemicals appropriate for a wide variety of applications in the near future.  Overall 

experimental studies have assessed both environmental concerns and energy conservation.35 

The latter is attainable through the design of novel eutectic systems based on their structure 

and properties, with the ultimate goal of inventing and optimizing industrial processes based 

on thermal dehydrogenation of amine boranes. An important advantage lies in the fact that 

DESs have solvent qualities similar to those of RTILs while being significantly less expensive, 

more readily synthesized, highly pure, nontoxic, and biodegradable. 

DESs can be generally divided into four groups based on the nature of the complexing 

agent that is used in their synthesis. DESs of type I are formed of quaternary ammonium salt 

(QAS) and metal halide salts, while DESs of type II are composed of QAS and metal 

salt hydrate. DESs of type III are composed of QAS and hydrogen bond donors (HBD), such 

as amides, alcohols, and carboxylic acids. The final class of DESs, namely type IV, comprises 

metal halide salts and HBD.62 The various types of reported DESs are mentioned in Table 1.1.  
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Table 1.1: Types of DESs, their general formula, terms and examples 

Types General Formula Terms Example 

Type I Cat+X- +zMClx M = Zn, In, Sn, Al, Fe ChCl + ZnCl2 

Type II Cat+X- +zMClx.yH2O. M = Cr, Ni, Cu, Fe, Co ChCl + CoCl2.6H2O 

Type III Cat+X- +zRZ M = Cr, Ni, Cu, Fe, Co ChCl + Urea 

Type IV MClx +zRZ M = Zn, Al and Z = OH, 

CONH2 

ZnCl2 + Urea 

 

The physicochemical properties of type III eutectics produced from choline chloride 

and hydrogen bond donors have drawn attention because of their capacity to solvate a wide 

spectrum of transition metal species, including transition metal chlorides and transition metal 

oxides.63 In 2004, Abbot et al. identified the type III deep eutectic phenomena for a 1:2 molar 

ratio combination of choline chloride (ChCl) and urea (U).64 ChCl is a QAS that acts as an 

HBA with a melting temperature of 302°C, while urea is an HBD with a melting point of 

133°C. The result of the mixture is a eutectic that freezes at 12°C. Thus, the eutectic mixture's 

freezing point is lowered by 178°C. A limitless number of DESs can be synthesized from the 

chemicals now accessible because there is a vast number of salts and HBDs that can be 

employed in the DES synthesis process. They have proven to be quite versatile, with a diverse 

variety of potential applications being examined, including the removal of glycerol from 

biodiesel, the processing of metal oxides, and the synthesis of cellulose derivatives, among 

others.65 Until yet, only a limited number of DESs have been used. The future holds tremendous 

promise for expanding the types of salts and hydrogen bond donors used, hence expanding the 

applications of these solvents, most notably as a thermal medium, catalytic media, and 

separation, and extraction solvent.66 
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Figure 1.4: Various properties and applications of Deep Eutectic Solvents (DESs) 

It has been demonstrated that ILs and molten salts may be utilized in redox flow 

batteries (RFBs) in the past, and Sandia National Laboratories has suggested and deployed 

metal ion-based ILs.67 Recently, Chakrabarti et al. proposed that Deep Eutectic Solvents 

(DESs) might be used in a variety of applications, including electrolytes for lithium-ion 

batteries and possibly fuel cells.68 The work provides an overview of distributed energy 

systems and analyzes the feasibility of incorporating them into renewable energy storage and 

load balancing applications at the utility scale. It begins with a review of energy storage 

technologies and the RFB and then goes on to provide information about ILs and DESs, as well 

as their applications in electrochemistry and energy conversion, among other things.69 

In general, the literature review reveals that the majority of work is conducted with 

imidazolium-based ionic liquids.49,52,54,55 Due to their advantageous properties, such as low 

densities, viscosities, and melting points, ammonium and pyrrolidinium cation-based ILs are 

investigated in detail in this work to verify their application in the dehydrogenation of amine 

borane compounds, a process that has remained unexplored to date. With the investigation of 
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dehydrogenation of amine borane derivatives in the presence of ionic liquids, several 

significant effects such as hydrogen bond basicity of anions, the effect of anions, and the effect 

of cations are uncovered. Further thermal dehydrogenation of ammonia borane and its 

derivatives using Deep Eutectic Solvents (DESs) have yet to be investigated. 

1.5. Objective of the Thesis 

The aim of this thesis is to investigate the dehydrogenation of amine-borane complexes 

in the presence of non-toxic solvents such as Ionic liquids (ILs) and Deep Eutectic Solvents 

(DESs). To gain a better knowledge of the dehydrogenation process and to design solvents that 

will address future requirements, comprehensive experimental work and accurate 

computational models are essential. As a result, this thesis addresses both experimental and 

theoretical aspects. In view of the existing literature and knowledge gap indicated in the 

previous sections, the following objectives have been established for the thesis study. 

a) Assessment of prospective ionic liquid systems using COSMO-SAC model for 

solubilizing ammonia borane (AB) and ethylene diamine bisborane (EDAB) and their 

effect in thermal dehydrogenation of chemical hydrides.  

b) Screening of potential Deep Eutectic Solvents, i.e., hydrogen bond acceptor (HBA) and 

hydrogen bond donor (HBD) for the thermal dehydrogenation of amine boranes. 

c) To understand the formation mechanism of type 1 Deep Eutectic Solvents and their 

interaction with chemical hydrides using quantum chemical calculations.   

d) Preparation and characterization of DESs and their application in thermal 

dehydrogenation of ammonia borane (AB) and ethylene diamine bisborane (EDAB) 

complexes. 
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e) Thermal dehydrogenation of novel hydrogen storage material morpholine borane in 

the presence of acidic ILs and obtain the transition state search for the onset of 

dehydrogenation of morpholine borane using DFT calculations. 

 

1.6. Outline of Thesis 

The current thesis is organized into the following chapters. The schematic outline of the current 

thesis is presented in Figure S1.   

A variety of scaffolds which exist to serve for the dehydrogenation of chemical hydrides 

in solid form are described in Chapter 1. Scaffolds can be catalytic, non-catalytic, or solvent 

systems. Dehydrogenation of chemical hydrides in the solvent state provides a number of 

advantages over catalytic and hydrolytic dehydrogenation. Significant technical hurdles remain 

unanswered despite using ionic liquids (ILs) in prior reported studies. When it comes to their 

catalytic effect in the dehydrogenation process, only a small number of ILs have been studied 

thus far. Additionally, until now, a precise molecular level understanding of the 

dehydrogenation mechanism is unknown. As an alternative, the possibility of Deep Eutectic 

Solvents (DESs) as a catalytic solvent for dehydrogenation has not been investigated to date. 

To address this knowledge gap, we have explored the dehydrogenation of amine boranes in 

ionic liquids (ILs) and innovative solvents, including Deep Eutectic Solvents (DESs).  

In Chapter 2, ammonia borane (AB) and ethylene diamine bisborane (EDAB) are 

dehydrogenated using ionic liquids (ILs). The COSMO-SAC model was used to predict the 

solubility of hydrides AB and EDAB in ILs. A comparative set of experiments were conducted 

to verify the effect of anions' basicity and its impact on the dehydrogenation of amine boranes. 

We performed density functional theory (DFT) calculations on the ILs to get additional insight 

into the ion-pair interaction between chemical hydrides and various functional groups of 

cations and anions. Following the dehydrogenation of amine boranes in the presence of ILs, 
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we have concentrated on the dehydrogenation of AB and EDAB in the presence of solvents 

that have not been used in this process, namely Deep Eutectic solvents (DESs). 

Chapter 3 focuses on understanding the mechanism involved in the formation of Type 

I-based Deep Eutectic Solvents at the molecular level. We have described the molecular 

mechanism of the formation of metal salt-based Deep Eutectic Solvents (DESs) in this chapter 

and their charge transfer analysis and thermodynamics related to their formation, using density 

functional theory (DFT) calculations. The experimental approach of FTIR spectroscopy was 

used to validate the mechanism involved into the formation of DES. Additionally, the atom-in-

molecules (AIM) and non-covalent interactions (NCI) analyses indicate that DES systems 

exhibit a significant electrostatic connection. The frontier molecular orbital analysis was used 

to determine the chemical stability and reactivity of the investigated DES complexes. This 

experimental and computational investigation revealed key chemical details about the design 

of these inexpensive ionic liquid mimics. 

Chapter 4 advances with the knowledge of the formation mechanism of DESs that will 

facilitate its future use in dehydrogenation experiments. This chapter discusses the 

dehydrogenation of chemical hydrides, specifically ammonia borane (AB) and ethylene 

diamine bisborane (EDAB), in the presence of newly synthesized ionic liquid-based Deep 

Eutectic Solvents, referred to as. In the introductory section, the COSMO-SAC model was used 

to predict the solubility of AB and EDAB in the given DES. Following the selection of an 

appropriate solvent, the DES was prepared in the desired molar ratio. It also investigated the 

dehydrogenation of AB and EDAB systems in DES. A comprehensive examination was 

conducted to compare the dehydrogenation capacities of ILs and IL-based DESs. It also 

compared the dehydrogenation capacities of ILs and IL-based DESs. The findings revealed the 

fact that Deep Eutectic Solvents based on ionic liquids might be employed as a solvent-catalytic 

media in the thermolytic dehydrogenation of amine borane derivatives. The investigation of 
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thermolytic dehydrogenation prompted us to investigate dehydrogenation in the presence of 

Type I DESs. During the initial stages of the dehydrogenation reaction, a shorter induction 

period was noted, which can be linked to the high viscosity of the DES systems'. This lag is 

visible in our DES-facilitated dehydrogenation experiment, and it prevents the prospect of 

developing a lower viscosity solvent capable of enhancing both reaction and dehydrogenation 

rates concurrently. 

With an eye on developing innovative hydrogen storage carriers, chapter 5 discusses 

the dehydrogenation of morpholine borane (MB), a novel chemical hydride that has the 

potential to be exploited as a hydrogen storage carrier in the future. For the first time, we 

compared solid-state and ionic liquid-mediated dehydrogenation of the morpholine borane 

complex. To identify the optimal ionic liquid solvent for the dehydrogenation experiment, the 

COSMO-SAC model was used. In order to predict the mechanism responsible for the hydrogen 

release from MB, 1H, and In-situ 11B NMR experiments were conducted. It also reports the 

intramolecular process of hydrogen release from the MB complex using density functional 

theory (DFT)-based transition state calculations. Finally, chapter 6 summarizes the major 

findings of this thesis work and a discussion of potential avenues for future research. 
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2.1. Chapter Abstract 

This chapter reports the thermal dehydrogenation of chemical hydrides, namely 

ammonia borane (AB) and ethylene diamine bisborane (EDAB), in the presence of neoteric 

ionic liquids based on methyl carbonate anions. Initially, the COSMO-SAC model was 

performed to predict the Infinite dilution activity coefficient (IDAC) values for the solubility of 

AB and EDAB on the pyrrolidinium and ammonium-based cations. Based on the screening 

study, 1-butyl-1-methylpyrrolidinium methyl carbonate[Bmpyr][CH3CO3] and 

tributylmethylammonium methyl carbonate[TBMA][CH3CO3] were selected for our 

dehydrogenation studies. It was observed that the latter performed remarkably well in terms 

of equivalents of hydrogen released, which is primarily due to the higher stability of the 

intermediate in the polar medium of IL. Here [TBMA][CH3CO3] gave a cumulative release of 

3.50 equivalents of hydrogen with EDAB at 105°C. The 1H NMR spectroscopy technique 

confirmed the catalytic sum solvent role of IL. The electronic structure elucidation of individual 

ILs and ILs-chemical hydrides complexes was then performed at the M06-2X/6-311++G(d,p) 

level of theory. The DFT calculations, along with the HOMO-LUMO analysis, pointed out the 

fact that the active sites mainly existed within the methyl carbonate anions. Overall the 

dehydrogenation pathway was initiated by the formation of hydrogen-bonded interactions 

between the protic moieties of the hydrides and the anionic part of the ILs, respectively.  

In the later section, a detailed study on the dehydrogenation of chemical hydrides was 

performed using the imidazolium-based ILs, to verify the effect of hydrogen bond basicity of 

the anionic moiety on the dehydrogenation process. The imidazolium-based ILs coupled with 

anions having higher β values are believed to be a better catalytic solvent for the process, 

whereas this effect is found to be negligible in the absence of imidazolium-based ILs. It was 

observed that methylsulfate-based anions AB/EDAB-[Bmim][MeSO4] system produced 2.18 

and 3.66 equivalents of hydrogen with a lower induction time when compared to other studied 
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AB/EDAB-IL systems. This trend was also confirmed through COSMO-SAC predictions, where 

the infinite dilution activity coefficient values for the solubility of chemical hydrides on the 

examined IL systems were computed. The solubility of chemical hydrides (AB and EDAB) is 

shown to be linearly related to the hydrogen-bond basicity value (β). A quantum-chemical 

parameter, namely the most negative surface electrostatic potential (Vs,min), was used to 

explore the electrostatic properties of ILs' basicity at the microscopic level. It was observed 

that the ILs' basicity originates from their anionic moiety and that its value changes with the 

anion. Further DFT-based calculations were carried out to elucidate the interactions between 

the anionic moiety of the ILs and chemical hydrides, followed by an NBO charge analysis to 

further clarify the interaction within the complexes. Quantum mechanical calculations 

revealed that the acidic protons of chemical hydrides form strong hydrogen bonds and 

electrostatic interactions with the highly basic anions of ILs. The electronic structure 

elucidation and charge analysis revealed that the anions of the ILs are the primary reactive 

sites that initiate the dehydrogenation reaction and result in the release of hydrogen 

equivalents. 

2.2. Introduction 

The need for clean fuel as hydrogen is no longer an option but a necessity.1 Hydrogen 

has been established as a possible alternative energy carrier for future energy supplies because 

it is pure, sustainable, and environmentally friendly and has a high-energy density of 142 

MJ/Kg.2 Based on these merits, hydrogen production could replace the scarcity of fossil fuel 

and lower hydrocarbon-based combustion emissions. This would invariably benefit economic 

growth to cater to the sustainable development objective. The technical obstacles, including 

the manufacture of hydrogen, storage, transport, and service, should be addressed in advance 

to achieve a hydrogen economy. Thus, hydrogen production feedstock and hydrogen 

production methods such as hydrocarbon reforming, hydrocarbon pyrolysis, biomass 
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processes, and photocatalytic water splitting are well known. Moreover, the well-developed 

fuel cell paves the way for the practical application of hydrogen in portable electronic devices 

or vehicles. Nevertheless, the hydrogen economy still has an impediment in terms of its safety 

and effective storage.3  

Since safety in terms of transportation is a major issue, the shift towards hydrogen-

generating materials is gaining momentum. Several hydrogen storage materials, including 

metal hydrides, carbon-based materials, MOFs, organic and inorganic hydrides, have been 

extensively studied in recent decades, with significant challenges still remaining. Due to its 

significantly higher gravimetric and volumetric hydrogen density, chemical hydrogen storage 

has attracted considerable attention.4 Boron and nitrogen-based hydrides (namely amine 

boranes) were considered one of the most promising hydrogen storage materials due to their 

high hydrogen content. The capability to release hydrogen under mild conditions makes it an 

attractive candidate. Ammonia borane (AB) is a parent member of the amine borane family.5 

As a result of its high capacity (19.6% wt.) and ambient temperature stability, it is known as a 

secure and efficient storage medium. But the dehydrogenation of AB allows for a significant 

volume of ammonia and borazine to intoxicate the release of hydrogen, which is a significant 

challenge to fuel cell activity. A solution to the inherent limitations of AB involves the use of 

chemical modification to improve its hydrogen desorption properties.6 A sequence of ammonia 

borane adducts can be synthesized to replace the BH3 and NH3 portions of AB with alkyl 

chains. The carbon derivative of ammonia borane, namely ethylene diamine bisborane 

(EDAB), has been investigated in this context.  

Initially, several research on the synthesis and physiological properties of EDAB 

demonstrated that the material is capable of releasing two hydrogen equivalents during a two-

step thermolysis process.7,8 Dehydrogenation at elevated temperatures up to 1000°C under 

varying air conditions resulted in the production of four H2 equivalents.9 To alleviate the 
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shortcomings caused by the thermal decomposition of hydrides, processes such as nano-

scaffolding, mixing of hydrides with metal halides, and metal catalysis of hydrides dissolved 

in organic solvents were employed.10 Traditional organic solvents have been found to influence 

the evolved hydrogen gas's catalytic activity, leading to contamination of fuel cell electrodes.11 

In this context, the application of Ionic liquids (ILs) and their unique properties promise 

considerable advantages.  

Ionic Liquids are chemically and thermally stable and are thus regarded as 

environmentally friendly solvents relative to volatile organic solvents.12 Furthermore, by 

alternating the substituent cation group or the combined anion, the ionic liquid's 

physicochemical properties can be varied. Due to their environment-friendly perception, ILs 

have been proposed as possible substitutes for volatile organic compounds (VOCs) in industrial 

separation methods,13 catalytic reactions,14 electrochemical,15 biochemistry,16 and 

nanotechnology applications.17 The use of ionic liquids in chemical hydride dehydrogenation 

is well known for greatly enhancing hydrogen release and reducing the induction time. The use 

of ILs improves the formation of diammoniate of diborane ([NH3BH2NH3]
+[BH4]

−), which is 

the main intermediate ionic species in AB thermolysis, by providing a controlled reaction 

media and milder reaction temperature.18 Bluhm et al. proposed the use of ILs as solvents that 

could overcome the issue of amine borane thermolysis by preventing the formation of 

unwanted products.19 Zheng et al. reported that the use of IL [Bmim][Cl] significantly 

improved the H2 release rate and its yield from AB.20 In another work, Banerjee et al. stated 

that a maximum of 3.96 hydrogen equivalents was released using an acetate-based IL, namely, 

[Bmim][OAc] at 105°C in a solvent-state dehydrogenation of EDAB.21 In a recent study, 

Sahler compared the release of hydrogen equivalents using IL to that using neat EDAB and 

found them to be much higher when using IL.22 Various solid-state and solution-state studies 
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were carried out to figure out and understand the role of ILs in promoting the hydrogen release 

from AB and EDAB, respectively.7-12,18-22 

Polar solvents such as IL dissolve and stabilize solutes and intermediates in a reaction 

media by dipolar hydrogen bonding and ionic interactions.23 One of the most desirable features 

of polarity is through the solvatochromic probes, which allows us to rank these solvents in 

terms of the Kamlet-Taft descriptors.24 Here, the hydrogen-bond basicity was chosen in this 

work for the selection of the anion since it is one of the essential parameters reflecting the 

hydrogen-bond accepting ability of the IL anion.25 Methylcarbonate [CH3COO-] is one of the 

most rarely explored anions in ILs, despite its immense acceptable physicochemical and 

thermal properties. ILs based on [CH3COO-] anions are usually liquid above 0°C and exhibit 

low viscosity, rendering them as beneficial solvents for various applications. The low melting 

point, high conductivity, and low viscosity accord the methyl carbonate anions with better 

fluidity.26 In light of a recent study, it is anticipated that the ILs composed of the same group 

of anions can act as a catalytic solvent. In the dehydrogenation study of amine boranes to date, 

imidazolium and phosphonium-based ILs have so far been extensively investigated.27 This 

study is the first attempt at studying the effect of pyrrolidinium and ammonium cations coupled 

with methyl carbonate anions. The ammonium and pyrrolidinium cations have favorable 

documented physicochemical and catalytic properties.28,29   

Over the last decade, the usage of ILs in various domains of chemistry, most notably 

catalysis, has expanded considerably. The basicity of ILs is a crucial metric for a variety of 

applications, as higher basicity often leads to enhanced process selectivity and efficiency. As 

a result, increasing the basicity of ILs enhances the efficiency of numerous processes, which is 

why basicity is crucial for a variety of IL-derived applications.30 Additionally, current 

strategies for adjusting the basicity of ILs are confined to modifying the type and amount of 

basic sites within the ILs' structure.31 As a result, it is exceptionally beneficial to investigate a 
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new method of adjusting and enhancing the basicity of ILs from both a scientific and a practical 

perspective.32 The selective dehydrogenation of amine-borane complexes using ILs is based 

on the interaction of the basic anions with the acidic or protic hydrogen atom/s in the amine-

borane compounds, which is entirely reliant on the basicity of the ILs. 

This chapter provides a comparative investigation of the dehydrogenation of chemical 

hydrides (AB and EDAB) in the presence of two selected aprotic ionic liquids (AILs). To 

predict the solubility of hydrides AB and EDAB in ILs, the COSMO-SAC model was used to 

predict the IDAC values. The residual reaction mixture was characterized using the 1H NMR 

technique, ensuring IL's role as a catalytic solvent media.  In the following sections, to gain 

further insight, we performed density functional theory (DFT) calculation of the aprotic ionic 

liquids (AILs) to study the ion-pair interaction between chemical hydrides and different 

functional groups of the cations and anions. Quantum chemical (QC) calculations were 

employed to obtain the chemical potential (μ) and chemical hardness (η) of the AILs. HOMO-

LUMO calculations were performed on ionic liquid as well as ionic liquid-chemical hydride 

complexes to predict the active sites available in the ionic liquid systems. Therefore, we assume 

that a combination of theoretical and experimental aspects would provide a detailed overview 

of the dehydrogenation of chemical hydrides by the ILs. 

Furthermore, the hydrogen bond basicity (β) of the anions was used to envisage the 

ability of imidazolium-based ionic liquids for thermal dehydrogenation of amine borane 

complexes (AB and EDAB) which has not been documented yet. The polar reaction media 

offered by some ILs facilitates enhanced dehydrogenation by varying the anions and increasing 

the amount of hydrogen released. Based on the hydrogen bond basicity of the anions 

investigated, the dehydrogenation capacities of the chemical hydrides AB and EDAB were 

determined. 
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In the preceding section, DFT calculations were performed to procure an additional 

insight into the hydrogen bond basicity of IL systems and its effect on the dehydrogenation 

capabilities of the chemical hydrides. It has been demonstrated that the strength of the cation-

anion interaction and the approach used to tether basic functional groups with imidazolium-

based cations have a significant effect on the basicity of the ILs. The most negative surface 

electrostatic potential (Vs,min), a critical quantum-chemical descriptor, has been selected as a 

unique approach for comprehending the basicity of the ILs. The promoting effect of the 

imidazolium-based ionic liquids in enhancing thermal dehydrogenation of amine borane 

complexes was investigated using a combination of experimental and quantum chemical 

simulations, with a particular emphasis on the anion-hydride interaction. The study's 

distinctiveness emanates from the fact that it emphasizes the role of imidazolium-based ILs' 

hydrogen bond basicity (β) on the thermolytic dehydrogenation of amine-borane complexes.  

2.3. Computational Details 

2.3.1. COSMO-SAC Modeling 

2.3.1.1. Computational Details for the Generation of COSMO Files 

COSMO-SAC model is used for predicting the solubility of AB and EDAB in ILs and 

DESs, which can be used for amine borane complex dehydrogenation.33 Using GaussView 5.0 

visualization package, the initial structures of AB, EDAB, ILs (ion-pair approach), and DESs 

were drawn.34 The geometry of all compounds was optimized at B3LYP level and 6-

311++G(d) basis set using the Gaussian 09 package.35,36 From the optimized geometry of all 

species, a single point energy calculation was performed with another set of DFT calculations 

using the BVP86 level of theory for the generation of .cosmo file. Standard global adjustable 

parameters such as surface area of the segment (=6.32 Å2), misfit energy interaction constant 

[=8419 kcal Å4 /(mol e2)], cutoff for hydrogen-bonding interaction (=0.0084 e/Å2 ), and 

TH-2826_166107108



IL-based Thermal Dehydrogenation  Chapter 2 

Page 35 
 

hydrogen-bonding interaction constant [=75006 kcal Å4 /(mol e2 )] were adopted to compute 

the activity coefficient. Thereafter, .cosmo file was used to predict the IDAC value (denoted as 

γ∞).37 

The details of the COSMO-SAC calculation are presented below: 

  

Figure 2.1: Input file for COSMO File generation in Gaussian 09 

The various terms and its meaning are as follows: 

1. % mem = 540 MW 

This gives the total amount of internal memory needed for this calculation. 

2. # P BVP86/SVP/DGA1 

This indicates the DFT Theory being used (i.e.,#P BVP86), the basis set (SVP), and the 

density fitting function. The SVP orbital coefficients and its expansion can be obtained 

by the GFprint and GFInput command in Gaussian 09 

The DGA1 or the Density Gradient Approximation expands the electron density in a 

set of atom-centered functions when computing the Coulomb interaction instead of 

computing all the two-electron integrals. It provides significant performance gains for 

%mem=540MW 

%chk= Bmpyr_CH3CO3 

#P BVP86/svp/DGA1 scf=tight 

Comment Line 

0     1                    (Charge and Multiplicity)    

Z-Matrix 

--link1-- 

%chk= Bmpyr_CH3CO3 

#P BVP86/svp/DGA1 scf=(tight,novaracc) SCRF=COSMORS guess=read geom=checkpoint 

Comment line 

0    1    (Charge and Multiplicity)    

 

Bmpyr_CH3CO3.cosmo  (The COSMO file which will be created) 
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pure DFT calculations on medium-sized systems too small to take advantage of the 

linear scaling algorithms without significant degradation in the accuracy of predicted 

structures, relative energies, and molecular properties. 

3. SCF = tight. This indicates a full convergence of energy. 

The calculation procedure for IDAC are listed below: 

The COSMO-SAC model determines the segment coefficient from an independent segment 

activity coefficient equation.38 The surface characteristics are determined from the induced 

screening charge densities developed by placing a molecule in a perfect conductor. Due to the 

polarization, charge densities are divided into a certain number of segments over the interface 

of the solute and the conductor. The charge is then calculated by defining solvation energy 

(Esolv) which takes into consideration (Equation A1).   

1
4

2

solv

o A A

A

E Z q B q C q q D      
   

                            (2.1) 

Here, qα represents the screening charge of the αth segment solved by minimizing the equation 

with respect to the segment's charge. The equation takes a form of:   

0
solv

A A

A

dE
Z B C q D

dq
   



 
    

 
                                                  (2.2) 

This process is also known as “SCF” or “COSMO” calculation.  The optimized geometries, 

energies, surface screening charge densities of the solute molecule are stored within the 

COSMO file. Histogram distribution of these obtained charges (-0.03 to +0.03 e/ Å2) are 

obtained, which are known as sigma profile (σ-profile). The ‘SAC’ component is usually the 

mathematical, mechanical structure that measures simply the energy needed to restore the 

molecule to its original state, which is Gibb’s free energy and can be related to the activity 

coefficient. 
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 
* *

/ / / / /
/ /
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
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    

 
                       (2.3) 

Gibb’s Free energy of solvation (
* solvG ) comprises the electrostatic (ES) and van der Waals 

(vdW) forces. Activity coefficients can be computed by the difference in Gibb’s Free energy 

of solvation of the entire mixture and the individual component.  

 
* *

* / /
/ /ln

ES ES
solv combi S i i

i S i S

G G
G

kT


  
   

 
                                                       (2.4) 

The first term of Eq. 2.4 is the dominating energy term and can be referred to as the restoring 

free energy  

   

   

,
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, , , ,

, , , ,

i mol i

seg

G N mol P T G N P T

G N seg P T G N P T 





  

  
                                                       (2.5) 

In our work, we have computed Eq. 2.3 at infinite dilution, i.e. ( 0x  ).The higher the 

deviation of values from unity, the higher the solubility of AB/EDAB in IL. The solubility of 

a solute in a solvent can be measured by the logarithmic value of IDAC. AB/EDAB solubility 

in ILs is predicted based on the IDAC value as the negative value of logarithmic IDAC denotes 

solubility, whereas positive value denotes insolubility. 

2.3.2. Ionic Liquid Selection 

The solubility of the chemical hydrides in ILs is assessed based on the IDAC values 

obtained, as the negative logarithmic IDAC value implies solubility, whereas the positive value 

implies insolubility among the screened solvents (ILs). This work predicted the solubility of 

AB and EDAB in IL-based on methyl carbonate anion coupled with pyrrolidinium and 

ammonium-based cations.39 Among the screened solvents, both AB and EDAB have the 

highest predicted solubility in the ILs: 1-butyl-1-methylpyrrolidinium methyl carbonate 
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[Bmpyr][CH3CO3] and tributylmethylammonium methyl carbonate[TBMA][CH3CO3]. The 

higher solubility of the hydrides in the respective solvents initiated us selecting the respective 

ILs for the dehydrogenation experiments. Figure 2.2 and Figure 2.3 below summarize AB and 

EDAB logarithmic IDAC values in various screened ionic liquids (ILs), where the alkyl chain 

length of the respective cations was varied. 

 

Figure 2.2: COSMO-SAC model predicted logarithmic IDAC values of AB and EDAB in 

Pyrrolidinium methyl carbonate-based Ionic liquids (ILs). (The Ionic Liquids acronym on 

the x-axis is represented by (1) 1-Allyl-1-methylPyrrolidium, (2) 1-Hexyl-1-

methylPyrrolidinium, (3) 1-Pentyl-1-methylPyrrolidinium, (4) 1-Propyl-1-

methylPyrrolidinium, (5) 1-Butyl-1-methylPyrrolidinium, (6) 1-Ethyl-1-

methylPyrrolidinium, (7) 1-Hexadecyl-1-methylPyrrolidinium. All the cations are coupled 

with a common methyl carbonate-based anion. 
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Figure 2.3: COSMO-SAC model predicted logarithmic Infinite dilution activity coefficient 

of AB and EDAB in tetra alkyl ammonium methyl carbonate-based Ionic liquids (ILs). All 

the cations are coupled with a common methyl carbonate-based anion. 

 

2.3.3. Quantum Chemical Calculations 

DFT-based calculations were employed to optimize the geometries of the individual 

pyrrolidinium and ammonium cation, methyl carbonate anions, ion-pair, and chemical hydrides 

using the Gaussian 09 software package.35 The geometry optimizations of IL-chemical hydride 

systems have been carried out using the hydride molecules positioned around IL’s with 

different orientations in and out of the plane. The initial optimizations were carried out at the 

B3LYP/6-31G(d,p) level, followed by re-optimizing the model at the higher M06-2X/6-

311++G(d,p) level of theory.40 To confirm the minima state in PES, vibrational frequency 
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calculations were performed at the same level of theory.  The chemical reactivity of the 

hydrides, ILs, and IL-chemical hydrides complex systems were investigated using frontier 

molecular orbital (FMO) analysis.41  

Additional quantum chemical calculations have been performed in the subsequent 

section to study the effect of hydrogen bond basicity within imidazolium-based cations and 

their effect on thermal dehydrogenation. Herein, DFT-based quantum chemical calculations 

were used to investigate the cation-anion interactions, the impact of anions on the ion-ion 

(cation-anion) interactions, and the basicity of ILs. To better understand the geometric and 

electronic structures of the investigated IL systems, density functional theory (DFT) 

calculations were carried out. The geometry optimization of the IL systems was carried out 

using various starting orientations of the ions, i.e., co-planar and out-of-plane around 

imidazolium cation, with the anions placed at various positions (Figure 2.23).  This step 

employed the widely used B3LYP density functional in conjunction with 6-31g(d,p) basis 

sets.36,42 Further re-optimization was performed on the optimized geometries at the higher 

B3LYP-D3(BJ)/6-311++G(d,p) level of theory.43 Additionally, the optimized structures were 

employed to perform vibrational frequency calculations at the same level of theory in order to 

classify all stationary points as minima.44  

Interaction energies (E) of the examined IL systems were calculated as the difference 

between the energies of the cation-anion pair and the sum of the energies of the individual 

cation and anion moieties (Equation 2.6). The obtained interaction energies were subjected to 

a counterpoise correction scheme (CP), a method developed by Boys and Bernardi.45 To gain 

a more in-depth understanding within the ILs, Multiwfn 3.8 software package was employed 

to perform atoms-in-molecules (AIM) calculations.46 Vs,min was computed by the 

Multifunctional wavefunction analyzer (Multiwfn) 3.8 program utilizing optimized geometries 

and wave functions from Gaussian 16 at B3LYP-D3(BJ)/6-311++G(d,p) level.47 As proposed 
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by Bader et al., the molecular surface was characterized using the 0.001 au (electrons/bohr3) 

contour of the electronic density.48 The contour maps of Vs,min were obtained by the VMD 

visualization program.49 

  𝐸𝐴𝐵(𝑘𝐽 𝑚𝑜𝑙⁄ ) = 2625.5 {𝐸𝐴𝐵(𝑎𝑢) −  [𝐸𝐴 (𝑎𝑢) +  𝐸𝐵 (𝑎𝑢)] + 𝐸𝐵𝑆𝑆𝐸}                   (2.6) 

In the consequent section, the interactions within the IL-chemical hydride systems were 

studied to gain a deep insight into the dehydrogenation mechanism of amine-borane complexes 

in the presence of ILs. The charge transfer behavior of individual ILs, chemical hydrides, and 

IL-chemical hydride complex systems was explored using a natural bond orbital (NBO) 

analysis approach.50  

2.4. Experimental Details 

2.4.1. Materials  

The following chemicals were used as base agents for hydrogen release, namely 

ammonia borane (AB) and ethylene diamine bisborane (EDAB). Methyl carbonate anion-based 

ILs in the form of [Bmpyr][CH3CO3] and [TBMA][CH3CO3] were used as a catalytic solvent 

to enhance the dehydrogenation process. These ILs were pretreated to remove moisture by 

keeping them under vacuum at 70°C for 24 hours before experiments. Dimethyl sulfoxide-d6 

(deuteration degree of minimum 99.9%, DMSO) and CDCl3-d6 (deuteration degree of 

minimum 99.8%, CDCl3) were used as the deuterated solvent for recording NMR spectra. The 

molecular structures of the compounds employed in this study are depicted in Figure 2.4 below. 

 

 

 

 

TH-2826_166107108



IL-based Thermal Dehydrogenation  Chapter 2 

Page 42 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Figure 2.4: Structures of different Ionic liquids (ILs) and chemical hydrides employed in 

this work for dehydrogenation of amine-borane complexes 

 

2.4.2. Thermal Dehydrogenation Apparatus 

A schematic diagram of the glass apparatus for the dehydrogenation experiment is 

given in Figure 2.5. The entire setup can be divided into two separate parts. The right side of 

the setup, collectively known as the “gas chamber side” includes the condenser where liquid 

nitrogen is used as a cold trap (with stopper). The other apparatus are collecting flask, gas 

burette, mercury vessel, and mercury leveler. The left side of the setup, which is known as the 

“reactor side” comprises the reactor with input, oil bath, and filter adapter ports.  
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Figure 2.5: Schematic diagram of the experimental setup 

 

All the dehydrogenation experiments were performed under different temperatures (95 °C and 

105 °C) at a maintained vacuum pressure of 4.5 ×10−2 mbar. The high vacuum is a vital part of 

the operation as it minimizes the presence of undesirable materials such as air and moisture as 

they can affect the rate of reaction. The AB/EDAB, along with IL mixtures (15 mg of 

AB/EDAB and 0.5 mL of IL/DES), was stored within the reactor and heated for various 

cumulative time intervals in an oil bath at different temperatures. In the next step, the condenser 

was loaded with liquid nitrogen. The reactor side was opened at different time intervals, and 

the gas was allowed to move to the other part of the glass setup. The primary reason for using 

liquid nitrogen as a coolant was to trap unwanted gases and moisture content in the collecting 

flask. Only hydrogen is able to pass through the gas valve as it is the lightest gas component. 

After a specific period of time, the gas valve was closed at the opening of the gas chamber 
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resulting in the isolation of the collected gas from the “reactor side”. In the next step, the air 

valve is opened gradually so that ambient air at 1 bar pushes the mercury piston upwards and 

thus moves the collected gas from the gas chamber into the gas burette. A fixed needle gas 

syringe (5.0 ml HAMILTON GASTIGHT® Syringe) was then used to extract the released 

hydrogen gas from the gas burette, followed by a gas chromatography test. A Bruker 450-GC-

TCD was then used to detect the presence and purity of the released hydrogen gas. The obtained 

residual products were then characterized using the 1H and 11B NMR spectroscopy techniques. 

 

2.5. Pyrrolidinium and Ammonium-based Ionic Liquid aided Dehydrogenation 

Experiment of Chemical Hydrides and its Mechanism 

The thermal dehydrogenation of AB and EDAB were performed separately in 

[Bmpyr][CH3CO3] and [TBMA][CH3CO3] at two different temperatures of 95°C and 105°C. 

The working temperature preferred in the study was nearly around the melting point of AB and 

EDAB, which is approximately 106 °C and 116 °C, respectively.21,51,52 In this work, we have 

reported the dehydrogenation of solid-state AB and EDAB.53 When heated at 105°C, 0.90 and 

1.89 equivalents of hydrogen are released by solid-state dehydrogenation of pure AB and 

EDAB. A maximum of 3 and 4 equivalents of hydrogen gas may be available for desorption 

from AB and EDAB, especially through the B-N attachment or the –NH2 and –BH3 moieties. 

It is stated that there is an induction time in the AB and EDAB solid-state dehydrogenation, 

which is suppressed with the usage of IL. No induction periods were observed for both the 

amine borane-IL complexes. However, the release of hydrogen for EDAB/[Bmpyr][CH3CO3] 

as well as EDAB/[TBMA][CH3CO3] from each time step were greater than that of 

AB/[Bmpyr][CH3CO3] and AB/[TBMA][CH3CO3] at the same conditions. A cumulative 0.96 

and 1.25 equivalent hydrogen was released from AB/[Bmpyr][CH3CO3] at 95°C and 105°C, 

respectively. AB/[TBMA][CH3CO3] released 1.04 and 1.46 equivalent hydrogen at 95°C and 

105°C respectively (Figure 2.6). A cumulative release of equivalent hydrogen from 
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EDAB/[Bmpyr][CH3CO3] was found to be 1.72 at 95°C, 2.72 at 105°C; while for 

EDAB/[TBMA][CH3CO3] it was 3.01 and 3.50 equivalents of hydrogen at 95°C and 105°C 

respectively (Figure 2.7). The cumulative equivalent release of hydrogen of both AB and 

EDAB into different IL systems at 95°C and 105°C is shown in Figure 2.8. The equivalents of 

hydrogen released belongs to the hydride molecules and can be termed as mole hydrogen per 

mole of complex. 

Figure 2.6. Equivalents of Hydrogen released from AB/[Bmpyr][CH3CO3] and 

AB/[TBMA][CH3CO3] at 95°C and 105°C  
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Figure 2.7. Equivalents of Hydrogen released from EDAB/[Bmpyr][CH3CO3] and 

EDAB/[TBMA][CH3CO3] at 95°C and 105°C 
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Figure 2.8. Cumulative hydrogen generation from AB and EDAB facilitated by ILs at 95 °C 

and 105 °C 

 

The mechanism usually depends on the fundamental parameter hydrogen bond basicity 

(β) of the IL, which determines an anion's ability to accept protons. Strong non-covalent 

interactions between anions and the protic nitrogen moiety of chemicals are attributable to 

chemical hydrides solubility. Conversely, the higher the solubility of amine-borane compounds 

in IL, the easier is the deliverance of hydrogen gas. Thus, IL must possess strong basic anions 

to dissolve chemical hydrides. These strong, non-covalent interactions disrupt the 

intramolecular linkage between the hydride chains and lead to hydrogen bonds between the 

hydrides and ILs. Sahler and co-workers linked the hydrogen bond basicity (β) of various IL 
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anions with hydrogen release in one of the previously reported works.22 The basic 

characteristics of the anionic moiety of ILs are as follows: methyl carbonate > acetate > 

dicyanamide > halides. The hydrogen bond basicity trend (β) is an essential parameter for the 

release of higher H2 equivalents using methyl carbonate-based anion ILs.  

Table 2.1 describes the comparative study with the previously published literature for 

IL-aided dehydrogenation of AB and EDAB. The reported literature with their equivalents 

hydrogen released at their operating temperatures has been compared with our present study. 

Bluhm et al. in their pioneer work used ILs as solvent cum catalyst media. They documented a 

release of 1.6 hydrogen equivalents at an operating temperature of 95 °C.19 Himmelberger et 

al. proposed a comprehensive mechanism of ammonia borane hydrogen release combined with 

IL.18 They demonstrated the existence of various dehydrogenation oligomers (DADB, PAB, 

and PB) in the residual products. At an operating temperature of 110°C, the authors reported a 

release of 2.2 equivalents for the AB/[Bmim][Cl] complex system. In our earlier work, the 

EDAB/IL efficiency was elucidated and was correlated to the catalytic behavior of highly basic 

anions, including acetate and bromide.54,51 The authors reported the effect of increasing the 

length of the cation alkyl chain. [Bmim]-based cations were found to be superior in terms of 

its catalytic cum solvent behavior when compared to their lower alkyl cation counterpart 

[EMIM]. According to the aforementioned study, increasing the alkyl chain of the cationic 

moiety considerably affects the dehydrogenation efficiency of chemical hydrides. The weaker 

cation-anion interaction with an increased alkyl chain length results in the interaction between 

the basic anions and the hydrides. This makes it responsible for the catalytic activity of ILs. 

Kundu et al. also presented a mechanistic study of EDAB with ILs with phosphonium cations. 

In contrast to the acetate-based systems, the phosphonium cation-based ILs facilitate 

the selective formation of higher repeating units, thereby regulating the formation of EDAB 

oligomers. Kundu et al. reported that imidazolium-based ILs incorporated with thiocyanate and 
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hydrogen sulfate-based anions contributed to the dehydrogenation of AB and EDAB.52,55 The 

authors reported the selection of highly basic anions, which leads to higher chemical hydride 

solubilities. The authors also reported the effect of temperature conditions. The 

dehydrogenation efficiency of the ILs was found to enhance as the reaction temperature was 

increased, as reported by the authors. The protic nature of the hydrogen sulfate anions resulted 

in a faster dehydrogenation at 40°C.52 In contrast, the thiocyanate ions produced an appreciable 

induction period with a lower release of hydrogen equivalents. The acidic nature of the 

imidazolium cations makes it the most favorable group of ionic liquids compared to other IL 

groups (ammonium, pyrrolidinium, pyridinium, etc.). Additionally, the ammonium and 

pyrrolidinium-based ILs reported some advantageous properties over imidazolium-based ILs 

such as thermally stable, electrochemical, economic, and less hazardous media.56 Thus, their 

usage as solvents in thermal dehydrogenation procedures needs to be investigated. In this 

context, we have screened [TBMA][CH3CO3] and [Bmpyr][CH3CO3] ILs from a pool of 

methyl carbonate-based ILs, to assist the thermolytic dehydrogenation of both AB and EDAB. 

The former being a non-ring cation, combined with a highly basic anion, has provided a 

significant inductive effect. No induction period was observed with our chosen ILs, making it 

a favorable media for the dehydrogenation reaction.  
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Table 2.1: Comparison of ionic liquid assisted dehydrogenation of amine borane complexes 

with previously reported literature 

S.No Ionic Liquids Used Operating 

Temperature 

Hydrides/ILs 

Complexes 

Highest 

Equivalents 

Released 

References 

1.  [BMIM][OAc] 

[EMIM][OAc] 

105 °C EDAB/ [BMIM][OAc] 

EDAB/[EMIM][OAc] 

3.96 

3.52 

(21) 

2.  [BMIM][HSO4] 

[EMIM][HSO4] 

100°C EDAB/[BMIM][HSO4] 

EDAB/ [EMIM][HSO4] 

3.92 

3.90 

(52) 

3.  Present Study 105 °C EDAB/[TBMA][CH3CO3] 

EDAB/[Bmpyr][CH3CO3] 

3.50 

1.46 

- 

4.  [TDTHP][Phosph] 

[TDTHP][DCA] 

105 °C EDAB/[TDTHP][Phosph] 

EDAB/[TDTHP][DCA] 

3.25 

3.04 

(27) 

 

5.  [EMIM][SCN] 105°C AB/[EMIM][SCN] 

EDAB/[EMIM][SCN] 

AB+EDAB/[EMIM][SCN] 

1.64 

2.37 

0.43 

(55) 

6.  [BMIM][Cl] 95 °C AB/[BMIM][Cl] 1.6 (19) 

7.  [BMIM][Cl] 110 °C AB/[BMIM][Cl] 2.2 (18) 

8.  [AMIM][Br] 

[AMIM][N(CN)2] 

[AMIM][Tf2N] 

115 °C EDAB/[AMIM][Br] 

EDAB/[AMIM][N(CN)2] 

EDAB/[AMIM][Tf2N] 

3.25 

1.32 

2.08 

(51) 

 

Abbreviations: [Bmim][OAc]: 1-butyl-3-methylimidazolium Acetate, [Emim][OAc]: 1-Ethyl-

3-methylimidazolium Acetate, [TDTHP][Phosph]: Trihexyl(tetradecyl)phosphonium 

Phosphinate [TDTHP][DCA]: Trihexyl(tetradecyl)phosphonium Dicyanamide [EMIM][SCN]: 1-

Ethyl-3-methylimidazolium Thiocyanate, [BMIM][Cl]: 1-butyl-3-methylimidazolium 

Chloride, [AMIM][Br]: 1-Allyl-3-methylimidazolium Bromide, [AMIM][N(CN)2]: 1-Allyl-3-

methylimidazolium dicyanamide, [AMIM][Tf2N]1-Allyl-3-methylimidazolium bis-

(trifluoromethylsulfonyl)imide, [BMIM][HSO4]: 1-butyl-3-methylimidazolium Hydrogen 

Sulfate, [EMIM][HSO4]: 1-Ethyl-3-methylimidazolium Hydrogen Sulfate, [AB]: Ammonia 

Borane, [EDAB]: Ethylenediamine bisborane  
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2.6. Ionic Liquid aided Reaction Mechanism 

The dehydrogenation of pure AB and EDAB by two potential pathways, i.e., 

intramolecular and intermolecular mechanism which was initially postulated by previous 

authors.8,18,19 The mechanism of AB and EDAB are identical to each other and progress in the 

same manner. In both cases, the formation of ionic intermediates was observed. Intramolecular 

dehydrogenation does not result in the formation of oligomeric dehydrogenated AB/EDAB 

structures; rather, it results in the production of cyclic dehydrogenated AB/EDAB structures. 

Here the formation of the AB/EDAB dimer initiates the intermolecular dehydrogenation. This 

dimerization results in the first step of dehydrogenation. The dehydrogenation reaction begins 

with the creation of an ionic intermediate of AB/EDAB dimer, similar to the formation of 

diammoniate of diborane (DADB). Following subsequent polymerization of this dimer, larger 

chains are formed. Each repeat unit then loses further hydrogen as BH2 cyclic groups and B=N 

bonds are formed. The dehydrogenation mechanism follows the same path as previous 

literature (Scheme 2.1 and 2.2). The hydrogen release mechanism of amine borane complexes 

with ILs remains the same and varies only in the molecular weight of repeated polymer 

chains.51  

 

 

Scheme 2.1: Dehydrogenation Mechanism of Ammonia Borane/IL Complexes 
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Scheme 2.2: Dehydrogenation Mechanism of Ethylene diamine bisborane/IL Complexes 
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2.7. Reusability of Ionic Liquid aided Dehydrogenation 

Another critical issue is the recyclability of these environmentally friendly solvents. 

Solvents such as diethyl ether and tetrahydrofuran can be used to isolate reported ILs from 

solutes. However, in the case of thermal dehydrogenation of the chemical hydrides, the reaction 

is coupled with the formation of linear poly(aminoborane) (NH2BH2)n, in the presence of 

solvents such as ILs. Due to the fact that these oligomers are soluble in IL media, they cannot 

be separated from their solute-IL mixtures. Augmenting antisolvents is one way to circumvent 

this issue. Anti-solvents such as lower alcohols, acetonitrile, dimethyl sulfoxide, and 

tetrahydrofuran were demonstrated in a recent study.57 DMSO was found to be the most 

promising solvent for recovering amine boranes. A strategy similar to this one could also be 

recommended for our work. This will eventually solubilize the hydrides or linear 

poly(aminoborane), leaving the solvent behind, which will be easily recoverable.  

 

2.8. 1H NMR Plots of AB and EDAB with Methyl Carbonate Anion based IL’s 

We conducted the 1H NMR study to characterize AB/IL and EDAB/IL complexes 

before and after the hydrides' dehydrogenation in the presence of ILs. 1H NMR plots of pure 

AB/IL and EDAB/IL complexes will negate the presence of any reaction after dehydrogenation 

and further IL's role in dehydrogenation. Here we have used the referred literature to locate the 

peak of the compounds only.21,39 Though there is a chemical shift, which varies with 

concentration, the trend remains the same.  

2.8.1. AB/[Bmpyr][CH3CO3] 

 Figure 2.9.(a) represents the 1H NMR spectra for AB/[Bmpyr][CH3CO3] (before 

reaction). The accurate identification of peaks in a pure compound will help us locate the peak 

for functional groups in the mixture. Due to the addition of AB and EDAB in IL, the peaks 

have shifted, but their nature remains the same. AB's peaks can be located at their positions as 
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NH3 (4.44 ppm) and BH3 (1.31 ppm). The peaks for the IL systems can also be related to their 

positions as N-CH2 (3.20ppm), N-CH2-CH2 (1.65 ppm), CH2 (1.30 ppm), CH3 (0.92 ppm). The 

peak at 2.50 ppm represents the solvent DMSO-D6, respectively. The O-CH3 group of the anion 

is at a peak location of 3.48 ppm. Ar-H can be located at 3.29, 3.15, 1.68, and 1.66 ppm. Figure 

2.9.(b) represents the 1H NMR spectra for AB/[Bmpyr][CH3CO3] (after reaction). It is 

observed that all the peaks of IL have retained their original entity, and the peaks are within 

their initial assigned position. An important observation is the absence of a peak corresponding 

to NH3, suggesting that AB is the active hydrogen releasing moiety that has reacted and initiates 

the pathway for liberating hydrogen. 

2.8.2. EDAB/[Bmpyr][CH3CO3] 

Figure 2.10.(a) represents the 1H NMR spectra for EDAB/[Bmpyr][CH3CO3] (before 

reaction). The peaks for EDAB can be located at their positions as BH3 (1.32 ppm), CH2 (2.61 

ppm), and NH2 (5.40 ppm). The peaks for the IL systems can also be related to their positions 

as N-CH2 (3.20 ppm), N-CH2-CH2 (1.66 ppm), CH2 (1.30 ppm), CH3 (0.92 ppm). The O-CH3 

group of the anion is at a peak location of 3.47 ppm. The ring hydrogens can be located at 3.29, 

3.15, 1.67, and 1.68 ppm. Figure 2.10.(b) represents EDAB/[Bmpyr][CH3CO3] (after reaction), 

where we can observe that the IL have retained its original structure and all the peak are nearby 

its original assigned position. However, the NH2 bond of EDAB is absent, which ensures that 

it is only the EDAB that is taking part in the reaction and liberating hydrogen. Thus IL in all 

aspects is acting merely as a solvent. 

2.8.3. AB/[TBMA][CH3CO3] 

Similarly, 1H NMR spectra for AB/[TBMA][CH3CO3] (before and after) and 

EDAB/[TBMA][CH3CO3] (before and after) reaction have been recorded. Figure 2.11.(a) 

represents the 1H NMR spectra of AB/[TBMA][CH3CO3] (before). Similarly, in Figure 2.9.(a), 
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the peaks for AB can be located at their positions as H3N (4.42 ppm) and BH3 (1.31 ppm). For 

the IL-[TBMA][CH3CO3], the peaks can be located at their positions as N-CH2 (3.20 ppm, 3.16 

ppm, and 3.18 ppm), N-CH3 (3.20 ppm), N-CH2-CH2 (1.61 ppm, 1.61 ppm, 1.59 ppm), CH2 

(1.28 ppm, 1.29 ppm, and 1.31 ppm), CH3 (0.91 ppm, 0.92 ppm, and 0.93 ppm). The O-CH3 

group of the anion is at a peak location of 3.58 ppm. Figure 2.11.(b) shows the chemical shifts 

of AB/[TBMA][CH3CO3] (after reaction). All the [TBMA][CH3CO3] peaks are in the same 

position as their initial structure.  

2.8.4. EDAB/[TBMA][CH3CO3] 

Figure 2.12.(a) represents the 1H NMR spectra for EDAB/[TBMA][CH3CO3] (before 

reaction), whereas Figure 2.12.(b) represents EDAB/[TBMA][CH3CO3] (after reaction). The 

peaks for EDAB can be located at their positions as BH3 (1.30 ppm), CH2 (2.62 ppm), and NH2 

(5.36 ppm). For the IL - [TBMA][CH3CO3], the peaks can be located at their positions as N-

CH2 (3.20 ppm, 3.16 ppm, and 3.18 ppm), N-CH3 (3.20 ppm), N-CH2-CH2 (1.61 ppm, 1.61 

ppm, 1.59 ppm), CH2 (1.28 ppm, 1.29 ppm, and 1.31 ppm), CH3 (0.91 ppm, 0.92 ppm, and 0.93 

ppm). The O-CH3 group of the anion is at a peak location of 3.58 ppm. Again we observe that 

the IL has not gone through any deterioration and retained its original structure. The significant 

and desired missing hydrogen was found in the NH2 bond of EDAB, ensuring that only the 

EDAB is taking part in the reaction and liberating hydrogen.  

In all the 1H NMR study of the amine borane complexes and the methyl carbonate 

anion-based ILs, a similar trend of thermal dehydrogenation of EDAB/AB has been observed. 
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Figure 2.9: 1H NMR spectra of (a) AB/[Bmpyr][CH3CO3] (before reaction) and (b) 

AB/[Bmpyr][CH3CO3] (after reaction) 
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Figure 2.10: 1H NMR spectra of (a) EDAB/[Bmpyr][CH3CO3] (before reaction) and (b) 

EDAB/[Bmpyr][CH3CO3] (after reaction) 
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Figure 2.11: 1H NMR spectra of (a) AB/[TBMA][CH3CO3] (before reaction) and (b) 

AB/[TBMA][CH3CO3] (after reaction) 
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Figure 2.12: 1H NMR spectra of (a) EDAB/[TBMA][CH3CO3] (before reaction) and (b) 

EDAB/[TBMA][CH3CO3] (after reaction) 
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2.9. Quantum Chemical Insights 

2.9.1. DFT Studies 

In the beginning, density functional theory (DFT) calculations were performed to 

compare interactions between chemical hydrides (AB and EDAB) and [BMPYR][CH3CO3] at 

the M06-2X/6-311++G(d,p) level of theory.40 The optimized geometries of the pyrrolidinium 

cation-based methyl carbonate IL [Bmpyr][CH3CO3] are presented in Figure 2.13.(a). As 

evident from the optimized geometries, the strong ionic interactions between the cationic and 

anionic moieties are responsible for the formation of the ILs.  Further, the chemical hydrides 

molecules are optimized with the respective IL.  

Figure 2.13 (a), (b) represents the optimized structures of the AB/[Bmpyr][CH3CO3] 

and EDAB/[Bmpyr][CH3CO3] complex clusters.  Further, as shown in Figure 2.13.(c), the 

distance between the positive charged H attached to the NH3 moiety in the closest AB molecule 

and the negatively charged O atoms in the [Bmpyr][CH3CO3] were measured at 1.736 Å. This 

indicates that the O···NH3 interaction propagated the reactive dehydrogenation by 

[Bmpyr][CH3CO3], which concurs with the previous reports.58 This is also evident from Figure 

2.13.(a), which represents the optimized structure of isolated IL molecule [Bmpyr][CH3CO3], 

where the predicted distance between O atom of the anion and H atom of the cation (33O···8H, 

32O···5H, and 32O···20H) are 2.470 Å, 2.285 Å, and 1.991 Å, respectively.  

The optimization of AB/[Bmpyr][CH3CO3] resulted in the increase of interatomic 

distances between the cation and anion moiety of the IL, which was due to the addition of 

chemical hydrides. The negatively charged oxygen in the IL's anionic fragment interacts 

favorably towards the positively charged NH3 part of the chemical hydrides. In the similar 

analogy for [EDAB]·[Bmpyr][CH3CO3] Figure 2.13.(d), the distances between the positive 

charged N in the closest EDAB molecules and O atom in the IL [Bmpyr][CH3CO3] were 

predicted as 1.991 and 1.778 Å respectively. These were equivalent to the corresponding 
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distances in AB/[Bmpyr][CH3CO3]. These findings not only indicated stronger interactions in 

AB/[Bmpyr][CH3CO3] and EDAB/[Bmpyr][CH3CO3] but also predicted that the O atom was 

the most active anion location. 

The interactions between chemical hydrides and [TBMA][CH3CO3] have been further 

examined by DFT measurement, using M06-2X/6-311++G(d,p) level of theory,40 and each 

optimization for the isolated IL, isolated chemical hydride, and each IL-chemical hydride 

complex was performed. Figure 2.13.(e) shows optimized structures that reflect the interactions 

between the chemical hydride molecule and the IL [TBMA][CH3CO3] active sites. It is possible 

to note that the distance between the H of the NH3 moiety of the AB molecule and the O and 

H atoms in [Bmpyr][CH3CO3] is expected to be 2.542, 1.691, and 2.226 Å, which indicated an 

interaction between the O···NH3 and that the later was stronger than the former.  The optimized 

[TBMA][CH3CO3]·AB/EDAB structures Figure 2.13.(e) and (f) were compared to 

[Bmpyr][CH3CO3]·AB/EDAB Figure 2.13.(c),(d), the shorter intermolecular distances in the 

[TBMA][CH3CO3]·AB/EDAB proposed the stronger interactions between the H atoms of the 

NH3 moiety in both the chemical hydrides (AB and EDAB) and the active sites in the 

[TBMA][CH3CO3]. Overall, the study of optimized geometry of chemical hydrides-IL 

complexes reveals that shorter inter-molecular interactions between IL [TBMA][CH3CO3] and 

the studied chemical hydrides can be suggested as the fundamental explanation for the higher 

release of hydrogen equivalents using the same catalytic solvent at different temperatures, 

which is strongly supported by our experimental studies.  
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Figure 2.13: Optimized geometries at M06-2X level of theory (a) [Bmpyr][CH3CO3], (b) 

[TBMA][CH3CO3], (c) AB/[Bmpyr][CH3CO3], (d) EDAB/[Bmpyr][CH3CO3], (e) 

AB/[TBMA][CH3CO3], and (f) EDAB/[TBMA][CH3CO3]. 
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2.9.2. NBO Charge Analysis  

To investigate the interactions between chemical hydrides and the methyl carbonate-based ILs 

such as [Bmpyr][CH3CO3], and [TBMA][CH3CO3], the natural bond orbital (NBO) charge 

distribution of chemical hydrides-ILs complexes were calculated using the Gaussian 09 

program.50,35 It has been demonstrated that the NBO charge analysis provides accurate 

estimates of atomic charges for IL and chemical hydride systems. The NBO natural charges on 

the individual components of the ILs and the hydrides studied were assessed before and after 

the formulation of the complex to decipher the magnitude and direction of the charge transfer 

(CT) process among specific parts of the chemical hydrides-IL complexes. This analysis 

identified the components of the ILs that are specifically involved in interaction with a target 

hydride and aided in quantifying the strength of these interactions. 

We observe (Table 2.2) that interaction with the chemical hydrides results in 

considerable disruption of the CT process occurring within an initial (hydride-free) IL cluster. 

In IL1 [Bmpyr][CH3CO3] and IL2 [TBMA][CH3CO3], the chemical hydrides (AB and EDAB) 

gain electron density upon interaction with the ILs. The gain or loss of electron density of 

hydrides tends to be loosely associated with the distance between methyl carbonate anions and 

chemical hydrides (AB and EDAB). 

 

Table 2.2: Calculated NBO charge on studied chemical hydrides in the presence and 

absence of the ILs 

 AB EDAB 

NO IL 0.0000 0.0000 

IL 1 [Bmpyr][CH3CO3] -0.0359 -0.0611 

IL 2 [TBMA][CH3CO3] -0.0517 -0.0753 
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Table 2.3: Calculated NBO charges on the components of IL in the presence and 

absence of chemical hydrides 

Charge on the cationic part of IL in IL-chemical hydrides complexes 

 AB EDAB Neat IL 

IL1 [Bmpyr][CH3CO3] 0.9594 0.9604 0.9486 

IL2 [TBMA][CH3CO3] 0.9575 0.9614 0.9458 

Charge on the anionic part of IL in IL-chemical hydrides complexes 

 AB EDAB Neat IL 

IL1 [Bmpyr][CH3CO3] -0.9235 -0.8992 -0.9486 

IL2 [TBMA][CH3CO3] -0.9058 -0.8861 -0.9458 

 

The closer the anion is to the hydride molecule, the greater the loss of electron density from 

the chemical hydrides. The methyl carbonate anion generally displaced the electron density 

when most chemical hydrides–IL-complexes are formed. For the chemical hydrides-to-anionic 

part of ILs, CT is accompanied by a weakening of the interaction between the cation and 

anionic moieties, concomitant with an increased number of chemical hydrides−anion 

interactions (Table 2.3). In addition, cations lose electron density from the cationic species in 

the chemical hydrides-ILs complexes. We attribute these trends in CT behavior due to the 

higher interaction between the IL and chemical hydrides' cationic moiety. Overall, full NBO 

charge analysis reveals that the presence of the chemical hydrides significantly alters the CT 

interactions between the constituents of the ILs in a complex manner that depends on the choice 

of anions in the ILs. 
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2.10. Frontier Molecular Orbital (FMO) Analysis 

2.10.1. FMO Analysis of the Ionic Liquids (ILs) 

Frontier Molecular Orbital (FMO) analysis is a potent tool to study donor-acceptor 

interaction and molecular reactivity. The interactions in a given chemical system can be 

classified into hydrogen bond interactions, electrostatic interactions, and orbitals between the 

HOMO and LUMO species. HOMO stands for the highest occupied molecular orbitals, while 

LUMO stands for the lowest unoccupied molecular orbitals. The molecule's HOMO-LUMO 

energy gap can determine the energy involved in adding or extracting electrons from a 

molecule. HOMO characterizes a species nucleophilicity, namely its tendency to donate 

electrons, while LUMO defines a species' electrophilicity, i.e., its tendency to receive electrons. 

FMO analysis of aprotic ionic liquids (AILs) with pyrrolidinium and ammonium cations 

coupled with methyl carbonate as the anion was carried out.  

In this work, using the frontier molecular orbital (FMO) analysis, i.e., the HOMO–

LUMO gap, the most appropriate IL system for the dehydrogenation of chemical hydrides was 

again confirmed. In the first instance, kinetic stability and reactivity of a particular IL system 

were computed from the value of HOMO-LUMO energy band gaps for the cation and anion of 

the certain IL system. The FMO diagrams of the ILs and pure hydrides with their energy band 

gaps are shown in Figures 2.14 and 2.15. The green and red isosurfaces represent positive and 

negative amplitudes of the HOMOs and LUMOs of the ILs, respectively. From the FMO 

diagrams, it can be observed that while HOMO electrons are located predominantly over 

methyl carbonate anions, LUMO electrons are primarily clustered around the pyrrolidinium 

and ammonium cation moiety, with the nitrogen atoms contributing significantly to it. With 

the interaction of the cation's electron-deficient portion, the negatively charged methyl 

carbonate anion contributes to the formation of the corresponding ILs.  
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A molecule with a higher HOMO-LUMO energy gap has a low chemical reactivity and 

high kinetic stability. For instance, compounds with a high energy gap in HOMO-LUMO are 

stable and therefore chemically harder than compounds than a lower value of the HOMO-

LUMO energy gap. It is important to note that AB and EDAB need electron acceptors due to 

a higher negative value for HOMO energy. In this way, AB and EDAB can interact with the 

LUMO of the cation. Based on the FMO analysis on ILs isolated structures, it can be partially 

predicted that [TBMA][CH3CO3] is stable due to its higher energy bandgap and lower negative 

LUMO energy in comparison to [Bmpyr][CH3CO3]. The calculated values of the HOMO, 

LUMO, bandgap, chemical hardness, and chemical potential are given in Table 2.4. The energy 

band difference of pure ILs is almost identical. The preference for the suitable solvent for 

dehydrogenation between the two ILs can therefore not be determined. Thus the FMO analysis 

of the isolated IL systems left us with an oddity and led us to study the FMO analysis of 

chemical hydrides/IL complexes. In the ensuing section, FMO analysis was performed on the 

Ionic liquids and Chemical hydrides complex systems.  

 

2.10.2. FMO Analysis of the Ionic Liquids with Chemical Hydrides 

The orbital analysis of reported ILs with chemical hydrides, namely AB and EDAB, 

was studied. The frontier molecular orbital analysis was performed to determine the stability 

of the hydrides/ILs clusters. Using the HOMO–LUMO energy band gap, we could decide the 

optimal IL for the dehydrogenation of chemical hydrides. As reported by Fukui et al., HOMO-

LUMO's energy band gap indicates the electrical transport characteristics and mobility.41 

HOMO-LUMO plots of the chemical hydrides/ILs complexes are reported in Figures 2.16 and 

2.17, respectively.   
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Figure 2.14: HOMO-LUMO isosurfaces of (a) Ammonia Borane (AB) and (b) Ethylene 

diamine bisborane (EDAB) 
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Figure 2.15: HOMO-LUMO isosurfaces of (a) [Bmpyr][CH3CO3] (IL1) and (b) 

[TBMA][CH3CO3] (IL2) 
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Figure 2.16: HOMO-LUMO isosurfaces of (a) AB/[Bmpyr][CH3CO3] and (b) 

EDAB/[Bmpyr][CH3CO3]  
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Figure 2.17. HOMO-LUMO isosurfaces of (a) AB/[TBMA][CH3CO3] and (b) 

EDAB/[TBMA][CH3CO3] 

 

From Figures 2.16 and 2.17, the HOMO-LUMO energy band gap can be analyzed for 

the reported ILs and chemical hydrides (AB and EDAB) complex systems. As similar to the 

isolated ionic liquid system, in both systems, LUMOs are located on the cationic part of the IL, 

irrespective of being a ring or non-ring cation. This can be attributed to the presence of nitrogen 
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atoms in both the cations of the respective ILs, making the cations a favorable location to create 

a transition or intermediate species with the hydrides. On the other hand, the HOMO localized 

electrons lie on the anionic methyl carbonate moiety. The HOMO-LUMO energy gap of the 

complex hydrides/ILs systems can be predicted from the band energy gap, which can measure 

chemical reactivity and stability. However, based on the band energy gap analysis, hydrides 

and [TBMA][CH3CO3] systems come out with a smaller band energy gap. This implies that 

AB/[TBMA][CH3CO3] and EDAB/[TBMA][CH3CO3] are less stable than the corresponding 

hydride/ILs systems. Thus we presume that the combined effect of nitrogen-based cations 

coupled with basic methyl carbonate anions lowers the LUMO energy significantly and 

influences the hydrogen yield. Based on the HOMO-LUMO energy gap, which is a 

representation of the chemical reactivity of a solvent towards its solute and in complex system 

configuration, [TBMA][CH3CO3] is more favorable than [Bmpyr][CH3CO3] for hydrogen 

release from AB and EDAB both, respectively.  

The HOMO and LUMO energies are given in Table 2.4 along with the energy of highest 

(HOMO), second highest (HOMO-1), lowest (LUMO), and second-lowest (LUMO+1) 

unoccupied orbital with their corresponding orbital energy gap. The pictorial view of the 

frontier molecular orbital and their respective positive and negative region are shown in Figure 

2.16 and Figure 2.17. The HOMO-LUMO energy band gap for IL-AB and IL-EDAB may 

throw open further evidence as discussed above. In the case of [Bmpyr][CH3CO3] cluster 

coupled with AB and EDAB, second highest (HOMO-1) and second-lowest (LUMO+1), 

unoccupied orbital with their corresponding orbital energy gap was considered for FMO 

analysis. It should be noted that the combination of higher LUMO of IL's along with lower 

HOMO orbital values of AB and EDAB will invariably give the best IL. Thus combining both 

the results, a lower band gap for EDAB/[Bmpyr][CH3CO3] and EDAB/[TBMA][CH3CO3] 

systems suggest that both the reported ILs have a higher tendency towards EDAB. This higher 
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reactivity and low stability predicted using frontier molecular (FMO) analysis favors the 

obtained experimental results as discussed previously.    

 

Table 2.4: Theoretical calculated LUMO, HOMO (ground and excited state), chemical 

hardness (η), and chemical potential (μ)  

Complex systems LUMO 

energy 

(a.u.) 

HOMO 

energy 

(a.u.) 

Energy 

Gap 

(a.u.) 

LUMO+1 

energy 

(a.u.) 

HOMO-1 

energy 

(a.u.) 

Energy 

Gap 

(a.u.) 

(η) 

(a.u.) 

(μ)  

(a.u.) 

AB -0.02469 -0.33430 0.30961 0.01861 -0.33430 0.35291 0.15480 -0.17949 

EDAB -0.02826 -0.34546 0.31720 -0.02122 -0.34779 0.32657 0.15860 -0.18686 

[Bmpyr][CH3CO3] [IL1] -0.02509 -0.27333 0.24824 -0.00729 -0.28388 0.27659 0.12412 -0.14921 

[TBMA][CH3CO3] [IL2] -0.02293 -0.27141 0.24848 -0.01475 -0.28227 0.26752 0.12424 -0.14717 

AB+[Bmpyr][CH3CO3] -0.02077 -0.29712 0.27635 -0.00532 -0.30719 0.30187 0.13817 -0.15894 

EDAB+[Bmpyr][CH3CO3] -0.01926 -0.29739 0.27813 -0.01101 -0.30997 0.28896 0.13906 -0.15832 

AB+[TBMA][CH3CO3] -0.02309 -0.31304 0.28995 -0.00467 -0.31913 0.31446 0.14497 -0.16806 

EDAB+[TBMA][CH3CO3] -0.02508 -0.30909 0.28401 -0.01647 -0.30987 0.29340 0.14200 -0.16708 

 

2.11. Imidazolium-based Ionic Liquid Expedited Dehydrogenation Experiment of 

Chemical Hydrides 

Prior to the dehydrogenation experiment, an IDAC study was conducted to obtain the 

solubility of chemical hydrides in the studied IL systems (Table 2.5). The thermal 

dehydrogenation experiment of AB and EDAB was conducted at 100 °C in the presence of the 

investigated IL systems. When heated to 100 °C, the dehydrogenation of AB and EDAB in 

their solid-state can yield up to 0.90 and 1.89 equivalents of hydrogen gas, respectively. When 

AB and EDAB are dehydrogenated in their solid state, an induction period occurs prior to the 

release of hydrogen. The use of IL as a reaction medium in the dehydrogenation of amine 

borane complexes aims to minimize the induction period. From Figures 2.19 and 2.20, we can 

see that in the presence of ILs, such as [Bmim][BF4] and [Bmim][PF6], the induction period 
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for both AB and EDAB is approximately 20 minutes, with an essentially negligible amount of 

hydrogen being produced at the beginning of the experiment. However, the thermolytic 

dehydrogenation in the presence of [Bmim][MeSO4] can release hydrogen gas equivalents 

without an induction period at the same working temperature. A cumulative of 1.86 and 2.69 

equivalents of hydrogen was released from AB/[Bmim][BF4] and EDAB/[Bmim][BF4] at 

100°C, respectively. AB/[Bmim][PF6] and EDAB/[Bmim][PF6] systems were capable of 

releasing a cumulative of 1.54 and 2.41 equivalents of hydrogen. Until 100 minutes, the 

hydrogen desorption rate for both ILs is nearly identical, indicating that both hydrides are 

dehydrogenating at approximately the same rate. [Bmim][PF6] is the IL with the lowest overall 

performance in the analyzed subsection. Despite the induction period, the system has a greater 

yield than the pure AB and EDAB systems, demonstrating the advantage of AB/EDAB 

dehydrogenation with ILs over pure AB and EDAB systems. 

Table 2.5: COSMO-SAC Predicted Solubility of AB and EDAB in Studied ILs at T= 25°C 

Ammonia Borane (AB) 

IL system and its abbreviation (IDAC)AB ln(IDAC)AB 

1-Butyl-3-methylimidazolium methylsulfate [Bmim][MeSO4] 0.0099 -4.615 

1-Butyl-3-methylimidazolium tetrafluorborate [Bmim][BF4] 0.6873 -0.374 

1-Butyl-3-methylimidazolium hexafluorphosphate [Bmim][PF6] 3.7756 1.328 

Ethylenediamine Bisborane (EDAB) 

IL system and its abbreviation (IDAC)EDAB ln(IDAC)EDAB 

1-Butyl-3-methylimidazolium methylsulfate [Bmim][MeSO4] 0.0127 -4.366 

1-Butyl-3-methylimidazolium tetrafluorborate [Bmim][BF4] 0.8332 -0.182 

1-Butyl-3-methylimidazolium hexafluorphosphate [Bmim][PF6] 2.5969 0.9543 

 

It is plausible that EDAB/[Bmim][MeSO4] and AB/[Bmim][MeSO4] outperformed all 

other systems when used in conjunction with [Bmim][BF4] and [Bmim][PF6]-based ILs (Figure 

2.19 and 2.20). We noticed that 0.55 equivalent of hydrogen equivalents was liberated from 

the AB/[Bmim][MeSO4] system within 10 minutes of dehydrogenation. In contrast, the 
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EDAB/[Bmim][MeSO4] system was capable of releasing nearly 2.0 equivalents of hydrogen 

gas within the first 20 minutes of dehydrogenation. Following the release of a total of 3.66 

equivalents of hydrogen gas by the EDAB/[Bmim][MeSO4] system, the system became stable, 

indicating that the system had reached its limit and could no longer release extra hydrogen. The 

system AB/[Bmim][MeSO4] produces 2.18 equivalents of hydrogen, with the rate of release 

decreasing after the formation of the second hydrogen equivalent. In part, this performance of 

the [BMIM][MeSO4] IL can be attributed to the greater basicity of the methylsulfate anions. 

The higher basicity is considered to distort the hydrogen bond network of the amine borane 

complexes, thereby allowing the dissolution of chemical hydrides in methylsulfate-based ILs. 

This nature of methylsulfate-based ILs can be visualized in the images provided below in 

Figure 2.18.  

Figure 2.18 demonstrates the images of 2 ml Eppendorf tube with materials of (a) neat 

hydride, (b) neat IL [Bmim][MeSO4], (c) hydride-IL mixture right before the reaction, and (d) 

hydride-IL mixture of thermolysis right after the reaction. As it is evident from image (c), the 

hydride-IL mixture is a slurry at room temperature. As the solvent is added to the chemical 

hydride, a sudden frothing is observed, and the reaction mixtures expand, as shown in the image 

(c). Further, the reaction mixture changes into a stable liquid phase with the completion of the 

dehydrogenation reaction as most of the dehydrogenation process was completed in the first 

120 minutes (image (d)). This initial frothing of the reaction mixture initiates the rapid 

hydrogen release in the case of the AB/EDAB-[Bmim][MeSO4] mixture. In the studied case, 

released hydrogen equivalents can be referred to as the hydrogen of hydride molecules, 

expressed as "moles of hydrogen per moles of the complex."  

 

 

TH-2826_166107108



IL-based Thermal Dehydrogenation  Chapter 2 

Page 75 
 

 

Figure 2.18: Images of a 2 mL Eppendorf tube with materials of (a) neat hydride, (b) neat 

IL [Bmim][MeSO4], (c) hydride-IL mixture right before the reaction, (d) hydride-IL mixture 

of thermolysis right after the reaction 

 

 

Figure 2.19: Equivalents of hydrogen released from AB/IL mixture at 100°C 
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Figure 2.20: Equivalents of hydrogen released from EDAB/IL mixture at 100°C 

 

2.12. Effect of Ion Choice on Thermal Dehydrogenation of Chemical Hydrides  

The hydrogen bond basicity, or the β-value specified by Kamlet and Taft, is a crucial 

metric for classifying an ionic liquid or solvent for subsequent usage in a variety of 

applications.59,60 According to the standard IL-based catalytic mechanism, which states that the 

ability of deprotonation of chemical hydrides controls the reactive activity, the hydrogen bond 

basicity of a traditional ILs is assumed to be responsible for the activity of the solvent.61,24  

The effect of modulating the anion was tested (in conjunction with a [Bmim]+ cation) 

using tetrafluoroborate [BF4ˉ], hexafluorophosphate [PF6ˉ], and methylsulfate [MeSO4ˉ] 

anion using chemical hydrides bearing the same RTIL as the sample. The subset of ILs 

possessing imidazolium cations exhibits a specific pattern that is implied by the anion. 

According to the study reported by Jessop et al. on the trend in mean β-values of the Kamlet-

TH-2826_166107108



IL-based Thermal Dehydrogenation  Chapter 2 

Page 77 
 

Taft parameters, hydrogen yields are related to the basicity of the ILs.62 The ILs containing 

anions with extremely low mean β-values, such as [PF6ˉ], and [BF4ˉ], as well as those 

containing anions with larger mean β-values, such as [MeSO4ˉ], carrying the identical cationic 

species [Bmim] +, precisely fit the pattern, as shown in Figure 2.21. Thermal dehydrogenation 

in the presence of methylsulfate [MeSO4ˉ] ILs enhances the yield and reaction rates. The 

presence of ILs with lower basicity values, tetrafluoroborate [BF4ˉ], hexafluorophosphate 

[PF6ˉ], in combination with [Bmim]+ cation exhausts with the lower release of hydrogen 

equivalents. This correlation states that the higher the hydrogen bond basicity of an anion, the 

higher it will contribute to the amount of hydrogen equivalents released.  

The catalytic effect of the anions correlated with the basicity was in the sequence as 

follows: [Bmim][MeSO4] > [Bmim][BF4] >[Bmim][PF6], which implied that the anion 

moieties dominated the dehydrogenation of chemical hydrides. The hydrogen bond basicity 

also contributes to the solubility of chemical hydrides in the IL system. The strong non-

covalent interactions between the basic anions and the protic nitrogen moiety of the hydrides 

in the ILs are responsible for the higher chemical hydride solubility in the ILs.31 The delay in 

breaking dihydrogen bonds formed in the solid-state of amine borane complexes results in an 

enhanced induction period. The solubilizing property of ILs, breaks the dihydrogen network, 

hence shortening the induction period. Thus, the solubility of amine borane complexes in IL is 

proportional to the ease with which hydrogen can be released from the complex system.63 The 

higher equivalent release of AB and EDAB in the presence of methylsulfate [MeSO4ˉ] ILs 

would arise due to the higher solubility of hydrides in the IL. A COSMO-SAC model-based 

study performed in this work follows a trend related to the solubility of chemical hydrides with 

a higher hydrogen bond basicity value of the anion (Table 2.5).  This trend for basicity value 

of anions pertaining to the release of hydrogen equivalents only lines in accordance with ILs 

with imidazolium-based cations.  
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Table 2.6 illustrates the comparison of the hydrogen equivalents released by 

incorporating different anions for the IL-mediated dehydrogenation of chemical hydrides. The 

previously reported literature has been compared to our work in terms of the amount of 

hydrogen released by incorporating different anions with higher and lower β-values at various 

operating temperatures (Table 2.6). All the reported earlier results incorporate the usage of a 

similar cationic moiety [Bmim]+ and varying the anionic part. In one of the work reported by 

Banerjee et al., thermal dehydrogenation of EDAB in the presence of acetate anion-based IL 

(β=0.99) documented a release of 3.96 equivalents of hydrogen gas.54 The benchmarking work 

reported by Bluhm and co-workers reported a release of 1.6 equivalents from IL-facilitated 

dehydrogenation of AB in the presence of chloride anion (β=0.93).19 In one of our documented 

work, the efficiency of the EDAB/[Bmim][MeSO3] system was elucidated and tended to 

release a cumulative of 3.7 equivalents of hydrogen, which can be attributed to the higher 

basicity value of the anionic moiety present in the IL.64 This effect of ILs dependent on the 

anions' basicity can be only severely found in the presence of imidazolium cations.22 This effect 

was not observed when there were no imidazolium cations present.  

In the study performed in our initial section of this chapter, methyl carbonate anions 

with higher β-value were tuned with pyrrolidinium and ammonium cations.63 The study could 

not correlate a distinct tendency of basicity and hydrogen release in the absence of imidazolium 

cations. This effect can be attributed to the acidic environment provided by the imidazolium-

based ILs.65 The presence of acidic hydrogen at the C2, C4, C5 positions exerts a substantial 

effect on the catalytic activities in the presence of basic anions. Significantly, the presence of 

hydrogen at the C2 position initiates the formation of intermediate carbene species.66 The 

dehydrogenation of AB and EDAB begins with the formation of ionic species, namely 

diammoniate of diborane (DADB).67,68 The formation of the intermediate moiety is proposed 

to be the rate-determining step. The acidic environment provided by imidazolium cations 
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initiates the dehydrogenation reaction by stabilizing the ionic intermediates formed during the 

reaction, which results in the increase of reaction rates and higher yield.69  

Last, the effect of varying the cation was considered using the [MeSO4ˉ] in each case. 

In addition to the anion, we observed that the nature of the cation impacts efficiency, 

particularly in terms of the reaction rate and total hydrogen production. A comparative study 

was conducted to study this effect of cation and alkyl chain length to elucidate its impact on 

the dehydrogenation of chemical hydrides. [Bmim][MeSO4] was investigated above, and it 

outperformed all the counterpart ILs, incorporated with different anionic moieties. The 

catalytic performance of [Bmim][MeSO4] with its lower alkyl chain length counterpart, namely 

1-ethyl-3-methylimidazolium methylsulfate [Emim][MeSO4], was performed. A cumulative of 

1.97 and 3.17 equivalents of hydrogen was released from AB/[Emim][MeSO4] and 

EDAB/[Emim][MeSO4] at 100°C, respectively (Figure 2.22). The effect of increasing the alkyl 

chain length of the cation was found to be crucial. [Bmim]+-based cations outperformed their 

lower alkyl cation analogues [Emim]+ in terms of catalytic cum solvent activity. The release of 

hydrogen equivalents from [Bmim][MeSO4] was two-fold higher than the latter. The increased 

catalytic activity with [Bmim]+ cation can be attributed to weaker cation-anion interaction 

within the IL system. To put it another way, as the alkyl chain length rises, the cation-anion 

interaction within the ILs weakens by decreasing the cation's electron-donating capacity and 

augmenting the imidazolium ring's positive charge density. This results in an increase in the 

interaction between the anionic species and the desired molecules of the chemical hydrides 

investigated in this work, as well as a decrease in the amount of free anions.70 
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Figure 2.21: Plot of equivalents of hydrogen released in relation to mean β-value of anions of 

the studied ILs 
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Table 2.6: Comparison of hydrogen yield in AB and EDAB dehydrogenation to the 

mean β-value of the anion of the studied imidazolium ILs.  

Anion mean β-value Equiv. H2 from AB Equiv. H2 from EDAB Reference 

MeSO4ˉ 0.71 2.18 3.66 Present Study 

BF4ˉ 0.36 1.86 2.69 Present Study 

PF6ˉ 0.29 1.54 2.41 Present Study 

Clˉ 0.93 1.6 3.02 [50] 

OAcˉ 0.99 -- 3.96 [49] 

MeSO3ˉ 0.77 -- 3.70 [28] 

Tf2Nˉ 0.24 -- 2.04 [20] 

 

 

 

Figure 2.22: Cumulative release of hydrogen equivalents from AB and EDAB mediated by 

ILs at 100°C 
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2.13. Quantum Chemical Calculations 

2.13.1. Geometry Optimization of Ionic Liquid Pairs 

The advent of imidazolium-based ILs combined with a large variety of anions showed 

that ILs are a valuable domain of functional materials. A series of typical imidazolium-based 

ILs was chosen for this study. They are composed of 1-butyl-3-methylimidazolium cation 

[Bmim]+ and a variety of coordinating and non-coordinating anions such as [MeSO4ˉ], [BF4ˉ], 

and [PF6ˉ] (Figure 2.4). The most stable ion pair geometries for these ILs are depicted in 

Figure. 2.24. All of the [Bmim]+ cation-based ILs, namely [Bmim][MeSO4], [Bmim][BF4], and 

[Bmim][PF6], feature anions in the plane of the imidazolium ring, adjacent to the most acidic 

C2-H group, culminating in strong hydrogen-bond interactions between the cation and anion 

moieties. As expected, the ion pair of the fluorine atoms in [BF4ˉ], and [PF6ˉ] anion exhibits at 

least one shortest H–(C2)···F interaction distance, thus indicating one strong C2–H···F H-bond 

interaction (Figure 2.24 (a, b)). A large number of interactions between the imidazolium cations 

and the fluorinated anions can be attributed to the front and top positions in the optimized 

geometries. The hydrogen bond interactions formed by fluorine (F) atoms with hydrogen (H) 

atoms are usually stronger. However, the large vdWs volume and delocalized charge of 

fluorinated anion make the interaction energies (E) of the IL system weaker. It is possible that 

the two ionic liquids, [Bmim][BF4] and [Bmim][PF6], acquire similar structural properties due 

to their classification as weakly coordinated ionic liquids.  

On the other hand, the interaction between the acidic C2–H group and [MeSO4ˉ] anions 

proceed further with the formation of H-bonding. The acidic C2–H group of the [Bmim]+ 

cation, has a strong affinity toward the oxygen atoms of the [MeSO4ˉ] anions (Figure 2.24(c)). 

The electronegative atoms have a stronger electrostatic interaction with the C2–H position 

leading to a stronger electrostatic interaction. It has been shown that H-bond interactions with 

ILs can explain spatial patterns in both solid and liquid phases.71 Anion and cation interactions 
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have traditionally been the focus of ab initio studies in the gaseous phase of the IL system. The 

imidazolium cation's peculiar chemical structure features several anion H-bonding sites, front, 

side, and rear, and co-planar with the ring, as well as two out-of-plane sites, top and bottom 

(Figure 2.23). As established by ab-initio investigations, the anion forms a favorable 

association with the C2–H in both the co-planar front and out-of-plane top positions of 

[CnC1Im]X ILs.72  

The cation-anion interaction energies of the ILs given below were computed, as 

illustrated in Figure 2.24. A higher interaction energy indicates a stronger cation-anion 

interaction. The absolute value of the cation-anion interaction energy for the various IL systems 

exhibits the following trend: [Bmim][MeSO4] (391.19 kJ/mol) > [Bmim][BF4] (370.19 kJ/mol) 

> [Bmim][PF6] (349.19 kJ/mol).  

 

 

 

 

 

 

 

Figure 2.23: Possible anion positions around the [C4C1Im]+ cation. (a) co-planar, and (b) 

out-of-plane anion interaction sites 
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2.13.2. Effect of Anion Type on Cation-Anion Interactions and Basicity of ILs 

To acquire a greater comprehension of the anion's effect on the cation-anion interaction, the 

hydrogen-bonding interactions between different anions and cations were further investigated. 

The hydrogen bonding criteria defined by Popelier under the AIM theoretical framework were 

also used to distinguish existing H-bond interactions within a cation-anion pair.73 As a result, 

it was observed that the [Bmim]+ cation and the methylsulfate anion formed four hydrogen 

bonds in the [Bmim][MeSO4] ion pair (Table 2.7). The most significant bond exists between 

the cation's most acidic H atom, H7, and the O in the anion, O29. The rest of the interactions 

occur between the top methyl and lower butyl chain of the cation with the electron-withdrawing 

O atoms in the anionic moiety (H11···O29, H18···O27, H14···O27). The presence of lone pair on 

the terminal oxygens of methylsulfate anion results in larger interactions with the cationic 

[Bmim]+ moiety. Similarly, on the basis of H-bonding interactions occurring in the IL systems 

investigated between cations and anions, four H-bonds can be found in the other two IL 

systems. Compared to the [Bmim][MeSO4] IL, the latter two possess weaker H-bond 

interactions. The charge density at each hydrogen bond's bond critical point (BCP), c, was 

determined to assess the strength of the cation-anion hydrogen bonding interaction in the 

distinct ion pairs. The sum of the hydrogen bonds in [Bmim][MeSO4] is 0.0696, whereas the 

sums of the hydrogen bonds in [Bmim][BF4] and [Bmim][PF6] are 0.0585 and 0.0579, 

respectively.74,75 With the understanding that a larger value for ρc indicates a stronger 

interaction, this result implies that the strength of the hydrogen-bonding interactions between 

the ion pair in the various imidazolium-based ILs is as follows: [Bmim][MeSO4] > 

[Bmim][BF4]> [Bmim][PF6]. The stronger hydrogen bonding interaction in ILs is consistent 

with the order of the overall cation-anion interaction strength, suggesting that the weaker 

interaction stems from the weak interatomic distances.76  
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Table 2.7: Bond Distances and Atoms in molecules (AIM) Parameters of ILs 

 AIM parameters 

ILs Bond Distance (Å) ρc Sum of ρc 

[Bmim][BF4] H7···F29 

H11···F27 

H18···F29 

H14···F30 

1.914 

2.224 

2.372 

2.341 

0.0256 

0.0135 

0.0093 

0.0101 

 

0.0585 

 

[Bmim][MeSO4] H11···O29 

H7···O29 

H18···O27 

H14···O27 

2.207 

1.813 

2.377 

2.558 

0.0161 

0.0298 

0.0124 

0.0113 

 

0.0696 

[Bmim][PF6] H11···F31 

H7···F32 

H14···F28 

H18···F32 

2.273 

1.943 

2.350 

2.320 

0.0121 

0.0235 

0.0111 

0.0112 

 

0.0579 
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(a) (b) 

 

 

(c) 

Figure 2.24: Optimized geometries of ILs at the DFT-D3(BJ)/B3LYP/6-311++G(d,p) level 

of theory. The interatomic distances mentioned are in angstroms (Å). The values under the 

abbreviations are the BSSE-corrected interaction energies between the cation and anions of 

the respective ILs (kJ/mol). 
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(a) (b) 

 

(c) 

Figure 2.25: Computed electrostatic potential at the isodensity contour (0.001 au) surface of 

ILs. The position of Vs,min is denoted by a red pointer. The values of Vs,min are in (kcal/mol) 

 

Electrostatic interactions are critical in intermolecular cation-anion interactions. The 

basicity of a molecule is governed mainly by its potential to form electrostatic interactions with 

other acidic moieties within the molecule. The most-negative-surface electrostatic potential 

(Vs,min) of the studied molecule is an effective criterion for deciphering and anticipating the 

electrostatically reactive ability of molecules at the microscopic level.77,78 The electrostatic 

surface is defined as the 0.001 au isosurface of electron density, as proposed by Bader.48 The 

negative sign of Vs,min indicates an attractive interaction with a positive charge, and a larger 

magnitude of Vs,min signifies a more strong interaction. As a result, the surface electrostatic 
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potentials of the various ILs depicted in Figure 2.25 were investigated, and the Vs,min values for 

each IL were determined. As illustrated in Figure 2.25, the cation type has no discernible effect 

on the locations of the Vs,min of the three studied IL systems. The Vs,min sites are clustered 

around the oxygen and fluorine atoms in the anions, which is rooted in the idea that the basicity 

of ILs is often acquired from the anions. However, it is intriguing to note that when anion types 

vary, the corresponding magnitudes of Vs,min are dramatically different. For imidazolium 

cation-containing ILs, the absolute value of Vs,min for [Bmim][PF6] is 48.15 kcal/mol, which is 

less than that of [Bmim][BF4] (54.17 kcal/mol); the absolute value of Vs,min for 

[Bmim][MeSO4] is the highest of the three (57.60 kcal/mol).  

 

2.13.3. Interaction of Chemical Hydrides with Anionic Moiety of ILs 

As we have only assessed the effect of anions in the dehydrogenation of chemical 

hydrides, the quantum chemical calculation in the stemming section is only dedicated to the 

anionic moiety of the studied IL systems and chemical hydrides. In the next instance, a quantum 

chemical-based, dispersion corrected density functional theory (DFT-D3(BJ)) calculation at 

the B3LYP/6-311++G(d,p) level was performed to compare the interaction between chemical 

hydrides (AB and EDAB both) and active sites in [BF4ˉ], [PF6ˉ], and [MeSO4ˉ] anions.43 As 

illustrated in Figures 2.26 (a) and (b), the distance between the protic H atom attached to the 

NH3 moiety in the nearest hydride molecules and the negatively charged F atoms in [BF4ˉ] 

anion was anticipated to be 2.231 and 2.230, respectively. These interatomic distances suggest 

that the F···H contact played a significant role in thermal dehydrogenation by [BF4ˉ] anion-

based IL, which is consistent with prior results.69 Similar results for [PF6ˉ] anion are obtained 

by the optimized structures of [AB].[PF6ˉ], where the F···H distance predicts to be 2.234 Å for 

both the interacting fluorine atoms. As for [MeSO4ˉ]·AB (Figure 2.26 (c)), the distances 

between the positive charged H of the NH3 moiety in the closest AB molecule and the O atoms 

in the [MeSO4ˉ] anion were predicted as 2.012 Å, respectively, which were much shorter than 
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the corresponding distances in [BF4ˉ]·AB and [PF6ˉ]·AB. These results suggested the stronger 

interactions in [MeSO4ˉ]·AB and conjectured that the O atom was the primary interaction site 

in the anion. The calculations were also performed by coupling the same anions with another 

chemical hydride, EDAB. This set of quantum chemical calculations elucidated the same trend 

as observed in the earlier case of AB with a similar set of anions. The optimized structures of 

EDAB with a different set of anions are illustrated below (Figure 2.27). The trends obtained 

are in accordance with the results of AB with [BF4ˉ], [PF6ˉ], and [MeSO4ˉ] anions. The higher 

basicity of [MeSO4ˉ] anion in comparison to the other studied anions provides the chemical 

hydrides to interact with multiple O atoms present in the structure. These stronger interatomic 

H-bond interactions between the [MeSO4ˉ] anion-based ILs with AB and EDAB present it as 

a better catalytic cum solvent for the dehydrogenation process in comparison to the latter two 

IL systems ([BF4ˉ], and [PF6ˉ]). With shorter intermolecular distances between AB/EDAB and 

[MeSO4ˉ] anions (cf. Figure 2.26(c) and 2.27(c)), the dehydrogenation of the chemical hydrides 

propagates with N–H activation and interacts with the anion. This weakens B–N bonds, which 

subsidizes the formation of ionic species diammoniate of diborane [DADB], which is the rate 

governing step in the dehydrogenation reaction and initiates the hydrogen release.78  
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(a) (b) 

 

 

(c) 

Figure 2.26: Optimized geometries at DFT-D3(BJ)/B3LYP/6-311++G(d,p) level of theory: 

(a) AB-[BF4ˉ], (b) AB-[PF6ˉ], and (c) AB-[MeSO4ˉ]. The distance mentioned are in 

angstroms (Å). 
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(a) (b) 

 

 

(c) 

Figure 2.27: Optimized geometries at DFT-D3(BJ)/B3LYP/6-311++G(d,p) level of theory: 

(a) EDAB-[BF4ˉ], (b) EDAB-[PF6ˉ], and (c) EDAB-[MeSO4ˉ]. The distance mentioned are 

in angstroms (Å). 

 

Additionally, to examine the interactions between chemical hydrides and various anions 

such as [BF4ˉ], [PF6ˉ], and [MeSO4ˉ], the Gaussian 16 package was used to determine the 

natural bond orbital (NBO) relative charge distribution of several active atoms in these 

anions.79,50 To deeply investigate the charge redistribution of chemical hydrides and ILs upon 

mixing, we employed atomic charge to measure the electron variation on atoms, an intuitive 

representation of charge distribution in chemical systems. Atomic charge analysis using natural 
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bond orbital (NBO) charges has been demonstrated to be a reliable and appropriate method for 

studying charge distribution and transfer. Table A3-A8 (Appendix A) provides comprehensive 

data on the charge variation during the dehydrogenation process. This approach highlighted 

the ILs' components that are particularly involved in their interaction with a target chemical 

hydride and aided in evaluating the significance of these interactions. As can be seen from 

Figure 2.28 (a, and b), the electron-withdrawing fluorine atoms shared equal negative charge 

on the [BF4ˉ], and [PF6ˉ] anions, and consist of a positive atom in the centre. Whereas in the 

case of [MeSO4ˉ] anion, the tertiary O atoms comprise of higher electron density (eˉ), which 

reduces while moving towards anionic centre. For example, the NBO charges of the O atoms 

in [MeSO4ˉ] were −0.987 and −0.966, whereas those in centre O atoms were decreased to both 

−0.768 (Figure 2.28 (c)).  This is the reason for the interaction of tertiary higher electronegative 

O atoms with the protic NH3 moiety in the hydrides. 

While interacting with the chemical hydrides, it was observed that the interactions of anions 

or ILs with chemical hydrides result in complete disruption of the charge transfer process 

occurring within an initial IL cluster. The anionic moiety of the IL act as an active barrier for 

the charge transfer process between IL and the chemical hydrides (AB and EDAB). In one of 

our previous studies, we predicted that the closer the anion is to the hydride molecule, the 

greater the loss of electron density from the ILs to chemical hydrides.63 The same charge 

transfer (CT) process can be intuited in our present study, where the charge transfer between 

the anionic species of ILs and chemical hydrides have been assessed, and similar trends are 

obtained. The shorter intermolecular distances between the anionic moiety and the chemical 

hydrides contribute to the greater loss of electron density from the anionic moiety of the ILs 

that is observed. In our present study, the shorter intermolecular distances between [MeSO4ˉ] 

anion and chemical hydrides result in a higher loss of electron density from the anionic part of 

the IL. This charge transfer process occurs by weakening the interaction between the cation 
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and anion of the ILs, resulting in an increased number of anion-hydride interactions. The 

presence of electron-donating O atoms in [MeSO4ˉ] anion, which provides the chemical 

hydrides with multiple interacting basic sites, can be attributed to the higher hydrogen bond 

basicity (β) of the particular IL.30,24,31 

On the other hand, the fluorine-based anions consist of electron-withdrawing fluorine atoms 

that possess lower hydrogen bond basicity (β) and result in weaker intermolecular interactions 

between the anions and chemical hydrides. The strong and weak intermolecular distances 

between the studied anionic-hydride systems are directly proportional to the extent of charge 

transfer between the hydride and IL systems. It was observed (Table A1-Table A8, Appendix 

A) that in the presence of [MeSO4ˉ] anions, chemical hydrides (AB and EDAB) gain a 

considerable amount of electron density, in comparison to other two counterpart anion systems, 

[BF4ˉ], and [PF6ˉ], respectively. The correlation of hydrogen bond basicity with the extent of 

charge transfer can be related to the presence of imidazolium-based ILs. The earlier predicted 

correlations were different in the reported studies where an anion comprised of higher 

hydrogen bond basicity coupled with ammonium and pyrrolidinium cations. The system failed 

to produce the exact correlation. A NBO charge analysis revealed that chemical hydrides 

dramatically alter charge transfer and interactions between their constituents in a nuanced 

manner that relies on the choice of anions when mated with imidazolium-based cations in ILs. 
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(a) (b) 

 

 

 

(c) 

Figure 2.28: NBO charges on anions (a) [BF4ˉ] anion, (b) [PF6ˉ] anion, and (c) [MeSO4ˉ] 

anion 
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2.14. Conclusions 

A comparative study about the thermal decomposition of ammonia borane (AB) and ethylene 

diamine bisborane (EDAB) was conducted with methyl carbonate anion-based ILs at 95°C and 

105°C. From the COSMO-SAC-based study, two ILs, namely 1-butyl-1-methylpyrrolidinium 

methyl carbonate [Bmpyr][CH3CO3] and Tributylmethyl ammonium methyl carbonate 

[TBMA][CH3CO3], were selected for the dehydrogenation experiment of chemical hydrides. 

The hydrogen released from AB/[TBMA][CH3CO3] (1.46 equivalents) and 

EDAB/[TBMA][CH3CO3] (3.50 equivalents) mixtures were subsequently higher in 

comparison to the other AB/EDAB-IL mixtures studied. Confirmation of IL as catalytic solvent 

was determined by 1H NMR.  

In comparison to ammonium and pyrrolidinium-based ionic liquids, imidazolium-based 

ionic liquids are the most extensively employed. This performance of imidazolium-based ILs 

is due to the presence of the carbene cation, which stabilizes the ionic complexes and has a 

significant effect on hydrogen yield when paired with basic anions. In the absence of 

imidazolium cations, the same action is absent.22 The usage of ammonium and pyrrolidinium-

based ILs provides a significant catalytic media for the thermal dehydrogenation of chemical 

hydrides. Despite lower equivalents of hydrogen release, the reported ILs proved to be an 

impressive replacement in comparison to the solid-state hydrogen release. Quantum chemical 

calculations revealed the electronic structural entity of the IL-chemical hydrides complex 

systems. HOMO-LUMO analysis was in good agreement with the experimental and theoretical 

predictions.  

In the ensuing section, imidazolium-based ILs mediated thermal dehydrogenation of 

AB and EDAB was carried out in a high vacuum glass experimental setup at 100°C. A 

comparative analysis was conducted for the thermal decomposition of AB and EDAB in the 
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presence of three ILs different from their anions. The methylsulfate anion-based ILs 

[Bmim][MeSO4] performed the best in this study, leading to increased reaction rates and yields. 

AB/[Bmim][MeSO4] and EDAB/[Bmim][MeSO4] released 2.18 and 3.66 equivalents of 

hydrogen with a negligible induction period. The solubility of chemical hydrides in ILs can be 

correlated to their higher β-value, resulting in higher hydrogen release. The catalytic effect of 

ILs is explained by their ability to stabilize ionic intermediates produced during the 

dehydrogenation of amine borane and further enhance hydrogen release by shortening the 

induction period.  

The influence of basicity on anions was studied using cation-anion interactions and the 

cation-tethered approach. Atom in molecules (AIM) analysis was employed to distinguish the 

cation-anion hydrogen bonds in ILs. The most negative surface electrostatic potential (Vs,min), 

an efficient parameter that helps decipher the electrostatic reactivity, was employed. From the 

obtained (Vs,min) values, it can be predicted that the basicity of ILs emerges out from the anionic 

moieties. The higher negative (Vs,min) values simultaneously indicate an attractive interaction 

towards a positive charge and a stronger interaction.  

Overall it is observed that the ILs have limited applicability in large-scale catalytic 

processes due to their higher cost. Deep Eutectic Solvents(DES) are known as the alternatives 

to ILs, which are more economical, and some of them are non-toxic. These neoteric solvents 

have the ability to perform the functions of ILs in a range of applications. The following chapter 

will examine the mechanism involved in the formation of these novel solvents. 
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3.1. Chapter Abstract 

     Deep eutectic solvents based on metal halide salts are highly catalytic, low toxic, reusable, 

cost-effective, and have higher thermal stability than their analogue ionic liquids (ILs). In this 

work, we have reported the formation mechanism of metal salt-based Deep Eutectic Solvents 

(DESs) at the molecular level along with their charge transfer analysis and thermodynamics 

associated with its formation using density functional theory (DFT). The DES systems analyzed 

in the present work were Choline Chloride and Tin (II) Chloride (DES1) and Choline Chloride 

and Zinc (II) Chloride (DES2), both in a molar ratio of 1:2, respectively. An excellent 

correlation is obtained between the theoretically calculated IR spectra of the DES systems and 

the previously reported experimental findings for the formation of the complex systems. The 

DESs were found to be stable systems due to traditional hydrogen bonding and electrostatic 

interactions resulting in the ionic species [Sn2Cl5]ˉ and [Zn2Cl5]ˉ, and are elucidated with the 

help of electronic structure calculations. CHEPLG partial charge analysis and NBO analysis 

suggest a charge transfer from Clˉ (Chloride) to Ch+ (Choline) and metal salts in the DESs 

structures. The atom-in-molecules (AIM) and non-covalent interactions (NCI) analysis suggest 

a strong electrostatic interaction within DES2 system as compared to DES1. Higher stability 

and reactivity is observed in DES2 system based on the frontier molecular orbital analysis. 

Our analysis offers important insights into the formation mechanism of these economic ionic 

liquid analogues. 
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3.2. Introduction 

The advent of Ionic Liquids (ILs) has revolutionized chemistry in the last two 

decades.1,2 ILs are usually classified as compounds consisting of non-symmetric ions with low 

lattice energy making them liquid at an arbitrary threshold of 100ºC. The ionic nature of ILs 

contributes to their desirable properties, such as high thermal stability, low vapor pressure, 

excellent chemical stability, and recyclability. [3-6] Recent developments in the field of green 

chemistry have unfortunately demonstrated significant toxicity and low biodegradability 

associated with several types of ILs.7 Nevertheless, the high costs and purification related to 

the synthesis of ILs impede its application on a commercial scale. The drawbacks of the 

conventional ILs forced the researchers to develop a cheap and readily available solvent named 

Deep Eutectic Solvents (DESs). Deep eutectic solvents are the mixtures of quaternary 

ammonium salts (QAS) such as choline chloride mixed with a hydrogen bond donor (HBD) 

and form a low-temperature eutectic when mixed at a suitable molar ratio.8,9 DES can be termed 

as a novel category of solvents that provides physicochemical properties suitable for various 

technical applications. Abbott et al. in the year 2003 reported the most popular mixture of 

quaternary ammonium salt and urea to be liquid at room temperature and had interesting 

solvent properties.10 The interesting fact is the formation of DES that can form a eutectic 

mixture with a melting point well below that of the individual components and can be attributed 

to the charge transfer process resulting from the intermolecular hydrogen bonding.11 The 

advantages of the neoteric solvents render them to replace the volatile organic solvents as well 

as conventional ILs in many applications such as electrochemistry, biomedical, extraction, 

catalytic solvent, etc. 12,13  

Several kinds of DESs incorporating different groups of hydrogen bond acceptors 

(HBAs) and hydrogen bond donors (HBDs) have been identified recently. Still, those based on 

choline chloride have so far been the most commonly investigated DES. Due to its low costs 
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and availability, choline chloride can be tuned up with several HBDs, including carboxylic 

acids, phenols, polyols, and amides, to form DES. The composition and the physicochemical 

properties, as anticipated, are the main factors affecting the application of the particular DES.14  

With the growing demands and recognition of DES, a remarkable amount of 

experimental studies on the formation of DES from ChCl (Choline Chloride) with HBDs such 

as urea and glycerol have already been performed. The molecular-level understanding of the 

DES interactions and formation mechanism using computational methods are very scarce.15 

The hydrogen bond is critical in determining the DESs' physicochemical features. Ashworth et 

al. evaluated the importance of hydrogen bonding in DESs' using the Density Functional 

Theory (DFT) approach.60 In earlier work, Sun et al. reported a molecular dynamics (MD) 

simulation study of ChCl based DES with urea in different molar ratios with an explanation for 

the depression in the melting point of the DES system.16 Zhekenov et al. documented a 

combined experimental and computational approach to predict the importance of 

intermolecular hydrogen bonds in the formation of DES systems.17 Similar work using infrared 

spectroscopy and MD simulations reported by Perkins et al., strong trans-type hydrogen-

bonding interactions between chloride anion of ChCl and urea were predicted, which play a 

vital role in the depression of melting point of the DES system.18 Zahn et al. made observations 

using ab initio MD simulations and concluded that charge delocalization through hydrogen 

bonding is not the only reason for the depression of the melting point in DES systems.19 In a 

previous work based on ChCl/glycerol system, Wagle et al. predicted the linkage of glycerol 

with chloride anion and diffusion of Choline cation into the DES20, and computational insights 

on the interaction and thermodynamics involved in the formation of various ChCl based DES 

systems.21 Garcia et al., using quantum chemical calculations and AIM analysis, predicted the 

relationship between melting temperatures and electron density in ChCl based DESs.22 Zhang 

et al. performed the experimental and computational analysis for the electrodeposition of 
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magnesium chloride hexahydrate in a Choline Chloride/magnesium chloride hexahydrate 

based DES.23 Yang and co-workers investigated that the composition and molar ratio of HBA 

and HBD can have an impact on the freezing point of DES systems, as well as the physical and 

chemical properties of the system.61 It can be concluded that all the previous work performed 

on the mechanism of formation and microstructure of DES systems were all based on the Type 

III DESs systems.  

Recently, DESs consisting of choline chloride and metal salts (such as zinc (II) chloride 

and tin (II) chloride) have been described as a green and effective medium for polymerization, 

electrochemical process, dye-sensitized solar cells, metal electrodeposition, and organic 

synthesis.24 Lin et al. reported the formation of eutectic mixtures by mixing the ionic liquids 

with metal halides such as zinc chloride.25 Subsequently, it was reported by several authors 

that ionic liquids such as 1-butyl-3-methylimidazolium chloride could form a eutectic mixture 

with ferric and stannous salts. Abbott et al. reported the formation of Type I DES constituting 

of quaternary ammonium salts and metal halide salts such as ZnCl2, FeCl3, and AlCl3, which 

can be termed as Deep Eutectic Solvents (DESs).26 The presence of excess chloride ions in the 

QAS salt triggers its interaction with the metal cation, leading to the formation of the metal-

chloride complex moiety. This is a unique formation and is not present in the metal halide salts. 

Abranches et al. reported that the charge transfer behavior of the chloride anion is responsible 

for the formation and properties of these mixtures.27 Similarly, to optimize the design of Type 

I DESs for a particular chemical process, further information about their structural, 

physicochemical, and transport properties, as well as their relationship to temperature, is 

required, allowing for the accurate design of a task-specific solvent for a variety of 

applications.62 The knowledge related to the interactions between choline chloride and metal 

halide salts is limited. Consequently, understanding the interaction of metal (II) halides and 
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ChCl is essential in studying the mechanism and charge transfer behavior involved in forming 

Type I-based DESs.  

In the present chapter, we have explored the formation of Type I DES, which comprises 

quaternary ammonium salts (Choline Chloride) and metal (II) halides (ZnCl2 and SnCl2), by 

applying Density Functional Theory (DFT) calculations. The intermolecular interactions 

between choline chloride and two different metal halide salts, namely Zinc Chloride (ZnCl2) 

and Tin Chloride (SnCl2), were subjected to analysis. As an initial step, we have explored the 

geometries, electronic structure, charge delocalization, and the thermochemistry involved in 

forming the DESs. Bader’s Quantum Theory of Atoms in Molecules (QTAIM) and Non-

covalent interactions (NCI or RDG method) has also been employed to study the mechanism 

of interaction. We have used the following nomenclature for the two DES systems studied in 

this work: DES1 (ChCl: SnCl2) and DES2 (ChCl: ZnCl2), respectively. To the best of our 

knowledge, this is the first time that the structural and formation mechanism of Type I DES is 

reported. 

 

 

 

 

 

 

Figure 3.1: Schematic representation of the molecules used in this chapter 
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3.3. Materials, Preparation and Experimental IR Spectroscopy 

Choline Chloride (ChCl), Tin (II) Chloride (SnCl2), and Zinc (II) Chloride (ZnCl2) were 

purchased from Sigma Aldrich. Due to their inherent moisture sensitivity, the resulting 

compounds were dried in a high vacuum (80˚C, 2 days, 10-3 mbar). Both the investigated DESs, 

namely DES1 (ChCl: SnCl2 in a molar ratio of 1:2), and DES2 (ChCl: ZnCl2 in a molar ratio 

of 1:2) were experimentally formulated by constant stirring (≤ 500 rpm) at a temperature fixed 

to 100˚C and under atmospheric pressure until clear liquids were obtained. Infrared 

measurements on the synthesized DES mixtures were performed using the IRAffinity-1 FTIR 

instrument from Shimazdzu Inc.  

3.4. Computational Methods 

Initial DES geometries were generated by positioning individual metal halide salts 

(SnCl2 and ZnCl2) in all possible orientations around the QAS (ChCl) moiety. Preliminary 

geometry optimizations were carried out by employing BP86 density functional in conjunction 

with the triple-ζdef2-TZVP basis sets for non-heavy atoms (Choline Chloride, ZnCl2-dimer, 

and DES2 (ChCl: ZnCl2).
[28-31] For heavy metal system (SnCl2-dimer and DES1 (ChCl: SnCl2), 

relativistic corrections were applied by employing the zero-order regular approximation 

(ZORA) approach.32,33 During this step, the ZORA-def2-TZVP basis sets, which are 

relativistically recontracted version of all-electron def2-TZVP basis sets, and segmented all-

electron relativistically contracted (SARC/J) auxiliary basis sets34 were used. The resolution-

of-identity (RI) approximation was applied for fast computations.  [35-37] Dispersion effects were 

considered by applying the atom-pair-wise corrections schemes developed by Grimme et al. 

with Becke-Johnson damping (D3BJ).38,39 The resulting stationary points were characterized 

as energy minima on the potential energy hypersurface by performing harmonic vibrational 

frequencies at the same level. The geometries were subsequently re-optimized with M06-2X 
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density functional55 as it was considered as a suitable functional for evaluating thermochemical 

parameters for similar systems. The interaction energies of initial structures and the later 

formed DES was calculated using quantum chemical calculations, during which the 

counterpoise procedure was adopted to eliminate the basis set superposition error (BSSE).40 

All calculations were performed with ORCA version 4.0.1 quantum chemistry package.41 The 

analysis of the net charge distribution on eutectic systems was performed using Natural Bond 

Orbital (NBO) methodologies implemented in NBO program package version 6.0,42 and the 

electrostatic potential derived charges were analyzed using the CHELPG method. A frontier 

molecular orbital analysis was carried out to get insights into the molecular reactivity and 

available active sites. To further gain insights on the electronic structure and bonding in QASs, 

metal halide salts, and their interactions with the metal-based DESs, the Quantum Theory of 

Atoms in Molecules (QTAIM)53 and non-covalent interaction (NCI or RDG) methodologies 

[49,50] were applied using the Multiwfn code 43. QTAIM is an efficient approach for studying 

intermolecular interactions. The electron density at the bond critical points (BCPs), BCP, is a 

valuable parameter to characterize the strength of intermolecular interaction. In addition to this, 

the Laplacian of the electron density at BCP (2
) denotes regions with charge concentration 

(negative sign) and charge depletion (positive sign) for a chemical bond. To further validate 

the existence of intermolecular interactions, the non-covalent interactions analysis (NCI) have 

been applied to the complex structures studied. NCI analysis provides information about the 

distribution of electron density in molecular systems of low electron density and low gradient 

values. This approach is often referred to as ‘reduced density gradient’ (RDG) analysis.  

 

 

 

TH-2826_166107108



Insights on Deep Eutectic Solvents   Chapter 3 

 

Page 114 
 

3.5. Results and Discussions 

Prior to beginning the computational investigations for this study, we performed 

Fourier transform infrared spectroscopy (FTIR) on both DES systems to get additional insight 

into the mechanism of formation of metal salt-based Deep Eutectic Solvents. The FTIR spectra 

of both the DES systems are presented in the Electronic supporting information (Figure 3.2 

and 3.3).  Figure 3.2 illustrates the FTIR spectra of pure choline chloride (Blue), tin (II) chloride 

(Red), and DES1 (Black). The FTIR spectrum of choline chloride reveals the distinctive bands 

associated with the OH, CH2, CH3, and C–N+ groups at 3220 cm-1 (O–H stretch), 1350–1320 

cm-1 (CH3 and CH2 bend), 1073 cm-1 (C–O stretch), and 890 cm-1 (C–N+ symmetric stretching). 

Similarly, the FTIR spectra of pure tin (II) chloride revealed the expected broad band of 

stretching OH bond vibrations between 3130 and 3530 cm-1, as well as bending H–O–H 

vibrations in the region between 1590-1600 cm-1. While bands below 900 cm-1 are associated 

with Sn-Cl bonds. These spectra are consistent with previously published ones.56 However, at 

3450 cm-1, a broad vibrational band is observed that is attributed to O–H stretching. This band 

broadens as the interaction between QAS ions weakens and chloride pledges new interactions 

with the metal salt dimers, designating the formation of electrostatic interactions. The bending 

H–O–H vibration appears in the region between 1597–1605 cm-1, and the absorption 

corresponding to C–N+ symmetric stretching is observed at 869 cm-1.  
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Figure 3.2: FTIR spectra of DES1 (bottom), Tin (II) Chloride (middle), and ChCl (top) 

 

In Figure 3.3, the FTIR spectra of pure choline chloride (Blue), zinc (II) chloride (Red), 

and DES2 (Black) are shown. The vibrational bands for pure ChCl were determined to be 

within the same range as those of DES1. Similarly, the FTIR spectrum of zinc (II) chloride 

revealed a broad band of OH stretching at 3386 cm-1, showing the existence of OH residues 

due to retained moisture from the atmosphere due to the hygroscopic nature of zinc chloride 

salt. H-O-H bending vibration was observed at 1609 cm-1, indicating the presence of water 

molecules. The broad peak in the range of 545-609 cm-1 can be attributed to the Zn-Cl 

stretching. Similar to DES1, DES2 also exhibits a broad vibrational band at 3340 cm-1, which 

can be attributed to the creation of new electrostatic contacts between the QAS and metal salt 

dimers. The FTIR spectra was found to be in line with the earlier reported literature.57 
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Figure 3.3: FTIR spectra of DES2 (bottom), Zinc (II) Chloride (middle), and ChCl (top) 

 

3.5.1. Geometry Optimization  

The geometries of DES complex systems were optimized using M06-2X density 

functional, which is reported as a suitable functional for analyzing non-covalent interactions 

such as hydrogen bonding. In this work, Choline Chloride is referred to as ChCl, a quaternary 

ammonium salt (QAS), whereas Tin (II) Chloride and Zinc (II) Chloride are well-known metal 

halide salts, denoted by the abbreviations MS1 and MS2, respectively. The geometric 

parameters (C-N, C-O, and C-C distances for choline chloride) were found to agree with the 

experimental results reported by Hjortas et al.44  

For their very existence, the structural orientations of the DES are important to 

understand as the eutectic mixture, as the structural behavior determines their physical 

properties in this complex system. The DES framework consists of a network for hydrogen 
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bonding in which the metal halide salt molecules interact with Choline (Ch+) cation and the 

anion to form a complete complex cyclic structure. In DES1, the tin atom in the metal dimer 

associates with the Cl– through a single Cl-Sn····Cl– with a bond distance of 2.6 Å resulting in 

a cyclic structure. The characteristic υ(Sn···Cl) is at 152 cm-1 and is depicted in the theoretically 

calculated IR spectra of DES1 (cf. Figure 3.5b). A relatively weak ionic interaction is observed 

in Sn···Cl–···Sn after the formation of DES, with the Sn···Cl– distance amounting to 2.9 Å (cf. 

Figure 3.5a) in comparison to 2.7 Å estimated in the dimer geometry of tin (II) Chloride (cf. 

Figure 3.4b). The [Sn2Cl5]ˉ ionic species formation is well compatible with experimental 

studies recorded by Abbott et al. As similar to DES1, DES2 exhibits three interactions between 

zinc and chlorine (Zn···Clˉ) moieties (between the Clˉ of choline chloride and zinc atom of the 

dimer at a distance of 2.2 Å). Additional interactions between zinc and chloride atoms occur 

in the dimer geometry at a distance of 2.4 Å. The calculated IR vibrational frequency at 164 

cm-1 can be attributed to the (Zn···Clˉ) interaction, which leads to the formation of [Zn2Cl5]ˉ 

ionic species. Abbott et al. demonstrated the formation of metal salt Deep Eutectic Solvents 

using functionalized quaternary ammonium salts and zinc and tin metal salts in their work. 

Mass spectrometry (FAB-MS) and potentiometry were used to identify and quantify the 

complex anions. ZnCl2-based DESs have been examined in greater depth than other systems, 

and it was found that ZnCl3ˉ, Zn2Cl5ˉ, and Zn3Cl7ˉ species are present in the liquid in quantities 

that depend on the composition of the QAS and the metal salt. They have dissimilar dimensions 

and charge densities and exhibit peculiar electrostatic interactions with the cation. For instance, 

because ZnCl3ˉ ions are smaller and have stronger electrostatic interactions, the freezing point 

of the system increases. Small variations in the concentrations of each of the complex anions 

are likely to have a significant effect on the ion-ion interactions, which in turn affects the 

freezing point. Similarly, once the concentration of ZnCl2 exceeds a mole fraction of 66%, the 

freezing point increases. It is implied that this occurs as a result of the increased concentration 
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of Zn3Cl7 ˉ and its larger molecular mass.10 This explains why the DES prepared at molar ratios 

of 1:1 and 1:3 solidify at room temperature and have greater freezing points than those prepared 

at a molar ratio of 1:2 in the studied systems. Similarly, for eutectic solvents containing SnCl2, 

alike results were obtained.54 For the same instance, the studied DES systems were optimized 

in different molar ratios from 1:1 to 1:3. The optimized geometries of the DESs in the molar 

ratio of 1:1 and 1:3 for both DESs are presented in Figure 3.6. The structural features for the 

documented DES systems are consistent with the experimental findings described previously.54 
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(a) 

 

 

(b) 

 

 

(c) 

Figure 3.4: Optimized geometries of the isolated species (a) Choline Chloride, (b) Tin (II) 

Chloride dimer at the M06-2X/ ZORA-def2-TZVP level and (c) Zinc (II) Chloride dimer, at 

M06-2X/def2-TZVP level. 
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(a) (b) 
 

 
 

 

 

(c) (d) 
 

Figure 3.5: Optimized geometries of the (a), (c) DESs and (b), (d) simulated IR spectrum 

at the M06-2X/def2-TZVP level of theory. 
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(a) (b) 

 

 
 

 

 
 

(c) (d) 

 

 
 

 

 
 

Figure 3.6: Optimized geometries of the (a) DES1 at a molar ratio of 1:1, (b) DES1 at a 

molar ratio of 1:3 at the M06-2X/ZORA-def2-TZVP level of theory (b) DES2 at a molar 

ratio of 1:1, and (d) DES2 at a molar ratio of 1:3 at the M06-2X/def2-TZVP level of theory. 

3.5.2. Charge Transfer Analysis  

The delocalization of charge between anion and metal halide salts occurs via hydrogen 

bonding interactions. This is responsible for the depression of the freezing point in DES, as 

suggested by Carriazo et al.45 The intensity of the ionic hydrogen bond interactions is related 

to the amount of charge transfer from the QAS to the metal halide salt.46  
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 In the present study, the CHELPG partial charge method and NBO charge analysis 

were used to understand the proposed charge delocalization in our metal-based DES systems. 

Note that the charge on chloride ion of Choline Chloride is reduced considerably (from -0.74 

to -0.39e) in conjunction with a significant increase in the negative charge on the metal chloride 

donor molecules (cf. Table 3.1). In the instance of NBO charge analysis, a qualitatively distinct 

pattern was observed. As a result, no correlation between CHELPG and NBO charge analysis 

can be established for the investigated systems. When the charge distribution of the metal-

based DES system is compared to that of its constituents, it is observed that the positive charge 

on the cationic core increases while the negative charge on the hydroxyl group of the choline 

cation decreases. On the contrary, the charge analysis indicates a substantial reduction in the 

anion's net negative charge, increasing the negative charge on metal salt dimers. In the case of 

DES1, a slight decrease in the positive charge on the choline moiety (Ch+) can be attributed to 

the structure of the studied DES systems. As illustrated in Figure 3.5 ((a) and (c)), the optimized 

geometries of both examined DESs reveal that DES1 forms an open structure whereas DES2 

forms a closed cage-like structure. The open and caged-like structure alluded here is the 

structure of the ionic moiety formed when choline chloride and metal salt dimers are mixed 

(Sn2Cl5ˉ in DES1 and Zn2Cl5ˉ in DES2). As it is evident from the charge transfer (CT), which 

occurs from choline cation as well as the chloride anion to the HBDs through electrostatic 

interactions. With reference to the chloride anion of Ch+···Clˉ moiety, the direction of the 

charge transfer remains the same while it differs in the amount of charge transfer due to the 

presence of cationic moiety in the metal salt (Sn in DES1 and Zn in DES2). The anionic moiety 

(Sn2Cl5ˉ in DES1), due to its open-like structure, is incapable of transmitting charge uniformly. 

Whereas in the DES2 system, a smooth charge flow results in a higher negative charge on the 

metal salt dimer following DES formation (Table 3.1). The uniform charge distribution in 

DES2 is attributed to the cage-like structure of the Zn2Cl5ˉ
 anionic moiety. Garcia et al. studied 
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the quantum chemical and topological features of different DES systems in order to propose 

an explanation for the depression of freezing point in DESs in support of this structural 

property.22 A direct correlation between the electron density at cage critical points and the 

freezing point of the DESs. The low electron density at the cage critical points leads to low 

melting points. This behavior is consistent with the fact that the low charge concentration at 

cage critical points is the result of extensive charge delocalization within the cage-like 

structures, and that melting point depression upon mixing the DES components is primarily 

due to the charge delocalization process resulting from the development of the entire hydrogen 

bonding network. Due to the cage-like structure of DES2 systems, the charge flow is uniform, 

resulting in a significant depression of the solvent's freezing point. DES2 systems have a lower 

freezing point than DES1 systems. The charge transfer in the two examined DES systems is 

demonstrated via visualization of charge in optimized geometries on the various species 

participating in the CT process in Figures 3.7 and 3.8). These analyses demonstrate 

unequivocally that both functional groups are required for charge transfer between the choline 

cation, chloride anion, and metal salts molecules through hydrogen bonding and electrostatic 

interactions.  
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Table 3.1: CHELPG and NBO charges on Different Components before and after the formation of the metal-

based DES (Ch+/(Choline), Cl-/Chloride, ChN/N+ of Choline and ChO/Oxygen of Choline) (MS1: SnCl2-dimer, 

MS2: ZnCl2-dimer). 

 

(a) (b) 

 

 
 

 

 

(c) 

 

 
 

Figure 3.7: CHELPG charges of the isolated species (a) Choline Chloride, (b) Tin (II) 

Chloride dimer, and (c) Zinc (II) Chloride dimer. 

  

  

 

 

 

CHELPG NBO 

 Ch+ ChN ChO Cl- MS1 MS2 Ch+ Cl- MS1 MS2 

DES1 0.72 0.44 -0.43 -0.39 -0.33 - 0.95 -0.68 -0.26 - 

DES2 0.78 0.22 -0.58 -0.42 - -0.36 0.96 -0.77 - -0.18 

Pure 

Component 
0.74 0.19 -0.62 -0.74 0.00 0.00 0.89 -0.89 0.00 0.00 
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(a) (b) 

 

 
 

 

 

Figure 3.8: CHELPG charges of the DESs systems (a) DES1, and (b) DES2.   

 

3.5.3. Quantum Theory of Atoms in Molecules Analysis.  

The quantum theory of atoms in molecules (QTAIM) analysis has been used to provide 

a better understanding of intermolecular interactions between the acceptor and donor pairs in 

each DES. Bader's QTAIM approach is one of the well-known approaches for analyzing 

electron density distribution in the molecular system. The key aspect for QTAIM is the electron 

density, , whose topology is defined by critical points (CPs) where the gradient of electron 

density disappears ( = 0). In QTAIM analysis, any bonding contact (bonded or interacting) 

between two atoms is defined by the presence of a bond critical point (BCP). The BCPs provide 

additional information about the nature of bonding and the mechanism of the interaction. The 

descriptors of BCPs, such as electron density (BCP), and the laplacian electron density 

(2BCP), can also be used to determine the strength of interaction and help classify various 

weak non-covalent interactions. For instance, it was discovered that electron density properties 

measured at the so-called bond critical point (BCP, (3,-1)) saddle point on electron density 

curvature where the curvature is minimum in the direction of the atomic interaction line and 

maximum in the two directions perpendicular to it, can provide information about the character 
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of various chemical bonds, such as covalent bonds, metal-ligand interactions, different kind of 

H-bonds. In general, the larger the distance between the two atoms that form the bond, the 

smaller is the electron density in the bond’s BCP, and, consequently, the weaker the bond.58 

Therefore, larger values for BCP indicates a stronger bonding interaction, and the sign of 

2BCP defines the characteristics of a bond. Covalent bonds and closed-shell interactions (i.e., 

H-bond interactions, vdW interactions, and ionic bonds) can be related to negative and positive 

values of the Laplacian of the electron density (2BCP), respectively.47  The calculated values 

of BCP and 2BCP for the intermolecular ionic and H-bonds in DES1 and DES2 are listed in 

Table 3.2. 

Our AIM analysis indicates that both parameters (BCP and 2BCP) are positive (i.e., a 

value of 0.002–0.035 a.u. was derived for the electron density, and 0.024–0.139 a.u. was 

estimated for the Laplacian of electron density) and indicates closed-shell interactions.48 Figure 

3.9 represents the molecular graph of both DES1 and DES2. The electron density of a BCP is 

to be directly proportional to the bond strength. In DES1, the electron density and the Laplacian 

of the electron density of the BCP1 (Sn24-Cl27) and BCP2 (Sn23-Cl2) correspond to ionic bonds. 

In contrast, the rest of the interactions correspond to the H-bonds and electrostatic interactions, 

indicating predominantly noncovalent weak interactions. In the case of DES2, Cl27-H16, Cl24-

H16, Cl24-H19 pairs have significantly higher electron density at the bond critical point than the 

other intermolecular closed-shell interactions present. Similar to DES1, the M-X (Zn-Cl) 

interactions (BCP 1, 2, 10, and 11) correspond to ionic bonds due to higher electron density.  

In both the studied DES complex systems, all our proposed hydrogen bonds and electrostatic 

interactions have a positive value for the electron density and the Laplacian of electron density 

estimated at respective BCPs.  
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Table 3.2: Electron Density (BCP) and the Laplacian of Electron Density (2BCP) at relevant 

the bond critical points (BCPs) in the studied DESs. 

 

 

 

 

 

 

 

 

 

Structure BCP interaction BCP (a.u.) 2BCP (a.u.) 

DES1 

BCP1: Sn24-Cl27 0.0257 0.0565 

BCP2: Sn23-Cl2 0.0540 0.1335 

BCP3: Sn24-O21 0.0181 0.0552 

BCP4: Cl27-H4 0.0130 0.0434 

BCP5: Cl28-O21 0.0141 0.0567 

BCP6: H5-Sn23 0.0097 0.0233 

BCP7: Cl28-H17 0.0074 0.0236 

BCP8: Cl28-H19 0.0098 0.0033 

DES2 

BCP1: Zn26-Cl2 0.0788 0.2897 

BCP2: Zn26-Cl24 0.0476 0.1727 

BCP3: Cl27-H16 0.0127 0.0416 

BCP4: Cl27-H10 0.0067 0.0212 

BCP5: Cl24-H12 0.0090 0.0282 

BCP6: Cl24-H16 0.0110 0.0356 

BCP7: Cl24-H19 0.0101 0.0332 

BCP8: Cl24-H22 0.0085 0.028 

BCP9: Cl25-H22 0.0044 0.0127 

BCP10: Cl27-Zn23 0.0479 0.1731 

BCP11: Cl28-Zn23 0.0536 0.1948 
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(a) (b) 

  
(c) (d) 

 
 

 

 
Figure 3.9: Molecular graphs of (a), (b) DES1 and (c), (d) DES2 calculated at M06 

2X/def2-TZVP level. 
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3.5.4. Non-Covalent Interactions  

A study of NCIs is employed as an alternate method to investigate the non-covalent 

interaction in the present work. NCI focuses on the analysis of the electron density distribution 

in molecular systems in the regions of low electron density and low gradient values. This 

method is often referred to as “Reduced Density Gradient” (RDG) analysis. Contreras-Garcia 

and Johnson49 initially proposed this approach to identify the non-covalent bonds in a system 

(water and methane dimer). NCI can be used to interpret relationships using spikes in RDG 

graphs at low densities.50 The RDG has been expressed in equation 1.  

                                                      𝑅𝐷𝐺 =
1

2(3𝜋2)1/3
 

|∇𝜌|

𝜌4/3
                                                      (3.1)  

The scatter graph maps of the reduced density gradient (RDG) plotted as a function of 

electron density multiplied by the sign of the electron density Hessian second eigenvalue, 

(sign(2)), one can reveal and quantify different types of weak non-covalent interactions, 

including hydrogen bonds. The scatter graph and isosurfaces of weak non-covalent interactions 

between the QAS and their related metal halide salts associated with the metal-based DESs are 

shown in Figure 3.10. Several RDG spikes are displayed as a function (sign(2)), ranging 

from negative to positive values, including spikes referring to the H-bonding interactions, van 

der Waals interactions, and steric effects. More specific details about this approach can be 

found elsewhere.49 Figure 3.10 displays strong attractions, strong repulsion, and vdW 

interactions in blue, red, and green colour, respectively. Three kinds of spikes are evident in 

the RDG graph of attractive interactions, such as hydrogen bond interactions and repulsive 

interactions, identified as regions where 2 < 0 and 2 > 0, respectively. Furthermore, the 2 

value approach zero for weak vdW interactions (2  0). The colour blue denotes strong, 

attractive interactions (such as hydrogen and strong electrostatic interaction). In contrast, the 
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red colour indicates strong non-bonded overlap, and the transition region denotes standard van 

der Waals interactions such as dipole-dipole interaction, dispersion interaction, hydrophobic 

interaction, and so on. In general, if the RDG scatters in the range ±0.005 in spike form, weak 

interactions such as dispersion force exist; if the RDG scatters in the range >0.005, strong 

repulsive interactions exist, such as steric hindrance in aromatic rings; and if the RDG scatters 

in the range <0.005, strong attractive interactions exist, such as hydrogen bonds. In contrast 

with DES1, the sharp and dense peaks between -0.05-0.02 a.u. for DES2 is a signature of 

noncovalent interactions for the current system. This significant increase in the density of the 

spikes stems from the allegedly stable hydrogen and ionic bonds formed between the zinc and 

chlorine atoms of the system (DES2) and forming a complex structure. Whereas van der Waals 

(vdW) interaction regions (green regions) always have very small , and are generally observed 

within the intermolecular region of both the components in studied DES systems. In addition, 

certain repulsive interaction peaks in the range of 0.02-0.04 a.u are present in the RDG graph 

of DES2, which can be attributed to chlorine atoms interactions. The strong ionic bond 

interactions (blue regions) are clearly indicated in the interaction of the zinc of the donor atoms 

with the chlorine atoms of the other donor atoms, which leads to the formation of complex 

species (Zn2Cl5
-)54. Additionally, a large flake between Ch+ and metal chloride dimers with a 

transition region colour can reveal weak electrostatic interaction in the complex structure of 

DESs. In summary, the RDG analysis shows that the monomer structure of DESs contains both 

hydrogen bonds and electrostatic interactions, responsible for the decrease in freezing point 

and formation of the DESs.  
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(a) 

 

 

 

 
 

(b)  
 

 

 
 

 

Figure 3.10: RDG isosurfaces and scatter graphs of RDG for (a) DES1 obtained at the M06-

2X/ ZORA-def2-TZVP level of theory, (b) DES2 obtained at M06-2X/def2-TZVP level of 

theory. 
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3.5.5. Orbital Energies  

HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied 

Molecular Orbital) energies are essential for analyzing or estimating the chemical stability of 

the system51. According to Fukui et al. 52, the discrepancy between HOMO and LUMO energy 

values is a central factor which provides the HOMO–LUMO energy gap and helps determine 

the molecular electronic transport properties. The presence of a large HOMO-LUMO gap 

implies a high degree of stability and resistance to charge transfer and changes in the number 

and distribution of electrons. As a result, hard molecules exhibit a higher HOMO-LUMO 

energy gap. Meanwhile, a small HOMO-LUMO gap implies a high degree of polarizability 

since it requires only a small amount of energy to reach the excited states. In this regard, a 

small HOMO-LUMO gap indicates the presence of soft molecules. The HOMO-LUMO gap 

indicates the species' stability via the lowest electronic excitation energy, while for pairs of 

molecules (such as ionic liquids and Deep Eutectic Solvents (DES)), the HOMO-LUMO gap 

indicates the species' reactivity via electronic hopping energy among themselves. The HOMO-

LUMO energy gaps and their molecular orbital contours of the studies deep eutectic solvents 

(DES) are shown in Figure 3.11. The HOMO-LUMO energy gap is more for DES2 (~9.16 eV) 

than in DES1 (~6.97 eV), indicating a stable DES2 system. The shape and orientation of 

LUMO likely indicate the probable region for bond formation due to its electron acceptor 

nature. On the other hand, HOMO provides the potential for external interactions in terms of 

energy. High HOMO energy designates a high ionization potential and better electron donor 

properties, whereas low LUMO energy indicates high electron affinity and better electron 

acceptor properties. Therefore, high HOMO energy and low LUMO energy contributes toward 

making a molecule more stable.52  
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Figure 3.11: Shapes of Highest Occupied and Lowest Unoccupied Molecular Orbitals (HOMO 

and LUMO) for (a) DES1 calculated at the M06-2X/ ZORA-def2-TZVP level of theory, and 

(b) DES2 calculated at M06-2X/def2-TZVP level of theory. HOMO-LUMO energies, along 

with HOMO-LUMO energy differences, are also indicated (blue and red isosurfaces of HOMO 

and LUMO indicate positive and negative regions, respectively). 
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While HOMOs are primarily found over the chloride ion in QAS and metal salt dimers, 

LUMOs are predominantly found over the choline cation in DES2. Whereas in DES1, the 

LUMO orbital is placed above the metal salt dimers, which is consistent with the Tin(Sn) atom 

being an electron-deficient centre. As a result, the electron-rich centre readily attacks the 

electron-deficient Tin(Sn) atom centre efficiently. The interaction of the negatively charged 

chloride ion in the QAS with the electron-deficient portion of the metal salt results in the 

formation of the corresponding metal salt-based deep eutectic solvent. The estimated density 

of states (DOS) can be used to further examine the electronic properties of the interacting 

systems (Figure B.2). For the two systems under study, a similar DOS curve distribution is 

predicted, alluding to comparable interaction mechanisms in both cases. 

3.6. Conclusions  

In the present chapter, we have applied density functional theory calculations to investigate the 

formation mechanism of metal salt-based Deep Eutectic Solvents (DES) at the molecular level, 

their charge transfer analysis, and thermodynamics associated with its formation. The 

following significant conclusions are derived from the study: 

(i) The H-bond and ionic interactions identified in DESs (i.e., Chloride-metal salt and 

Choline-metal salt) exhibit strong interactions resulting in the formation of crate-

like complex structures. After the formation of the DES, metal salt−chloride 

interaction is mainly retained, whereas Choline−Chloride interactions are deranged. 

The optimized geometries of the formed DESs are in line with experimental 

findings reported previously.  

(ii) DFT calculations suggest that Cl− serves as a charge transfer carrier between 

Choline cation and metal halide salts. CHELPG and NBO charge analysis 

demonstrate that charge transfer occurs through the cationic core of Choline+ and 
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gets transferred to the metal salts through chloride anion through a series of 

hydrogen bonding and electrostatic interactions. The change in magnitude of the 

charges involved in CHELPG analysis predicts a higher order of charge transfer 

from Choline-metal salt through chloride anion. 

(iii) QTAIM analysis provided significant hydrogen-bonding and ionic interaction 

network formed within the studied DESs systems. The represented electron density 

(BCP) and Laplacian of electron density (2BCP) values suggest a stronger 

electrostatic interaction within the DES2 system as compared to the former one. 

The non-Covalent interaction (NCI) or RDG method was performed to analyze the 

main interactions involved between the QAS and metal salt complex DES systems.  

Strong electrostatic interactions (blue spikes) are observed between the chloride of 

the HBA with the zinc of the metal halide dimer in DES2 compared to DES1 within 

the range of -0.05 and -0.03 a.u., respectively. 

(iv) A frontier molecular orbital analysis was performed to evaluate the chemical 

reactivity and stability of the system. A more significant HOMO-LUMO energy 

gap observed for DES2 indicated greater stability of the system than its eutectic 

counterpart, DES1.  

In summary, the present chapter provides a detailed insight into the formation of the metal salt-

based Deep Eutectic Solvents (DES) at the molecular level. Their application as a catalytic 

media in the dehydrogenation of amine boranes will be discussed extensively in the subsequent 

chapter. 
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4.1. Chapter Abstract  

The current chapter explores the usage of novel synthesized Deep Eutectic Solvent (DES) as a 

catalyst cum solvent media for the thermal dehydrogenation of chemical hydrides, namely 

Ammonia Borane (AB) and Ethylene diamine bisborane (EDAB). The chapter is organized into 

two sections; the first section investigates the thermal dehydrogenation of amine boranes 

utilizing type 3 Deep Eutectic Solvents; the second section investigates the dehydrogenation of 

amine boranes employing type 1 metal salt-based Deep Eutectic Solvents. In the first instance, 

the quantum chemistry-based COSMO-SAC (COnductor like Screening MOdel Segment 

Activity Coefficient) model was used for the selection of the pertinent solvent. 1-Butyl-3-

methylimidazolium methanesulfonate: Imidazole ([BMIM][MeSO3]:[Im]) (DES1), and 1-

Butyl-3-methylimidazolium methanesulfonate: Urea ([BMIM][MeSO3]:[Urea]) (DES2) 

turned out to be an ideal eutectic mixture with the highest predicted solubility with amine 

boranes. The DESs were synthesized by combining the hydrogen bond acceptor (HBA), 1-

Butyl-3-methylimidazolium methanesulfonate, with imidazole and urea as the hydrogen bond 

donor (HBD) in a molar ratio of 1:2 and 1:1 at T=70°C. The formation of DES was confirmed 

by recording the NMR spectra. 

Further, the thermal dehydrogenation study was performed at a vacuum of 4×10-2 mbar 

(gauge pressure) of AB/DES1 and EDAB/DES1 systems at 105°C, where a hydrogen 

equivalent of 1.40 and 2.55 was produced, respectively. In the next instance, a comparative 

study between Ionic Liquids (ILs) along with the DES2 for the thermal dehydrogenation of 

Ethylene diamine bisborane (EDAB) was performed. It was observed that the EDAB/DES2 

system produced 3.2 equivalents of hydrogen with a lower induction time when compared to 

3.7 equivalents of hydrogen at the same temperature (105°C) for the IL-based solvent. The 

residual samples were further analyzed through 1H NMR analysis for the reaction mechanism 

and to confirm the role of ionic liquid-based DES as catalyst cum solvent media. 11B NMR 
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analysis was further performed in order to confirm the existence of sp2 boron moieties. In the 

second section of the chapter, metal salt-based DESs were employed to examine the role of 

type 1 based DESs in the dehydrogenation of amine boranes.  

4.2. Introduction 

With the advent of room temperature ionic liquids, the quest for alternative solvents 

has not lessened, and in the year 2003, Abbott et al. proposed one possible candidate which 

could replace the room temperature ionic liquids due to their easy synthesis, no generation of 

by-products, and low material costs making them highly economical.1 DES is basically derived 

from the combination of two safe naturally occurring components (cheap, sustainable, and 

biodegradable) that can together form a eutectic mixture due to the reduction of excess Gibbs’s 

free energies by the formation of hydrogen bond interactions.2 This reduces the anion-cation 

interaction and thus lowers the melting point.3 DES is typically obtained through the mixture 

of quaternary ammonium salt, which is the Hydrogen Bond Acceptor (HBA), and a Hydrogen 

Bond Donor (HBD) that has the ability to form a complex with the ammonium salt-halide 

anion. DES has advantages which are the same as that of IL’s.4 

The use of DES in the application of hydrogen storage and generation as additives or 

solvents has not been studied so far in recent years. Because of their low thermal stability 

compared to the traditional ILs, they are still unused in hydrogen storage applications. Deep 

Eutectic Solvents (DESs) with ionic liquids or salts as the HBA combined with a suitable HBD, 

which has substantial thermal stability compared to the traditional ILs, have been developed to 

counter the detriment as mentioned earlier.5 Nevertheless, the thermal stability of a standard 

DES is lower than that of an IL. Therefore, an enormous scope is possible to look for a polar 

and highly thermal DES for thermal dehydrogenation of amine borane complexes.  

This chapter reports the use of Ionic Liquid-based Deep Eutectic Solvents (IL-based 

DESs) as an additive for the dehydrogenation of amine borane derivatives for hydrogen 
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generation as ionic liquids are known to facilitate the formation of polar and ionic 

intermediates. The less investigated IL-based DESs have shown significant potential in a few 

applications to date and demonstrated various possibilities of working with them. Till date 

there are limited studies that describe the use of [MeSO3
ˉ] anions as eutectic solvents for 

ammonia sorption and CO2 absorption.6 From the literature, the ammonia sorption by 

methanesulfonate anion-based IL was found to be of the order of 0.9 g mol/ILs. A significant 

amount of CO2 solubility ranged between 0.98 to 2.36 mol/kg within the same cation with the 

increasing length of the alkyl chains. In order to form a safe DES, [BMIM][MeSO3] as HBA 

was combined with the economical and readily available HBDs such as urea. It should be noted 

that the addition of other groups such as carboxylic acid or phenols possesses disadvantages 

which include difficulty in recycling and its inherent toxic behavior. From the literature, the 

highest thermal dehydrogenation capacities were observed in the solution phase by the 

introduction of IL’s containing imidazolium cations with anions such as [OAc-], [HSO4
-], [Cl-

], [Br-].7 Due to its remarkable mean β-value of 0.77, methanesulfonate-based Ionic liquids was 

preferred in this work as a hydrogen bond acceptor. The other reason is its significant ability 

to form hydrogen bond interactions with proton donors such as carboxylic acids, amides, and 

alcohols.8  

On the other hand, the ionic characteristics of type 1 metal salt-based DESs have piqued 

the curiosity of researchers who are interested in using them as solvent media for a variety of 

applications.9,10,11 Due to their strong polarity, metal halide-based DESs exhibit exceptional 

solvation properties and can be used as high-temperature electrolytes, reusable or homogenous 

catalysts, or as a solvent in biodiesel applications.12 This demonstrates the broad industrial 

spectrum in which they can13 play critical roles.14,15 ChCl: ZnCl2 DESs were effectively used 

in the transesterification of soybean to biodiesel as a low-cost and moisture-stable benign 

solvent. The synthesis of biodiesel utilizing zinc chloride-based DESs was shown to be 
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preferable to traditional ILs due to the ease with which they were prepared. Furthermore, 

several research groups have used metal halide-based DESs as an electrolyte in lithium-ion 

batteries, electric double-layer capacitors, and electrolytic media in the electropolishing of 

metals.16,17 

A systematic strategy for the choice of potentially capable ILs and DESs for the 

dehydrogenation of AB and EDAB based on its solubility is provided in this chapter, followed 

by the preparation of the DES. To validate the efficacy of DES as a catalytic solvent media, a 

DES-induced thermal dehydrogenation experiment of AB and EDAB was conducted, revealing 

that DES is also similarly effective at thermal dehydrogenation of amine boranes. Later, 

because of EDAB's high hydrogen content, the particular hydride was used to study a more in-

depth experimental approach for the same process. To predict the solubility of EDAB in ILs 

and DESs, COSMO-SAC model was implemented.18 Based on the COSMO-SAC screening of 

a number of DES combinations, one with the highest solubility of AB and EDAB was chosen 

for the dehydrogenation experiment. In the present work, methanesulfonate-based DESs were 

chosen for dehydrogenation of the EDAB complex, and further, a comparative study with its 

analogue IL was made. The DES mixtures were prepared using the methanesulfonate-based IL 

as hydrogen bond acceptor (HBA) along with hydrogen bond donor (HBD), namely imidazole 

and urea.6 The formation of the synthesized DES was analyzed using the proton NMR 

technique. The residual reaction mixture was characterized by 1H and 11B nuclear magnetic 

resonance (1H and 11B NMR) before and after dehydrogenation. Using type 1 metal salt-based 

DESs, a similar dehydrogenation investigation on the amine boranes was carried out in the 

emanating section.  
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4.3. Computational Details 

4.3.1. Screening of IL-based Deep Eutectic Solvents 

In this chapter, COSMO-SAC model is used for predicting the solubility of AB/EDAB 

in DESs, which can be used for amine borane complex dehydrogenation. These approaches 

can be helpful in examining the burgeoning set of DESs or HBA and HBD to find the applicable 

candidates in certain applications or to model some new DES for specific applications. Using 

GaussView 5.0 visualization package, the initial structures of AB, EDAB and DESs were 

drawn.19 The geometry of all compounds was optimized at B3LYP level and 6-311++G(d) 

basis set using the Gaussian 09 package.20,21,22  From the optimized geometry of all species, a 

single point energy calculation was performed with another set of DFT calculations using 

BVP86 level of theory for the generation of .cosmo file.23 Thereafter .cosmo file was used to 

predict the IDAC value (denoted as γ∞). The optimized molecule of DES along with AB and 

EDAB with the COSMO surface is presented in Figure 4.1. IDAC is a favored descriptor as it 

measures the deviation of a solution system from its ideal behavior. The solubility of a solute 

in a solvent can be measured by the logarithmic value of IDAC. AB and EDAB solubility in 

ILs and DESs is predicted on the basis of the IDAC value as the negative value of logarithmic 

IDAC denotes solubility whereas positive value denotes insolubility.24,25  

Among the screen methanesulfonate-based DES, AB and EDAB have the highest 

solubility in DES1 and DES 2 compared to other methanesulfonate-based DES systems (Figure 

4.2). Among the DES combination involving HBD, such as glycerol, ethylene glycol, 

imidazole, and urea, the higher solubility of [BMIM][MeSO3] + imidazole, and 

[BMIM][MeSO3] + urea initiated us in selecting the IL+DES combination for the 

dehydrogenation experiment of AB and EDAB. The abbreviations used for the DES systems 

studied in this work is as following: DES1 ([BMIM][MeSO3]:Imidazole in a molar ratio of 
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1:2), DES2 ([BMIM][MeSO3]:Urea in a molar ratio of 1:1), DES3 (ChCl:[SnCl2] in a molar 

ratio of 1:2), and DES4 (ChCl:[ZnCl2] in a molar ratio of 1:2).  

 

 

(a) [Bmim][MeSO3] (b) Urea 

 
 

(c) Imidazole (d) Ammonia Borane (AB) 

 

(e) Ethylene diamine bisbornae (EDAB) 

 

Figure 4.1: COSMO iso-surfaces generated using Gaussian 09 Package 
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Figure 4.2: COSMO-SAC model predicted logarithmic Infinite dilution activity coefficient of 

AB and EDAB in DES systems at 298K. 

 

4.4. Experimental Method 

4.4.1. Material and Methods 

AB (97%), (EDAB) (97%), Urea (99%), Imidazole (99%) and 1-Butyl-3-methylimidazolium 

methanesulfonate [BMIM][MeSO3] (95%) was purchased from Sigma Aldrich. The chemical 

hydrides were used without further purification. The IL, [BMIM][MeSO3] was purified by 

heating in a vacuum oven at 80°C for 24 hours. The structures of the chemical are illustrated 

in Table 4.1.  
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Table 4.1: List of Chemicals used in this study 

 

4.4.2. Preparation of DES 

As reported in earlier literature, the DESs were synthesized by combining two 

compounds, mainly HBA and HBD, in different molar ratios, respectively.6  Here, the mixture 

of HBA and HBD was inserted in a 200 mL round bottom flask and was then stirred (500 

r/min) and heated at 70 ºC until a uniform colorless liquid was obtained. The used IL and 

prepared DES were kept for vacuum drying at 70 ºC for 48 hours prior to experimentation. The 

water content of the synthesized DES was measured using Karl Fischer Titrator (KFT) 

coulometer (Metrohm 787 KF Titrino). The calculated weight % value of water in the DES is 

1.02 for DES1, and 1.43 for DES2, respectively. Thereafter, the structure and purity of the 

newly synthesized DES were characterized by 1H NMR (600 MHz NMR, Bruker, Germany). 

NMR Samples were prepared with chloroform (CDCl3-d6) as the solvent.  

4.4.3. 1H NMR Characterization of DES 

The first step in improving the dehydrogenation experiment is the efficient synthesis of 

the DES. Figure 4.3 accounts for the full range 1H NMR spectra of pure IL [BMIM][MeSO3] 
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(Figure 4.3(a)), and DES1 [BMIM][MeSO3]:[Imidazole] (Figure 4.3(b)) predicting the 

structural feature of the newly synthesized DES1. 1H NMR spectroscopy (Figure 4.3(b)) 

provides clear evidence about the DES structure, indicating the intermolecular hydrogen 

bonding between HBA and HBDs, respectively. 

Pure IL [BMIM][MeSO3], acting as HBA, has chemical changes attributed to protons 

of imidazolium cation C(2), C(4), and C(5) position at 9.48, 7.32, and 7.43 ppm. The previously 

described peaks change slightly downfield with the addition of imidazole, resulting in a 

reduction of electron density. On the other hand, the upfield shift of imidazole hydrogens in 

synthesized DES NMR spectra (Figure 4.3(b)) provides sufficient details on hydrogen bonds 

forming between the anionic part of HBA and HBD molecules. 

In a similar vein, 1H NMR spectra was performed to corroborate the formation of DES2. 

In order to obtain the intermolecular H-H interactions, Nuclear Overhauser Effect 

Spectroscopy technique (NOESY) was performed for a total number of twelve scans. The 

NMR spectra of the pure IL and pure DES is given in Figure 4.4 below. The spectra are reported 

as below: 

[BMIM][MeSO3] 
1H proton NMR (600 MHz, CDCl3): δ (ppm) 0.70-0.73 (t, 3H, CH3), 

1.14-1.15 (m, 2H, CH2), 1.63-1.66 (m, 2H, NCH2CH2), 2.51 (m, 3H, (SO3)CH3), 3.81 (m, 3H, 

NCH3), 4.05 (t, 2H, NCH2), 7.32 (m, 1H, ArH), 7.43 (m, 1H, ArH), 9.48 (m, 1H, ArH). 

The additional information on the DES structure can be obtained with 1H proton NMR 

spectra (Fig.4.4 (b)), which reveals the structural relationship between HBA and the 

imidazolium salt (HBD). 1H NMR analysis shows a slight change in peaks corresponding to 

the hydrogens in NCH2 and [(SO3)CH3] groups that prove the formation of the hydrogen-

bonded complex (DES2) between the HBA (IL) and HBD (Urea).   
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NOESY spectra is another useful technique based on a spatial mechanism to measure 

intra and intermolecular distances. Figure 4.5 (a) reveals the 1H-1H NOESY spectrum of the 

DES between [BMIM][MeSO3] and urea at a molar ratio of 1:1. The interaction within the 

same molecules is represented by the diagonal peaks, whereas the cross-peaks signals suggest 

the interaction between the hydrogen of HBA and HBD, respectively. [BMIM][MeSO3] 

reveals two interactions with Urea i.e. (5.65, 3.5, 0.0) and (2.41, 5.65, 0.0) respectively. The 

NOESY spectrum of the formed DES indicates a supramolecular structure primarily because 

of the H-H interactions between the active sites of HBA and HBD molecules. 

 

 

Figure 4.3: Proton NMR spectra of (a) Pure IL [BMIM][MeSO3], and (b) DES1 

[BMIM][MeSO3]:[Imidazole]  
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Figure 4.4: Proton NMR spectra of (a) Pure IL [BMIM][MeSO3], and (b) DES2 

[BMIM][MeSO3]:[Urea] 
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(a) 

 

 

 

 

 

(b) 

Figure 4.5: (a) NOESY spectrum of DES 2[BMIM][MeSO3]:Urea at 298 K, (b) H-H Interactions 

 

4.4.4. Dehydrogenation Experiment 

Comparative dehydrogenation experiments with chemical hydrides, namely AB and 

EDAB, using the newly synthesized DES, were conducted at a temperature of 90°C, and 105°C 

at a controlled vacuum pressure of 4.0×10-2 mbar. The high vacuum is an integral part of the 

process as the influence of undesirable materials such as air and humidity is minimized. 15 mg 

of AB and EDAB along with 0.5 ml of vacuum-dried DES are taken into a round two-necked 

reactor in an oil bath at 90°C, and 105°C for a standard dehydrogenation run. The specifics of 

the experimental setup are available in previous chapter 2 (section 2.4.2). For further 1H NMR 

analysis, the residual product of the dehydrogenation experiment was collected.  

4.5. Results and Discussions 

4.5.1. Hydrogen Equivalent Production 

In our previously mentioned COSMO-SAC predicted IDAC values in section 4.3.1, 

[BMIM][MeSO3]:[Imidazole] based DES1 was selected as an acceptable DES for the 
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dehydrogenation experiment. In a comparative analysis of the dehydrogenation of AB and 

EDAB, the same eutectic mixture was used as a catalyst cum solvent to increase the release of 

hydrogen equivalents. Thermal dehydrogenation of both chemical hydrides AB and EDAB was 

investigated systematically at 105°C. The operating temperature is nearly around the melting 

point of AB and EDAB, which is around 106°C and 116°C, respectively.  

 

Figure 4.6: Summary of Cumulative hydrogen equivalents released at 105°C of EDAB/DES1 

system, AB/DES1 system 

The solid dehydrogenation of pure AB and EDAB releases 0.90 and 1.89 cumulative 

equivalents of hydrogen (Figure 4.7). It should be noted that for AB and EDAB, a maximum 

of 3 and 4 equivalents of hydrogen gas is possible. In our case with DES1 and 360 minutes of 

dehydrogenation, AB/DES1 system was able to release a total of 1.40 hydrogen equivalents, 

while in EDAB/DES1 system, 2.55 hydrogen equivalents were observed with a cumulative run 
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time of 250 minutes (Figure 4.6). It is noted that in its solid-state decomposition, the 

dehydrogenation of both AB and EDAB has an induction period, which is suppressed by the 

usage of deep eutectic solvent (DES). In contrast to the AB/DES1 system, the hydrogen yield 

of the EDAB/DES1 system is comparatively higher. The residual product of the 

dehydrogenation experiment was collected to perform a 1H NMR analysis, which was enacted 

to elucidate the effect of the newly designed DES as a catalytic solvent in the dehydrogenation 

process. However, the absence of the NH2 moiety ensures that EDAB is involved in the reaction 

that initiates the pathway for hydrogen release and that DES maintains its original structural 

entity (Figure 4.8(b)). This exemplifies the advantage of using DESs for the dehydrogenation 

of chemical hydrides. In chapter 2, a detailed reaction mechanism was proposed using an AB 

and EDAB as chemical hydrides with various IL systems, which is similar to the predicted 

reaction mechanism of IL-based DES-assisted dehydrogenation of hydrides reported in this 

chapter (Scheme 4.1).  
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Figure 4.7: Summary of Cumulative hydrogen equivalents released at 105°C of Pure AB and 

Pure EDAB system 
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Figure 4.8: 1H NMR spectra of amine borane/DES systems (a) EDAB/DES (before reaction), 

and (b) EDAB/DES (after reaction) 

From our IDAC study (Figure 4.2), along with DES1, DES2 was also found to be one 

of the suitable DES for the dehydrogenation process of chemical hydrides.  Because the 

hydrogen release from EDAB is both faster and higher than that from AB, the comparative 

dehydrogenation experiment utilizing IL and IL-based DES was done only on EDAB to 

maximize the hydrogen release. The parent IL was used in a comparative study of the 

dehydrogenation of EDAB as HBA and urea as HBD. Both the IL and DES have been kept in 
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a vacuum at 353 K for 48 h to reduce water content and reduce impurities. 1H NMR 

spectroscopy was used to check the purity of both ILs and DESs. The NMR spectra for both 

the solvents (IL and DES) are provided and already discussed in Figure 4.4. It is clear that there 

is no reaction between EDAB-DES/IL; and HBA and HBD. 

The thermal dehydrogenation of EDAB was performed separately in IL at 90°C and 

105°C. The hydrogen desorption rate for both systems is nearly the same for 50 minutes. The 

EDAB/IL (red circle) desorption rate at 90°C is lower after 50 minutes and yields 3.2 

equivalent of H2 after a total reaction time of 360 min (Figure 4.9). The yield remains 

significantly larger than 1.89 equivalents of hydrogen as derived at 105°C from the 

dehydrogenation of solid-state EDAB (Figure 4.10). This illustrates the advantage of EDAB 

dehydrogenation by using ILs. By heating the same EDAB/IL mixture, 3.7 equivalents of 

hydrogen (dark blue triangle) are released at 105°C. The mechanism is through the 

development and stabilization of the intermediate product, i.e., diammoniate of diborane 

(DADB) known to be highly stable in ILs. This has already been documented in the previous 

chapters.  

Overall the mechanism depends on the hydrogen bond basicity parameter of the ILs, 

which defines the ability of an anion to accept protons. This is probably one of the most 

important descriptors of the solvability of the ILs for a wide range of compounds. The solubility 

of chemical hydrides has been attributed to the strong hydrogen bonding interactions between 

the anions and nitrogen or boron atoms in hydrides. Thus to dissolve chemical hydrides in 

solvents such as ILs and DESs, it must have strong basic anions that can disrupt the bonding 

between the hydride chains and create hydrogen bonds with the solvent systems. Sahler and 

co-workers further related the hydrogen bond basicity (β) of several anions of ILs with the 

yield of hydrogen. ILs with [MeSO3
ˉ] anions have been found to be typically polar compared 

to those with anions such as Tf2N and BF4
-.26 Further, anion’s selection is strongly influenced 
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by its mean β-value. The mean β value follows the following trend: [OAc-] > [Cl-] > [MeSO3
-

] > [BF4
-] > [PF6

-] > [Tf2N] which is quite sufficient to explain the release of higher equivalents 

of H2 using [MeSO3] based anions. 
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Figure 4.9: Time-resolved equivalent release of hydrogen from Pure EDAB. EDAB/IL and 

EDAB/DES system 

 

On the other hand, the dehydrogenation of EDAB with the DES2 

([BMIM][MeSO3]:[Urea]) was performed at two different temperatures of 90°C and 105°C. A 

cumulative of 2.79 and 3.27 equivalents are released at 90°C and 105°C, respectively, from the 

EDAB/DES systems. The hydrogen release rate at 105°C with DES2 was similar to that of IL 

at the same temperature until 60 mins. However, the release of hydrogen for EDAB/IL is 

greater than that of EDAB/DES at the same conditions (Figure 4.9) due to the higher hydrogen-

bond basicity of the IL in comparison to the used DES. This, however, offsets with a less 
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induction time (within 10 minutes) when compared to IL. This fact highlights the catalytic role 

of DESs in the dehydrogenation of EDAB in comparison to solid-state dehydrogenation. 
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Figure 4.10: Total yield of EDAB dehydrogenation supported by various systems 
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Table 4.2: Viscosity (mPa.s) of IL, DES2, IL/EDAB, and DES2/EDAB systems at 25°C, 50°C, 

90°C and 105°C 

Systems 20°C 50°C 90°C 105°C 

[BMIM][MeSO3] (IL) 199.8 22.45 7.03 5.13 

EDAB/[IL] 348.1 35.23 8.96 6.84 

[BMIM][MeSO3]:[Urea] 

(DES2) 

369.3 32.58 7.76 6.07 

EDAB/[DES2] 507.7 39.31 9.80 8.21 

 

In order to understand the lower release with DES, the viscosity of both IL and DES 

were measured using a Rheometer (Physica MCR 301, Make: Anton Paar, Austria). Table 4.2 

highlights the viscosity at T=25, 50, 90°C, and 105°C of ILs, DESs, EDAB/ILs, EDAB/DESs 

systems. The viscosity of the EDAB/solvent system increases with the addition of EDAB in IL 

and DES. Furthermore, the viscosity of both solvents and mixture systems decreases with the 

increase in temperature. At 20°C, EDAB/DES2 has a higher viscosity than EDAB/IL, and at 

105°C, the viscosity of the former remains higher than the latter. It can be inferred that the high 

DES viscosity impedes the movement of EDAB molecules, resulting in delayed formation of 

ionic species diammoniate of diborane, resulting in lower hydrogen release equivalents when 

using DES as compared to pure ILs.  

 

4.5.2. 1H NMR Analysis 

1H NMR study was conducted to characterize EDAB/DES2 mixtures before and after 

the reaction. The 1H NMR analysis was performed for the EDAB/DES2 complexes to re-assert 

the role of the newly designed DES in the dehydrogenation process as a catalytic solvent. 

Figure 4.11 (a) displays the 1H NMR spectra for EDAB/DES2 (before reaction). The peaks for 

EDAB can be located at their positions as BH3 (2.44ppm, 1.24 ppm), CH2 at 5.42 ppm, and 

NH2 (5.02 ppm, 2.93 ppm). The peaks for the DES system can also be related to their positions 
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as SO3 (CH3) (2.77 ppm), CH3 (0.96 ppm), CH2 (1.35 ppm), N-CH2CH2 (1.86 ppm), NCH2 

(4.25 ppm), and NCH3 (4.03 ppm). ArH can be located at (7.30 ppm, 7.39 ppm, 9.77 ppm), and 

NH2 peaks of urea can be allotted at 5.82 ppm. 

Figure 4.11 (b) represents the 1H NMR spectra for EDAB/DES2 (after reaction). While 

DES has retained its original structural entity, all other peaks are within its original assigned 

position. Some slight changes in shift can be attributed to the addition of EDAB in DES. 

Nevertheless, for EDAB, an absence of BH3 moiety ensures that EDAB is active in the reaction, 

which initiates a pathway for liberating hydrogen. Like the ILs, its analogue DES also functions 

in the same manner within the dehydrogenation reaction. 
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Figure 4.11: 1H NMR spectra of (a) [EDAB]/DES2 (before reaction) (b) [EDAB]/DES2 (after 

reaction) 

 

4.5.3. 11B NMR Analysis 

The effect of solvent dehydrogenation of EDAB on the boron moieties also needs to be 

studied and analyzed for its mechanism. A 11B NMR study was performed on EDAB/DES 

reaction mixtures before and after the thermal dehydrogenation.27 
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Figure 4.12: 11B NMR spectra of (a) [EDAB]/DES (before reaction) (b) [EDAB]/DES (after 

reaction) 

 

The 11B NMR spectra of EDAB/DES before reaction (Figure 4.12(a)) confirms the 

presence of sp3 –BH3 functional group with an assigned chemical shift at -19.82 ppm, which 

is in line with the literature and confirms the presence of -BH3 moiety in the reaction sample.28 

This can be attributed to the presence of unreacted EDAB species. The peak at -23.63 ppm can 

be attributed to the presence of polyaminoborane (PAB). An unidentified peak can be seen at 
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30.75 ppm which is due to the diamidoborane [BH(NH-t-Bu)2]. Neiner et al. reported a 

chemical shift at -39 ppm, which can be assigned to (–BH4
-) intermediate in dehydrogenation 

experiment of pure EDAB, whereas BH2 moiety is assigned with a peak at -10 ppm, in line 

with the related dehydrogenation pathway of EDAB, a broad resonance at -6.08 ppm can be 

referred to BH2 of EDAB dimer.28 The products analyzed using 11B NMR can predict the 

dehydrogenation mechanism of EDAB. This is similar to the mechanism of hydrogen release 

as reported by Leardini et al.29 and Banerjee et al.30 where the solid-state and solution-state 

(Ionic liquid) dehydrogenation of EDAB was reported. (Scheme 4.1). 
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Scheme 4.1: Dehydrogenation Mechanism of the EDAB/DES System 
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4.5.4. Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was employed to assess the thermal stability of the 

synthesized DESs and their pure components under the nitrogen atmosphere, using the Thermal 

Gravimetric Analyzer (Netzsch TGA TG 209 F1 Libra). In order to reckon the starting 

decomposition temperatures, a variable mode with a heating rate of 5°C min−1 was used at a 

temperature range from 25°C to 500°C. The dynamic TGA curves for the synthesized DES, its 

pure components, EDAB, IL, and EDAB/solvent complexes can be found in Figure 4.13 and 

Figure 4.14. 

Since [BMIM][MeSO3] is generally an acceptable thermal stable IL as it experiences a 

mass loss of up to 350°C.31 Ionic liquids stability is due to the presence of high thermally stable 

anions, which shows a linear correlation with their coordinating nature and nucleophilicity, as 

non-coordinative anions follow an elimination or rearranging mechanism on degradation.32,33 

On the other hand, the onset degradation temperature of the DES1 (Figure 4.13) can be 

evaluated by the second peak (black), which shows a two-step degradation. The first mass loss 

step around 170°C can be ascribed to the decomposition of the imidazole (HBD), which can 

also be termed the maximum operating temperature of the DES1. The second peak of 

degradation can be attributed to the weight loss observed by the decomposition of HBA (IL). 

Finally, the synthesized ionic liquid-based DES can be concluded as a sensible alternative for 

dehydrogenation experiments.  

The TGA curves for the DES2 and its pure components are shown in Figure 4.14 (a), 

i.e., IL being the HBA and urea as HBD. [BMIM][MeSO3], being a highly stable IL, goes 

through a mass loss of up to 350°C. The second curve corresponds to that of pure DES2 shows 

a two-step degradation; the first step of weight loss is attributed to the onset temperature of 

urea which can also be considered as the DES2 onset degradation temperature (Tonset) that is 

nearly up to 150°C. The second step of weight loss from 320°C is due to the HBA (IL) 

TH-2826_166107108



DES-based Thermal Dehydrogenation  Chapter 4 

 

Page 169 
 

decomposition. The initial degradation temperature of DES can be referred to as the maximum 

operating temperature for the EDAB dehydrogenation, which is highly preferable for this work 

as it requires a working temperature up to 120°C, which is the melting point of EDAB. 

The TGA curves for the pure EDAB and EDAB/solvent complexes are shown in Figure 

4.14(b). Taking into account the pure EDAB’s weight-loss activity, it can be concluded that 

EDAB displays a minimal weight loss up to 110°C, confirming the melting point of EDAB is 

in line with the literature. 

 

Figure 4.13: Dynamic TGA profile of the synthesized DES1 and its pure components 

 

Comparing EDAB/IL with EDAB/DES complexes, the release of hydrogen with DESs 

is observed at around 120°C from the slope of TGA lines with almost no induction time, which 

is the main reason for the replacement with DES. In comparison with traditional highly thermal 

stable ILs, it can be concluded that DES goes through a rapid decomposition but propagates 
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the dehydrogenation reaction faster when compared to both ILs and solid-state EDAB 

dehydrogenation.34 
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Figure 4.14: TGA Profiles of (a) pure IL, pure DES2, and pure Urea, (b) EDAB/IL, 

EDAB/DES2, and pure EDAB 
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4.5.5. Dehydrogenation Experiments with Metal Salt-Based Type 1 Deep Eutectic 

Solvents 

Prior to the dehydrogenation studies, Deep Eutectic Solvents based on type 1 metal salts 

were synthesized using the same methods as previously described in the literature. Chapter 3 

discusses the method of preparation in detail and its analysis.9 Two type 1-based DESs were 

synthesized using choline chloride (ChCl) as the HBA and tin (II) chloride (SnCl2), zinc (II) 

chloride (ZnCl2) as metal salts in a molar ratio of 1:2. In this chapter, DES3 refers to the mixture 

of choline chloride and tin (II) chloride, whereas DES4 refers to the mixture of choline chloride 

and zinc (II) chloride.35 The reason for concentrating on these two DES systems is that the 

metal salts have a higher Lewis acidity. It is well established that increasing the Lewis acidity 

results in an increase in the catalytic activity of a range of applications.36 One of the primary 

reasons for our preference for these two DES systems is their near-room temperature melting 

point; these features were absent when the same HBA (ChCl) was combined with other metal 

salts such as CrCl3, CaCl2, etc.12 

In this section, the dehydrogenation of AB and EDAB was performed in DES3 and 

DES4 at 80°C and 100°C. This reduction in operating temperature was to conduct the 

dehydrogenation studies at a lower temperature due to dual ionic components in metal salt-

based DESs. Studies have shown that the ionicity and acidity of catalytic solvents promote the 

release of hydrogen equivalents at reduced temperatures.38 Choline chloride has indeed been 

combined with a variety of metal halide salts to promote the catalytic activity of various 

processes at lower operating temperatures.37 Similar to the ILs, it was presumed that the 

presence of ionic components in these type 1 DESs, would provide a suitable catalytic media 

which can stabilize the ionic intermediates.38 Both the DESs have been kept in a vacuum at 

353 K for 48 h to reduce water content and reduce impurities. As mentioned in section 4.5.1, 

when pure AB and EDAB are heated to 105°C, 0.90 and 1.89 equivalents of hydrogen are 
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released through solid-state dehydrogenation (Figure 4.7).39 It is stated that there is an 

induction time in the AB and EDAB solid-state dehydrogenation, which is suppressed with the 

usage of DES. A negligible induction period was observed for both the amine borane-IL 

complexes in the presence of metal salt-based DES. However, the release of hydrogen for 

EDAB/DES3 as well as EDAB/DES4 from each time step was greater than that of AB/DES3 

and AB/DES4 at the same conditions. A cumulative 1.8 and 1.96 equivalent hydrogen was 

released from AB/DES3 at 80°C and 100°C, respectively. AB/DES4 released 1.92 and 2.1 

equivalent hydrogen at 80°C and 100°C, respectively (Figure 4.15). A cumulative release of 

hydrogen equivalents from EDAB/DES3 was found to be 3.42 at 80°C, 3.71 at 100°C; while 

for EDAB/DES4, it was 3.6 and 3.89 equivalents of hydrogen at 80°C and 100°C, respectively 

(Figure 4.16). The initial induction period observed in the dehydrogenation reaction in the 

presence of DES3 and DES4 can be attributed to the higher viscosity of the DES systems, 

which somehow hinders the application of these catalytic DES to be used at lower operating 

temperatures. The dehydrogenation mechanism in the presence of metal salt-based DESs 

usually depends on the lewis acidity of the metal salts employed in the studied DES systems. 

However, the dehydrogenation mechanism of amine boranes remains the same in the presence 

of this subcategory DESs (Scheme 4.1).   

As mentioned in various studied catalytic activities of metal salt-based DESs, the higher 

lewis acidity of the metal salt correlates with the catalytic effect of the studied DES systems, 

which implies that the metal salts dominated the dehydrogenation of chemical hydrides. The 

catalytic activity of metal chlorides depends on their Lewis acidity. It was found that their 

catalytic efficiency for dehydrogenation reaction was enhanced with stronger Lewis acidity.40 

The trials to combine the electronegativity of some metal chlorides (AlCl3 > FeCl3 > ZnCl2 > 

SnCl2) with the catalytic efficiency for dehydrogenation of amine boranes revealed that the 

salts with intermediate Lewis acidity (i.e., Zn2+ and Sn2+) provided the highest catalytic 
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activity.41 Whereas metal salts with AlCl3 and FeCl3, when coupled with choline chloride, were 

unable to form a eutectic mixture at room temperature, which hinders their usage as a catalytic 

solvent in the same process.12  

 

 

Figure 4.15: Time-resolved equivalent release of hydrogen from of AB/DES3 system, 

AB/DES4 system at 80°C and 100°C 
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Figure 4.16: Time-resolved equivalent release of hydrogen from of EDAB/DES3 system, 

EDAB/DES4 system at 80°C and 100°C 
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4.6. Conclusions 

We have reported a comprehensive study on the synthesis of novel ionic Liquid-based 

Deep Eutectic Solvents (IL-based DESs) and their applications in enhancing the 

dehydrogenation of amine boranes. DES was prepared with a thermally stable IL acting as 

HBA and combined with imidazole in a molar ratio of 1:2, named DES1. Another catalytic 

solvent named DES2 in work was formed at a molar ratio of 1:1, where IL acted as an HBA 

and urea as an HBD. Thermal characteristics of synthesized DESs have also been reported. The 

selection of the prepared DES for the dehydrogenation experiment was made using the 

COSMO-SAC model. A comparative analysis was conducted at 105°C for the thermal 

decomposition of hydrides, AB, and EDAB, promising to release 2.55 and 1.66 equivalents of 

hydrogen. A comparative study about the thermal decomposition of ethylene diamine 

bisborane (EDAB) was conducted with methanesulfonate anion-based ILs and 

methanesulfonate-based DES at 90°C and 105°C. The hydrogen released from EDAB/IL or 

EDAB/DES2 mixture were in the following increasing order: EDAB/DES2 at 90°C (2.79) < 

EDAB/IL at 90°C (3.2) < EDAB/DES2 at 105°C (3.2) < EDAB/IL 105°C (3.70).  The 

equivalents of hydrogen release in the solution state of EDAB were notable in comparison to 

1.89 equivalents of released hydrogen obtained in the dehydrogenation of solid-state EDAB. 

Confirmation of IL and DES as catalytic solvent was determined by 1H NMR. The absence of 

the hydrogen peaks of amine borane entity, along with the integrity of the solvents (IL and 

DES) structure, has confirmed the fact that AB and EDAB is consumed in the dehydrogenation. 

11B NMR confirms the presence of trigonal boron (sp2) BH2, which is the only boron-containing 

moiety in dehydrogenation experiments. Whereas in the case of DES, the presence of 

diamidoborane is also reported. TGA analysis revealed the stability of EDAB/DES complexes 

and provided thermal stability of up to 150 °C.  
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In the subsequent section, the usage of metal salt-based DESs produces a highly 

catalytic effect on the dehydrogenation of amine boranes. Zinc-based DESs (DES4) could 

release 3.6 and 3.89 equivalents of hydrogen from EDAB at lower temperatures than earlier 

used IL and DES solvent systems in this work. This catalytic activity of zinc-based DESs can 

be ascribed to the higher lewis acidity of the zinc metal salts in comparison to the other system 

based on tin (II) chloride. The hydrogen release pattern of amine boranes in the presence of 

DES3 and DES4 can be correlated to its higher lewis acidity as zinc (II) chloride-based DES 

performs similarly in the case of AB and EDAB both. The usage of zinc and tin-based DESs 

proved to be a suitable catalytic solvent for the dehydrogenation process; however, their higher 

viscosity and freezing point are still an issue for their use as a catalytic media in the process. 

This investigation led to the foundation of DES systems for thermolytic dehydrogenation, and 

it cultivated the enormous potential of DES as a revolutionary catalytic media. 

However, industrially chemical hydrides with a higher hydrogen content and controlled 

release are not widely available and their synthesis is cumbersome. There is a need to study 

other novel chemical hydrides capable of hydrogen release at moderate temperatures that are 

also cost-effective. In light of this, the following chapter will investigate a novel chemical 

hydrogen storage carrier namely Morpholine Borane(MB). 

 

 

 

 

 

 

 

TH-2826_166107108



DES-based Thermal Dehydrogenation  Chapter 4 

 

Page 177 
 

References 

(1)  Abbott, A. P.; Capper, G.; Davies, D. L.; McKenzie, K. J.; Obi, S. U. Solubility of Metal 

Oxides in Deep Eutectic Solvents Based on Choline Chloride. J. Chem. Eng. Data 2006, 

51 (4), 1280–1282. https://doi.org/10.1021/je060038c. 

(2)  Kow, K. K.; Sirat, K. Novel Manganese(II)-Based Deep Eutectic Solvents: Synthesis 

and Physical Properties Analysis. Chinese Chem. Lett. 2015. 

https://doi.org/10.1016/j.cclet.2015.05.049. 

(3)  Francisco, M.; Van Den Bruinhorst, A.; Kroon, M. C. Low-Transition-Temperature 

Mixtures (LTTMs): A New Generation of Designer Solvents. Angew. Chemie - Int. Ed. 

2013, 52 (11), 3074–3085. https://doi.org/10.1002/anie.201207548. 

(4)  Wen, Q.; Chen, J. X.; Tang, Y. L.; Wang, J.; Yang, Z. Assessing the Toxicity and 

Biodegradability of Deep Eutectic Solvents. Chemosphere 2015, 132, 63–69. 

https://doi.org/10.1016/j.chemosphere.2015.02.061. 

(5)  Delgado-Mellado, N.; Larriba, M.; Navarro, P.; Rigual, V.; Ayuso, M.; García, J.; 

Rodríguez, F. Thermal Stability of Choline Chloride Deep Eutectic Solvents by 

TGA/FTIR-ATR Analysis. J. Mol. Liq. 2018. 

https://doi.org/10.1016/j.molliq.2018.03.076. 

(6)  Akhmetshina, A. I.; Petukhov, A. N.; Mechergui, A.; Vorotyntsev, A. V.; Nyuchev, A. 

V.; Moskvichev, A. A.; Vorotyntsev, I. V. Evaluation of Methanesulfonate-Based Deep 

Eutectic Solvent for Ammonia Sorption. J. Chem. Eng. Data 2018, 63 (6), 1896–1904. 

https://doi.org/10.1021/acs.jced.7b01004. 

(7)  Paul, S.; Panda, A. K. Physicochemical Investigations on the Aqueous Solution of an 

Ionic Liquid, 1-Butyl-3-Methylimidazolium Methanesulfonate, [Bmim][MS], in a 

Concentrated and Dilute Regime. Colloids Surfaces A Physicochem. Eng. Asp. 2012, 

404, 1–11. https://doi.org/10.1016/j.colsurfa.2012.01.034. 

(8)  Abbott, A. P.; Boothby, D.; Capper, G.; Davies, D. L.; Rasheed, R. K. Deep Eutectic 

Solvents Formed between Choline Chloride and Carboxylic Acids: Versatile 

Alternatives to Ionic Liquids. J. Am. Chem. Soc. 2004, 126 (29), 9142–9147. 

https://doi.org/10.1021/ja048266j. 

(9)  Abbott, A. P.; Capper, G.; Davies, D. L.; Munro, H. L.; Rasheed, R. K.; Tambyrajah, V. 

TH-2826_166107108



DES-based Thermal Dehydrogenation  Chapter 4 

 

Page 178 
 

Preparation of Novel, Moisture-Stable, Lewis-Acidic Ionic Liquids Containing 

Quaternary Ammonium Salts with Functional Side Chains. Chem. Commun. 2001, 1 

(19), 2010–2011. https://doi.org/10.1039/b106357j. 

(10)  Abbott, A. P.; Capper, G.; Davies, D. L.; Rasheed, R. Ionic Liquids Based upon Metal 

Halide/Substituted Quaternary Ammonium Salt Mixtures. Inorg. Chem. 2004, 43 (11), 

3447–3452. https://doi.org/10.1021/ic049931s. 

(11)  Abbott, A. P.; Capper, G.; Davies, D. L.; Rasheed, R. K.; Tambyrajah, V. Novel Solvent 

Properties of Choline Chloride/Urea MixturesElectronic Supplementary Information 

(ESI) Available: Spectroscopic Data. See 

Http://Www.Rsc.Org/Suppdata/Cc/B2/B210714g/. Chem. Commun. 2003, No. 1, 70–

71. https://doi.org/10.1039/b210714g. 

(12)  Ghareh Bagh, F. S.; Shahbaz, K.; Mjalli, F. S.; Hashim, M. A.; Alnashef, I. M. Zinc (II) 

Chloride-Based Deep Eutectic Solvents for Application as Electrolytes: Preparation and 

Characterization. J. Mol. Liq. 2015. https://doi.org/10.1016/j.molliq.2015.01.025. 

(13)  Li, J.; Shou, F.; Yan, S.; Li, F.; Lu, G.; Yao, L.; Han, X. Process Optimization and Its 

Kinetics Analysis on Catalytic Synthesis of Biodiesel from Oleic Acid Using Deep 

Eutectic Solvents as Catalyst. J. Chinese Cereal. Oils Assoc. 2019. 

(14)  Hajipour, A. R.; Nazemzadeh, S. H.; Mohammadsaleh, F. Choline Chloride/CuCl as an 

Effective Homogeneous Catalyst for Palladium-Free Sonogashira Cross-Coupling 

Reactions. Tetrahedron Lett. 2014. https://doi.org/10.1016/j.tetlet.2013.11.105. 

(15)  Bahadori, L.; Abdul Manan, N. S.; Chakrabarti, M. H.; Hashim, M. A.; Mjalli, F. S.; 

Alnashef, I. M.; Hussain, M. A.; Low, C. T. J. The Electrochemical Behaviour of 

Ferrocene in Deep Eutectic Solvents Based on Quaternary Ammonium and 

Phosphonium Salts. Phys. Chem. Chem. Phys. 2013. 

https://doi.org/10.1039/c2cp43077k. 

(16)  Di Pietro, M. E.; Mele, A. Deep Eutectics and Analogues as Electrolytes in Batteries. J. 

Mol. Liq. 2021. https://doi.org/10.1016/j.molliq.2021.116597. 

(17)  Jach, F.; Wassner, M.; Bamberg, M.; Brendler, E.; Frisch, G.; Wunderwald, U.; 

Friedrich, J. A Low-Cost Al-Graphite Battery with Urea and Acetamide-Based 

Electrolytes. ChemElectroChem 2021. https://doi.org/10.1002/celc.202100183. 

TH-2826_166107108



DES-based Thermal Dehydrogenation  Chapter 4 

 

Page 179 
 

(18)  Wang, S.; Sandler, S. I.; Chen, C. C. Refinement of COSMO-SAC and the Applications. 

Ind. Eng. Chem. Res. 2007, 46 (22), 7275–7288. https://doi.org/10.1021/ie070465z. 

(19)  Dennington, R.; Keith, T.; Millam, J. GaussView, Version 5. Semichem Inc. Shawnee 

Mission. KS 2009. 

(20)  Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, 

J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; et al. Gaussian09 

Revision D.01, Gaussian Inc. Wallingford CT. Gaussian 09 Revision C.01. 2010. 

(21)  Becke, A. B3LYP. J. Chem. Phys. 1993. 

(22)  Becke, A. D. Density-Functional Exchange-Energy Approximation with Correct 

Asymptotic Behavior. Phys. Rev. A 1988, 38 (6), 3098. 

(23)  McCullough, E. A.; Aprà, E.; Nichols, J. Comparison of the Becke-Lee-Yang-Parr and 

Becke-Perdew-Wang Exchange-Correlation Functionals for Geometries of 

Cyclopentadienyl-Transition Metal Complexes. Journal of Physical Chemistry A. 1997. 

https://doi.org/10.1021/jp963430d. 

(24)  Banerjee, B.; Kundu, D.; Pugazhenthi, G.; Banerjee, T. Quantum Chemical and 

Experimental Insights for the Ionic Liquid Facilitated Thermal Dehydrogenation of 

Ethylene Diamine Bisborane. RSC Adv. 2015, 5 (104), 85280–85290. 

https://doi.org/10.1039/c5ra10625g. 

(25)  Kundu, D.; Chakma, S.; Pugazhenthi, G.; Banerjee, T. Effect of Thiocyanate-Based 

Ionic Liquids on the Dehydrogenation of Amine Boranes: Experimental and Molecular 

Modeling Studies. Asia-Pacific J. Chem. Eng. 2019. https://doi.org/10.1002/apj.2357. 

(26)  Sahler, S.; Konnerth, H.; Knoblauch, N.; Prechtl, M. H. G. Hydrogen Storage in Amine 

Boranes: Ionic Liquid Supported Thermal Dehydrogenation of Ethylene Diamine 

Bisborane. Int. J. Hydrogen Energy 2013, 38 (8), 3283–3290. 

https://doi.org/10.1016/j.ijhydene.2012.12.150. 

(27)  Jaska, C. A.; Temple, K.; Lough, A. J.; Manners, I. Catalytic Dehydrocoupling of 

Amine-Borane Adducts to Form Aminoboranes and Borazines. Phosphorus, Sulfur 

Silicon Relat. Elem. 2004, 179 (4–5), 733–736. 

https://doi.org/10.1080/10426500490426683. 

(28)  Neiner, D. .; Karkamkar, A. .; Bowden, M. .; Joon Choi, Y. .; Luedtke, A. .; Holladay, 

TH-2826_166107108



DES-based Thermal Dehydrogenation  Chapter 4 

 

Page 180 
 

J. .; Fisher, A. .; Szymczak, N. .; Autrey, T. . Kinetic and Thermodynamic Investigation 

of Hydrogen Release from Ethane 1,2-Di-Amineborane. Energy Environ. Sci. 2011, 4 

(10), 4187–4193. https://doi.org/10.1039/c1ee01884a. 

(29)  Leardini, F.; Valero-Pedraza, M. J.; Perez-Mayoral, E.; Cantelli, R.; Bañares, M. A. 

Thermolytic Decomposition of Ethane 1,2-Diamineborane Investigated by 

Thermoanalytical Methods and in Situ Vibrational Spectroscopy. J. Phys. Chem. C 

2014, 118 (31), 17221–17230. https://doi.org/10.1021/jp501964r. 

(30)  Banerjee, B.; Pugazhenthi, G.; Banerjee, T. Experimental Insights into the Thermal 

Dehydrogenation of Ethylene Diamine Bisborane Using Allyl-Based Ionic Liquids. 

Energy and Fuels 2017, 31 (5), 5428–5440. 

https://doi.org/10.1021/acs.energyfuels.6b02823. 

(31)  Zaitsau, D. H.; Yermalayeu, A. V.; Pimerzin, A. A.; Verevkin, S. P. Imidazolium Based 

Ionic Liquids Containing Methanesulfonate Anion: Comprehensive Thermodynamic 

Study. Chem. Eng. Res. Des. 2018. https://doi.org/10.1016/j.cherd.2018.07.003. 

(32)  Meine, N.; Benedito, F.; Rinaldi, R. Thermal Stability of Ionic Liquids Assessed by 

Potentiometric Titration. Green Chem. 2010. https://doi.org/10.1039/c0gc00091d. 

(33)  Chancelier, L.; Boyron, O.; Gutel, T.; Santini, C. Thermal Stability of Imidazolium-

Based Ionic Liquids. French-Ukrainian J. Chem. 2016. 

https://doi.org/10.17721/fujcv4i1p51-64. 

(34)  Rodriguez Rodriguez, N.; Van Den Bruinhorst, A.; Kollau, L. J. B. M.; Kroon, M. C.; 

Binnemans, K. Degradation of Deep-Eutectic Solvents Based on Choline Chloride and 

Carboxylic Acids. ACS Sustain. Chem. Eng. 2019. 

https://doi.org/10.1021/acssuschemeng.9b01378. 

(35)  Trujillo, S. A.; Peña-Solórzano, D.; Bejarano, O. R.; Ochoa-Puentes, C. Tin(Ii) Chloride 

Dihydrate/Choline Chloride Deep Eutectic Solvent: Redox Properties in the Fast 

Synthesis of: N -Arylacetamides and Indolo(Pyrrolo)[1,2- a] Quinoxalines. RSC Adv. 

2020, 10 (66), 40552–40561. https://doi.org/10.1039/d0ra06871c. 

(36)  Ünlü, A. E.; Arlkaya, A.; Takaç, S. Use of Deep Eutectic Solvents as Catalyst: A Mini-

Review. Green Process. Synth. 2019. https://doi.org/10.1515/gps-2019-0003. 

(37)  Kundu, D.; Chakma, S.; Saikrishnan, S.; Pugazhenthi, G.; Banerjee, T. Molecular 

TH-2826_166107108



DES-based Thermal Dehydrogenation  Chapter 4 

 

Page 181 
 

Modeling and Experimental Insights for the Dehydrogenation of Ethylene Diamine 

Bisborane Using Hydrogen Sulfate Based Ionic Liquid. J. Ind. Eng. Chem. 2019. 

https://doi.org/10.1016/j.jiec.2018.11.010. 

(38)  Kundu, D.; Pugazhenthi, G.; Banerjee, T. Low- To Room-Temperature 

Dehydrogenation of Dimethylamine Borane Facilitated by Ionic Liquids: Molecular 

Modeling and Experimental Studies. Energy and Fuels 2020. 

https://doi.org/10.1021/acs.energyfuels.0c01896. 

(39)  Rizzi, V.; Polino, D.; Sicilia, E.; Russo, N.; Parrinello, M. The Onset of 

Dehydrogenation in Solid Ammonia Borane: An Ab Initio Metadynamics Study. 

Angew. Chemie - Int. Ed. 2019. https://doi.org/10.1002/anie.201900134. 

(40)  Juneidi, I.; Hayyan, M.; Hashim, M. A. Evaluation of Toxicity and Biodegradability for 

Cholinium-Based Deep Eutectic Solvents. RSC Adv. 2015. 

https://doi.org/10.1039/c5ra12425e. 

(41)  Nian, B.; Liao, G.; Song, Y.; Su, Y. Z.; Cao, C.; Liu, Y. Ionic Hydrogen-Bonding 

Interaction Controlled Electrophilicity and Nucleophilicity: Mechanistic Insights into 

the Synergistic Catalytic Effect of Lipase and Natural Deep Eutectic Solvents in 

Amidation Reaction. J. Catal. 2020. https://doi.org/10.1016/j.jcat.2020.02.011. 

 

 

 

 

TH-2826_166107108



 

Chapter 5 

Catalytic Effect of Ionic Liquid Induced H2-

Release from Morpholine Borane Complex: 

A Novel and Efficient Hydrogen Storage 

Carrier 

 

 

 

 

 

TH-2826_166107108



TH-2826_166107108



Thermal Dehydrogenation of MB Complex  Chapter 5 

 

Page 183 
 

5.1. Chapter Abstract 

The demand for effective and secure chemical hydrogen storage systems impedes hydrogen's 

usage as an alternative energy carrier. This chapter reports the use of morpholine borane 

(MB) as a novel, efficient, and widely viable chemical hydrogen storage material for mobile 

applications. Herein, for the first time, hydrogen generation from the thermolytic 

dehydrogenation of MB in the presence of ionic liquid (IL) media is reported. Initially, the 

COSMO-SAC model was utilized to determine the most appropriate solvent. [Bmim][HSO4] 

proved to be an excellent catalytic cum solvent media with the maximum solubility in the 

morpholine borane complex. Thermal dehydrogenation experiments were conducted 

separately on solid-state and MB-IL systems at 60 and 80C in a vacuum-sealed experimental 

setup. After a prolonged heating period, the solid-state dehydrogenation of MB complex 

released 0.62 equivalents of hydrogen, whereas the dehydrogenation of the MB-IL system at 

60 and 80C released 1.75 and 1.46 equivalents of hydrogen in a shorter time. The residue 

products were characterized using 1H and 11B NMR. 1H NMR validated IL's activity as a 

catalytic solvent without affecting its structural identity, whereas 11B NMR helped to establish 

an intra- and intermolecular dehydrogenation mechanism connected with MB. As confirmed 

by the DFT-based transition state calculations, the intramolecular dehydrogenation pathway 

results in a dehydrocoupled product with minimal energy required for the dehydrogenation 

reaction.   

5.2. Introduction 

Hydrogen storage and conversion are essential subjects because of their enormous 

potential in alleviating energy and environmental challenges. Because of its clean and 

sustainable nature, hydrogen has long been considered a suitable successor to fossil fuels.1 

Recently, the development of convenient, cost-effective, and highly efficient methods of 
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obtaining hydrogen energy has come to the top of the research priority list.2 To attain high 

volumetric and gravimetric hydrogen density, the chemical storage method must be highly 

efficient. So, chemical hydrides leap to the top of the heap as a promising hydrogen storage 

solution. To achieve this, a low-cost and lightweight solid chemical hydrogen storage material 

with a high volumetric/gravimetric hydrogen density and a relatively quick hydrogen release 

kinetics must be developed.3   

Many other commercially available compounds, especially boron-based compounds, 

which can also be referred to as carbon-based amine borane derivatives, have been tested as 

chemical hydrogen storage materials.4 Among the materials that have been tested are ethylene 

diamine bisborane, hydrazine bis(borane), and dimethylamine borane.5,6 A high hydrogen 

content (19.6 wt%), nontoxicity, and exceptional stability have made ammonia borane (AB) 

the preferred hydrogen storage material among a variety of other hydrogen storage options. AB 

has a number of disadvantages, including the possibility of an induction period and the 

documented formation of toxic gaseous products such as ammonia and borazine gas during 

solid-state dehydrogenation.7 The dehydrogenation of AB in the presence of nanoparticles, 

scaffolds, metal-based catalysts, and catalytic solvents such as ionic liquids (ILs) and Deep 

Eutectic Solvents (DESs) tends to increase the rate and yield of hydrogen 

generation.8,9,10,11,12,13,14,15 The search for alternative boron-based chemical storage materials 

for AB is underway in order to solve the difficulties associated with AB. Additionally, this 

pursuit is critical in a broad range of contexts, including the high cost of AB and the 

complexities associated with recycling dehydrogenated products. One recent study by Can et 

al. appraised the economics of hydrogen release from MB. Irrespective of MB's lower 

hydrogen content than AB, the study concluded that MB produces H2 gas at a cheaper cost than 

AB.16 Sodium borohydride (NaBH4), dimethylamine borane (DMAB), and morpholine borane 

(MB) are the least expensive chemical hydrogen storage materials currently accessible.10,16 
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However, because of the lower melting point of DMAB and the ongoing debate about NaBH4's 

safety, it is determined that MB should be considered for use as a hydrogen storage material 

because of its many advantages, including its high hydrogen concentration (up to 12 wt%), low 

cost, and lack of toxicity.16 

Morpholine-borane is a crystalline material with a melting point of 98°C with good 

thermal stability (Figures 5.4 and 5.5).17 Its color ranges from white to yellow. Additionally, it 

is stable in aqueous solution for months without releasing hydrogen (Figure 5.2). However, 

despite multiple studies showing that MB can be used to synthesize metal nanoparticles (NPs) 

and organic synthesis, no study has revealed that MB can be thermally dehydrogenated to serve 

as a chemical hydrogen storage material, which encourages us to carry out the current research 

in light of these concerns.18 It has been demonstrated that thermal dehydrogenation of amine-

borane complexes in the presence of ionic liquids (ILs) improves both hydrogen yield and 

reaction rate. Bluhm and co-workers initial study presented a credible argument for the 

involvement of ILs in increasing the rate and extent of ammonia borane dehydrogenation.8 

These advantages of the novel hydrogen storage material, morpholine borane (MB), 

prompted us to investigate its chemical dehydrogenation in the presence of an ionic liquid (IL) 

media. We report here that ILs provide advantageous media for morpholine borane (MB) 

dehydrogenation in which both the extent and the rate of hydrogen release are significantly 

increased. 

Ionic liquids are salts that are liquid at room temperature. These salts have unique 

properties that make them attractive substitutes for organic solvents in hydrogen storage 

systems, including (a) negligible vapor pressure, (b) higher thermal stability, and (c) weakly 

coordinating anions and cations that provide inert reaction media and stabilize polar transition 

states.19 
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The solid-state dehydrogenation of morpholine borane (MB) is depicted in Figure 5.6. 

It was ensured that both solid-state and solution-state reactions occurred in a vacuum-sealed 

environment. The primary purpose of using a vacuum atmosphere in our experimental setup is 

to eliminate air and moisture, which might impact the reaction. The solid-state reaction was 

initiated by adding 25 mg of MB to a 50 mL evacuated two-neck reactor coupled to the 

vacuum-sealed experimental setup. Additionally, the reactor was immersed in a silicone oil 

bath heated to the desired temperature. At the conclusion of the reaction, the sealed valves were 

opened, and the evolved gases were allowed to pass through the reactor to a gas collecting 

flask. The evolved hydrogen was then passed via a liquid nitrogen trap to isolate any volatile 

non-hydrogen products or by-products. The evolved hydrogen gas was then quantified in 

volume using a gas buret. The specifications of the experimental glass setup can be found in 

our preceding chapter (Chapter 2, section 2.4.2).9 

As illustrated in Figure 5.6, solid-state reactions conducted at 80°C yielded negligible 

hydrogen after 100 minutes, with only 0.3 equivalents of hydrogen gas released after 4 hours 

of heating. A total of 0.62 hydrogen equivalents was released after 7 hours of heating. Even 

after 10 hours of continual heating at the same temperature, no more hydrogen release was 

observed. The operating temperature in this work is close to the melting point of MB, which is 

around 98C (Figure 5.4). Thus, while a minimal amount of hydrogen gas was released after 

prolonged heating of MB, this concern prompted us to investigate MB dehydrogenation in the 

presence of a catalytic solvent such as ionic liquids (ILs). Protic ionic liquids (PILs), a subclass 

of conventional ionic liquids, contain an exchangeable proton and display bronsted acidity, 

enabling their usage as solvents in various catalytic processes. Additionally, these solvents 

have been shown to enhance the dehydrogenation reaction by warping the intramolecular and 

intermolecular dihydrogen bonds inside the chemical hydrides.20 With the enormous potential 

of PILs as solvent media, the current study was conducted in their presence. 
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5.3. Experimental Methods 

5.3.1. Materials  

Morpholine borane (MB) complex (97%) and 1-Butyl-3-methylimidazolium hydrogensulfate 

[Bmim][HSO4] (95%) was purchased from Sigma Aldrich. Further purification was not 

performed on the hydride before usage. The IL, [Bmim][HSO4], was purified by heating for 24 

hours at 80°C in a vacuum oven. The chemical's structure is depicted below in Figure 5.1. 

 

 

 

 

 
 

Figure 5.1: Structures and details of chemicals used in this chapter 
 

5.3.2.  NMR Analysis 

The initial sample, pure morpholine borane (MB) complex, was investigated using 1H and 13C 

NMR spectroscopy. Following that, the 1H and 13C NMR spectra of the MB were used to 

determine the structure and purity of the compound (600 MHz NMR, Bruker, Germany) 

(Figure 5.2). The solvent used in the preparation of the NMR samples was deuterated 

chloroform (CDCl3-d6). 

In the following step, MB/IL mixtures were characterized using 1H and 11B NMR before 

and after the reaction, respectively. The 1H NMR study of the MB/IL complexes was 

undertaken to reassert IL's catalytic role in the dehydrogenation process. Dimethyl sulfoxide 

(DMSO) was used as the solvent for the NMR samples. 
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Figure 5.2: 1H NMR and 13C NMR spectra of pure morpholine borane complex 
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5.3.3. Computational Details 

All molecular calculations are carried out utilizing density functional theory (DFT) 

implementations in the Gaussian 09 package.2 The visualizations were performed using 

GaussView 5.0 visualization package.3 The initial structures of the reactant complexes and 

dehydrogenated product were optimized using density functional theory based 

B3LYP/CCSD(T) level of theory in conjunction with a 6-311++G(d,p) basis set. To begin, 

several reactant complex orientations were investigated to determine a structure with a 

minimum. After providing a suitable TS guess, the transition state calculations were performed. 

The reactant complex and TS guess structures were combined with the dehydrogenated 

product, and a saddle point was found using a Synchronous Transit-Guided Quasi-Newton 

(STQN) technique. A frequency calculation was performed on the resulting TS structure, which 

indicated the presence of an imaginary (negative) frequency, confirming the integrity of the TS 

structure. Additionally, IRC calculations were performed on the TS structure to derive the 

reaction coordinate.  

An implicit IEFPCM solvation model was employed to employ solvent as a continuum, 

which presents an informative detail of the interacting system. The continuum solvent 

employed is the IL [Bmim][HSO4], used as a catalytic solvent in the present investigation. 

Following that, the relative energy of the gas phase and implicit solvation were compared. 

However, the DFT calculations performed here are intended to demonstrate the feasibility of 

testing mechanistic possibilities suggested by the experimental data. 

5.4. COSMO-SAC Based Screening of ILs 

In light of the large variety of available protic ionic liquids (PILs), choosing the most 

appropriate IL for the dehydrogenation experiment was vital before moving forward. In their 

work, Banerjee et al. demonstrated the COSMO-SAC model, which is based on quantum 
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mechanical computations, to determine the solubility of a solute in a solvent.21 In the first 

instance, the COSMO-SAC calculation is implemented to predict Infinite Dilution Activity 

Coefficient (IDAC) values of MB in a range of PILs. These values indicate a solvent's (PILs) 

suitability for extracting or solubilizing a solute (MB) when its composition in the liquid phase 

is near zero. The IDAC values produced are used to predict the solubility of chemical hydrides 

in ILs; a negative logarithmic IDAC value suggests solubility, whereas a positive logarithmic 

IDAC value shows insolubility. The COSMO-SAC theory in its entirety can be found 

elsewhere.22 The logarithmic IDAC values of MB in various PIL systems are summarized in 

Figure 5.3, and it is predicted that MB has the maximum solubility in hydrogen sulfate anion-

based IL. All anions are coupled with 1-Butyl-3-methylimidazolium [Bmim]-based cations. 

[Bmim][HSO4] is the abbreviation for the investigated IL system.  
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Figure 5.3: COSMO-SAC model predicted logarithmic IDAC values of MB in 1-Butyl-3-

methylimidazolium [Bmim]-based ILs. All the anions are coupled with a common 1-Butyl-

3-methylimidazolium-based cation.  

 

5.5. Results and Discussions 

5.5.1. Thermal Analysis  

Thermal characterization of the novel hydrogen storage carrier was critical to understand the 

material's thermal behavior. To determine the melting point and breakdown temperature of 

morpholine borane (MB), differential scanning calorimetry (DSC) and thermo-gravimetric 

analysis (TGA) were performed on the MB complex as purchased. 

The DSC analysis was carried out on NETZSCH DSC STA 449F3 equipment by 

heating the samples in the presence of flowing nitrogen. The samples were transported and 

placed into the apparatus in an inert atmosphere. The data were acquired by heating the samples 
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under nitrogen gas from room temperature to 200°C at a rate of 2°C min-1, starting at room 

temperature (25°C). The DSC data is shown in Figure 5.4 below. The DSC trace of MB heated 

at a rate of 2°C min-1 reveals a strong exotherm between 98°C and 100°C, validating the 

previously reported melting temperature of the MB complex.1 A thermo-gravimetric TGA 

(TGA (TG 209 F1 Libra; Make: M/s Netzsch, Germany) analysis of the MB complex in its 

solid-state was carried out to ascertain the thermal stability of the novel hydrogen storage 

carrier. The investigation was carried out for the MB complex in its solid-state throughout a 

wide temperature range (20°C to 800°C) at a heating rate of 10°C min-1 in a nitrogen 

atmosphere. The stability of amine borane complexes carries over to the MB complex, which 

undergoes mass loss up to 150°C. The inclusion of a ring in the MB complex can be ascribed 

to the complex's increased stability. Apart from the first onset peak, the TGA curve (Figure 

5.5) demonstrates that the compound suffers significant mass variations around 180°C, 

revealing that the MB complex has a breakdown temperature of between 180°C and 200°C. 
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Figure 5.4: DSC curve of pure morpholine borane complex 

 

 

 

Figure 5.5: TGA curve of pure morpholine borane complex 
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5.5.2. IL Facilitated Thermal Dehydrogenation of Morpholine Borane Complex 

In comparison to the solid-state reactions, the dehydrogenation of morpholine borane 

[MB] in [Bmim][HSO4] exhibited a shorter induction time (Figure 5.6), with hydrogen release 

initiating within ten minutes of the sample being placed in the heated oil bath. This transitory 

induction period of MB in the presence of ILs can be attributed to the lower solubility of 

hydrides in the ILs (Figure 5.3). The parent amine-borane compounds AB and EDAB have 

been found to be more soluble in IL systems.9,11,12 Separate samples heated at 80 and 60°C 

produced 1.75 and 1.46 equivalents of H2, respectively. Compared to the solid-state 

dehydrogenation of MB at 80°C, which yielded 0.1 hydrogen equivalents during the first 100 

minutes of the reaction, the IL-assisted dehydrogenation of MB released 1.28 equivalents of 

hydrogen gas at the same working temperature. However, when heated to 60°C, the MB-IL 

sample was capable of releasing 0.8 hydrogen equivalents in the same amount of heating period 

(Figure 5.6). An additional experimental study was undertaken to examine the effect of the 

cation on the dehydrogenation of the MB complex by lowering the alkyl chain length of the IL 

without affecting the anionic moiety. 1-Ethyl-3-Methylimidazolium hydrogen sulfate 

[Emim][HSO4] was employed for this chore. When heated to 80°C, [Emim][HSO4] was found 

to be capable of yielding 1.53 equivalents of hydrogen gas (Figure 5.7), which was notably less 

than [Bmim][HSO4]. This reduced release of hydrogen equivalents in the presence of a lower 

alkyl chain cation might be attributed to a stronger interaction between the cationic and anionic 

moieties of the IL([Emim][HSO4]) in contrast to the higher alkyl chain length cation IL 

([Bmim][HSO4]). A weaker interaction within the ions of [Bmim][HSO4] tends to establish 

strong interactions between the anionic moieties of ILs and the chemical hydrides, resulting in 

a higher release of hydrogen equivalents. It is worth noting that the dehydrogenation of MB 

has an induction period in its solid-state, which is reduced by the utilization of ionic liquids 
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(ILs). In the solution state, the release of hydrogen gas was substantially higher than the 0.62 

equivalents obtained in the solid-state processes. 

In a recent study, the hydrolysis of the MB complex in the presence of polymer-

stabilized water-soluble nanoparticles was found to be capable of releasing higher equivalents 

of hydrogen gas compared to the MB complex's thermolysis in the presence of IL, as 

demonstrated in the present work.16 This outcome is explained by the fact that the MB complex 

is less soluble in the class of IL employed. The effect of solubility on the dehydrogenation 

process with an induction period prior to the release of hydrogen equivalents was extremely 

noticeable. 

 

Figure 5.6: Equivalents of hydrogen released from solid MB and MB-IL systems at 80 and 60 

°C 

 

TH-2826_166107108



Thermal Dehydrogenation of MB Complex  Chapter 5 

 

Page 196 
 

 

Figure 5.7: Cumulative hydrogen release from solid MB and MB-IL systems at 80 and 60 

°C 

5.5.3. 1H and 11B NMR Analysis 

The residual reaction products were collected and analyzed using 1H and 11B NMR to 

confirm the catalytic activity of the IL system and to predict the dehydrogenation mechanism. 

This was conducted by collecting pre-and post-treatment samples and examining them using 

the 1H NMR spectroscopy technique. The purpose of the 1H NMR investigation was to assess 

the effect of IL on the reaction as a catalytic media in the dehydrogenation process. The 1H 

NMR analysis revealed that the spectra of IL moieties are comparable. Still, chemical shifts of 

–NH are absent, along with a significant reduction in the area of peaks of –BH3, signifying that 

the released hydrogen was obtained from the morpholine borane complex (Figure 5.8) and that 

IL retained its original structural entity.  
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Figure 5.8: 1H NMR spectra of MB/[BMIM][HSO4] (Before and After reaction) 

 

TH-2826_166107108



Thermal Dehydrogenation of MB Complex  Chapter 5 

 

Page 198 
 

The 11B NMR spectra of pristine MB and MB-IL reaction residues are compared in 

Figure 5.9. The solid MB and MB-IL initial solution spectrum revealed only unreacted 

morpholine borane (−14.71 and −14.84 ppm), with a slight fluctuation in the peaks due to the 

MB complex's interaction with the IL system. It is noted that the first few spectra are consistent 

with previous literature, which assigns the peak positions to the sp3 –BH3 functional group of 

the MB complex.16,23 The third spectrum corresponds to the MB-IL system's residue following 

the release of one hydrogen equivalent, with a broad resonance at −3.12 ppm. In the presence 

of ILs, this chemical shift at −3.12 ppm is noteworthy. This shift can be attributed to the –BH2 

moiety, which ensures that one hydrogen equivalent is released. Additionally, this peak is 

stable and exhibits just a slight variation. IL-mediated dehydrogenation of AB produces a −BH2 

signal at δ = −5.46 ppm.24 As a result of its proximity to the signal, the resonance at −3.12 ppm 

is ascribed to the dehydrogenated MB complex's BH2 moiety. A new strong peak at −14.71 

ppm is identified with the emission of one equivalent of hydrogen, corresponding to the 

interaction of a new MB monomer. The presence of protic ionic liquid will enhance the affinity 

of protic hydrogen of MB toward the electronegative oxygen atom of hydrogen sulfate IL.19,20 

The weakening of the B-N bond as a result of the non-covalent interaction triggers the hydrogen 

release to occur with a shorter induction period. The spectra of the MB-IL reaction residues for 

the 1.3 and 1.75 hydrogen equivalents released samples were very similar to the third spectrum, 

exhibiting similar resonances and moderate peak shifting. These findings demonstrated 

unequivocally that the release of hydrogen equivalents in morpholine borane could occur via 

intra- and intermolecular pathways. Identical to the intramolecular mechanism, the 

intermolecular dehydrogenation pathway begins with the release of H2 from the monomer. The 

dehydrogenated MB complex [(CH2)4ONBH2] associates with a new MB complex following 

the release of one equivalent of hydrogen gas. As a result of this dimerization, the second 

hydrogen equivalent is released. A comprehensive dehydrogenation study is currently being 
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conducted and will be included in our future work. The probable intra- and intermolecular 

dehydrogenation mechanisms are illustrated in Scheme 5.1. 

 

Figure 5.9: In-situ 11B NMR spectra of the residues of IL aided morpholine borane 

dehydrogenation  
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(a) 

 

 

(b) 

 

Scheme 5.1: Proposed Intra- and Intermolecular pathway for the hydrogen release from MB 

complex 

 

5.6. Transition State Calculations 

To better understand the mechanism of the hydrogen release processes in this system, 

which is considered a feasible option for chemical hydrogen storage, we investigated a 

probable reaction pathway (Figure 5.10) leading towards intramolecular dehydrogenation 

using the accurate CBS-QB3 approach.25 Molecular bond lengths critical to hydrogen release 

reactions are addressed (Table 5.1). The pathway is the dehydrogenation of RC (MB) to give 

the dehydrogenated product (Prod) (Figure 5.11). Using the STQN method, a transition 

structure (TSgas-phase, Figure 5.11) was found at the saddle point connecting the reactant 
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complex (RC) and the product (Prod).26 This pathway has an activation barrier of 42.1 kcal 

mol-1 to produce a low-lying and more stable product (Prod) with a lower energy of -0.5 kcal 

mol-1 relative to the reactant complex (RC). The N–H and B–H bonds in the TSgas-phase structure 

are elongated by 0.22 Å and 0.11 Å, respectively, in comparison to the reactant complex (RC). 

As a result, a H–H dihydrogen bond with a theoretical distance of 0.74 Å is formed.27 

Formation of dihydrogen bonds has previously been considered to occur before the release of 

a hydrogen equivalent. The dehydrogenated product is predicted to form following the 

cleavage of N–H and B–H bonds, resulting in a shorter B–N bond in the product (B–N=1.39 

Å) than in the reactant complex (B–N=1.68 Å). This intramolecular approach implies that the 

dehydrogenation reaction requires very minimal energy, which can be further decreased in the 

presence of catalytic solvents.19,28 To infer the use of IL as a solvent media, an implicit 

IEFPCM solvation model was used to comprehend the interactions between the MB complex 

and the examined IL system. This pathway is akin to the gas-phase intramolecular approach. 

The reactant proceeds with the formation of a transition structure by decreasing the barrier 

from 42.1 to 39.3 kcal mol-1, which is a favorable energy barrier. This decrease in the energy 

barrier can be imputable to the prominent interactions between the MB complex and IL. 

Moreover, in the presence of IL, this result can be explained in terms of the reduction in ground 

state energy of the MB complex, which is lower in magnitude than the reduction in transition 

state energy. The energy of the systems in gas and solvent phases is presented in Table 5.3, and 

it is concluded that the MB complex is more stable in the presence of solvent. This leads to a 

lower activation energy in the presence of solvent media, which can significantly be correlated 

with the experimental studies. The smaller reduction in the implicit pathway's activation energy 

can be attributable to the shorter induction period observed in the experimental investigation. 

This induction period is primarily concerned with the formation of TS, which triggers the 

subsequent hydrogen equivalent release. However, the TSimplicit has a more favorable structure 
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than the TSgas-phase, with a predicted H–H distance of 0.97 and extended N–H and B–H bonds 

of 0.41 and 0.16, respectively (Table 5.2). The dihydrogen interaction is more pronounced in 

this phase than in TSgas-phase (Figure 5.12). This pathway has the shortest interatomic distances 

and also demonstrates the critical role of [Bmim][HSO4] as an effective catalyst in the 

dehydrogenation process, as shown in the other amine borane systems stated previously.23 The 

reaction pathways in the gas and solvent phases were confirmed with an IRC calculation. 

Nonetheless, further study is necessary to evaluate the dehydrogenation mechanism and 

probable hydrogen release pathways from MB. A comprehensive analysis of this nature will 

be carried out as part of our future work. 

 

Figure 5.10: Relative energy profile for the intra-molecular dehydrogenation of morpholine 

borane complex (MBC) at the CCSD(T) level of theory. Relative energies are given in 

kilocalories per mole (kcal/mol).  
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(a) (b) 

 

(c) 

Figure 5.11: (a) The optimized structure of the morpholine borane complex, RC, (b) the 

lowest-energy ground-state structure of the dehydrogenated product, (Prod), and (c) 

transition-state structure for the dehydrogenation of morpholine borane complex in implicit 

solvation phase (TSGas-phase). 
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(a) (b) 

 

(c) 

Figure 5.12: (a) The optimized structure of the morpholine borane complex, RC, (b) the 

lowest-energy ground-state structure of the dehydrogenated product, (Prod), and (c) 

transition-state structure for the dehydrogenation of morpholine borane complex in Gas-

phase (TSimplicit). 
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Table 5.1: Bond lengths involved in the dehydrogenation reaction predicted at CCSD(T) 

level of theory in the gas-phase for Reactant (RC), TS, and Product (Prod).  

All distances are in Å. 

 

Table 5.2: Bond lengths involved in the dehydrogenation reaction predicted at CCSD(T) 

level of theory in the implicit solvent phase for Reactant (RC), TS, and Product (Prod).  

All distances are in Å. 

 

Table 5.3: Comparison of energy (kcal/mol) between gas phase and implicit calculation. 

The values highlighted in red represent the relative energy barrier. 

 

 

 

 

 

 

 

 

 

Bond Distance  RC TS Prod 

r (N-H) 1.02 1.23 --- 
r (B-H) 1.21 1.33 --- 
r (B-N) 1.68 1.6 1.39 
r (H-H) --- 1.17 --- 

Bond Distance  RC  TS Prod 

r (N-H) 1.02 1.42 --- 
r (B-H) 1.21 1.38 --- 
r (B-N) 1.66 1.57 1.38 
r (H-H) --- 0.97 --- 

Total Energy 

 

RC TS Prod 

Gas Phase 

Calculation 

-196856.9921 

[0.0] 

-196814.8617 

 [+42.1] 

-196857.5342 

[-0.5] 

Implicit Calculation 
-196865.1056  

[-8.1] 

-196817.7037  

[+39.3] 

-196860.2023 

[-3.2] 
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5.7. Conclusions 

In summary, we have conducted a comparative study of solid-state and ionic liquid-

mediated dehydrogenation of morpholine borane complex (MBC) for the first time. The 

COSMO-SAC model was used to determine the potential ionic liquid solvent for the 

dehydrogenation experiment. A comparative study of the thermal dehydrogenation of MB in 

ionic liquid media at 60 and 80°C reported the release of 1.46 and 1.75 equivalents of hydrogen, 

respectively. The release was substantially higher than the amount of hydrogen released via 

solid-state dehydrogenation of the hydride, which was an insignificant 0.62 equivalent of 

hydrogen. 1H NMR characterization revealed the catalytic activity of IL. In-situ 11B NMR was 

performed to anticipate the intra- and inter-dehydrogenation mechanism responsible for the 

hydrogen release from MB. Using density functional theory (DFT)-based transition state 

calculations, it was possible to provide additional validation for the intramolecular mechanism 

of hydrogen release from the MB complex. To establish MB as a chemical hydrogen storage 

material, this study will pave the way for future research in this sector; additional work on this 

issue is underway, including testing various novel ionic liquids (ILs) and Deep Eutectic 

Solvents (DESs) as a solvent media.28 
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6.1. Research Conclusions 

The primary conclusion of this thesis are discussed below: 

In the initial part of the thesis, i.e., chapter 2, dehydrogenation of amine borane 

complexes in ionic liquids was carried out using experimental and theoretical methodologies 

at temperatures ranging from 95 to 105°C. The solubility of amine borane complexes, ammonia 

borane (AB), and ethylene diamine bisborane (EDAB) in ILs was performed using the 

thermodynamic based COnductor like Screening MOdel (COSMO-SAC). Ammonium and 

pyrrolidinium-based cations were used for IL-based dehydrogenation since they were less 

commonly used as catalytic solvents. The selection of anion was determined by the hydrogen 

bond basicity (β) parameter of the anion moiety, which gauges an anion's ability to take protons 

through hydrogen bonding. The solubility investigations indicated that [TBMA][CH3CO3] had 

a greater dissolving capacity than [Bmpyr][CH3CO3]. The solubility studies corroborated the 

dehydrogenation experiments, which revealed that [TBMA][CH3CO3] tends to release more 

equivalents of hydrogen gas from AB and EDAB at 95°C and 105°C, respectively. 

Furthermore, quantum chemical simulations were carried out to confirm the same trend as 

observed in the experimental experiments and to better understand the mechanism of the 

dehydrogenation process at the micro-scale.  

In the second chapter, theoretical investigations predicted the interaction energies using 

density functional theory (DFT) and HOMO-LUMO analysis. The latter revealed the fact that 

the anionic moieties of ILs are the regulating components, as they initiate the dehydrogenation 

of amine boranes via hydrogen-bond interactions between the protic moieties of amine boranes 

and the anionic moieties of the ILs. However, the preliminary investigation was insufficient to 

draw a conclusion and was unable to be replicated to earlier experimental findings indicating 

that highly basic anions produce a higher amount of hydrogen equivalents. The ability of the 
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anions possessing higher basicity gave higher equivalents of hydrogen. This was attributed to 

their interaction with imidazolium-based cations, which readily stabilize the ionic 

intermediates generated during the reaction. A combined experimental and computational 

technique was employed to investigate the dehydrogenation of amine borane complexes to 

confirm the same effect. Three anions were utilised in order of decreasing basicity: [MeSO4] > 

[BF4] > [PF6]. These anions were combined with a higher alkyl chain cation, i.e. [Bmim]+, 

which has been shown to be effective in catalytic processes. The prominent influence of anions' 

basicity in IL systems was established using a quantum chemical approach, which revealed the 

fact that the basicity of ILs derives from anionic species.  

The thesis then proceeds to elucidate the molecular and spectroscopic mechanisms 

behind the formation of Type 1 metal salt-based DESs. Understanding the mechanism of DES 

production is essential since its features are novel and have the potential to be exploited as a 

catalytic solvent. The third chapter of the thesis analyses the mechanism of production of type 

1 DESs using both experimental data and density functional theory (DFT) computations. The 

metal salt-based formulation was confirmed through the use of Fourier transform infrared 

spectroscopy (FTIR), which demonstrates the formation of DES. The experimental study 

indicated that the formation of DES is facilitated by the existence of numerous hydrogen and 

electrostatic interactions. The formation of DES systems at the molecular level was 

investigated using DFT simulations in conjunction with the quantum theory of atoms in 

molecules (QTAIM) and reduced gradient (RDG) analysis.  

The following chapter will demonstrate the catalytic effect of neoteric solvents (DESs) 

on the thermal dehydrogenation of AB and EDAB.  An IL-based DES was used to carry out 

the dehydrogenation reaction in the first case. It was found that the dehydrogenation of the 

amine borane in the presence of DES2 was comparable to that of IL, with the latter being 
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capable of releasing 3.2 equivalents of hydrogen, as opposed to the 3.7 equivalents of hydrogen 

released by DES2 ([Bmim][MeSO3]:[Urea]). The decreased hydrogen release observed with 

IL-based DES was attributed to the HBDs' non-ionicity and low basicity. DESs based on 

choline chloride (HBAs) were employed in the second instance to overcome these concerns. 

Choline chloride (HBAs) was mixed with metal (II) chloride salts in a molar ratio of 1:2 to 

produce type 1 metal salt-based DESs, which were utilized to address the issues mentioned 

above. DES4 (ChCl: ZnCl2) induced dehydrogenation of amine boranes tends to liberate 2.1 

and 3.89 equivalents of hydrogen from AB and EDAB, respectively. The use of metal salt-

based DESs, on the other hand, is preceded by an induction phase, which can be ascribed to 

the higher viscosity of the DESs. Nevertheless, the use of type 1 DESs paves the way for the 

future application of metal salt-based DESs for the dehydrogenation of amine borane 

complexes. This can be achieved by tweaking the various combinations of HBA and metal 

salts, especially those with lower viscosity and are capable of releasing hydrogen equivalents 

at a lower temperature and a higher reaction rate. 

In the final chapter of the thesis, we investigated the potential of morpholine borane 

complex (MBC) as a hydrogen storage carrier. The chapter begins with a detailed examination 

of the MBC's thermal properties, identifying the unique material as a promising candidate for 

use as a hydrogen storage carrier. A protic ionic liquid (PIL), namely [Bmim][HSO4], was used 

in the thermal dehydrogenation of MBC, and the results were promising. These acidic ionic 

liquids are well-known for their excellent performance in dehydrogenation processes. In 

comparison to the solid-state dehydrogenation of MB complex, the solvent-assisted thermal 

dehydrogenation of MB complex typically produces 1.62 equivalents of hydrogen gas, which 

is significantly more than the 0.62 equivalents. Additionally, it was revealed that the alkyl chain 

length of the IL’s cation affects the dehydrogenation of the MB complex.  The dehydrogenation 

mechanism of the MB complex also proceeds via both intramolecular and intermolecular 
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interactions, as demonstrated experimentally and computationally.    

6.2. Future Scope 

With the introduction of chemical hydrides, ILs have been found to be an effective green 

catalytic solvent for the dehydrogenation of amine borane complexes. This study discusses the 

recently discovered non-toxic, cost-effective solvents known as DESs. The introduction of 

DESs adds a new class of solvent that has the potential to improve the dehydrogenation 

efficiency of amine boranes. The lingering concerns with ILs and DESs provide us with some 

prospective breadth and perspective that can be addressed in future work. The following 

describes the future scope: 

a) The regeneration of chemical hydrides on-board is a significant impediment to its use 

as a hydrogen storage carrier. The solubility of polymeric species within ILs and DESs 

precludes the solvents from being regarded as catalytic media. This problem needs to 

be resolved before the IL/DES-assisted dehydrogenation of chemical hydrides can be 

initiated on an industrial basis. 

b) The recyclability of these environmentally friendly solvents is a further key issue that 

might be addressed in future studies. To separate reported ILs from solutes, solvents 

such as diethyl ether and tetrahydrofuran can be utilized. In the case of thermal 

dehydrogenation of chemical hydrides, however, the reaction is associated with the 

formation of linear poly(aminoborane)s in the presence of ILs/DESs. These oligomers 

cannot be isolated from their respective solute-IL/DES mixtures because they are 

soluble in IL/DES medium. Enhancing anti-solvents is one strategy to avoid this 

problem. DMSO was identified as the most promising solvent for recovering amine 

boranes. Our research could also advocate a similar approach for future endeavors. 

c) With advancements in technology and study, it has been discovered that liquid organic 
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hydrogen carriers (LOHC) can also be employed as hydrogen storage. The LOHC's 

transport and hydrogen release processes are elementary to initiate. The LOHC process 

begins with the adsorption of hydrogen equivalents, which is dependent on the ability 

of the compound to store hydrogen molecules and concludes with the desorption of 

hydrogen equivalents, leaving the parent compound as the residual product. The 

primary difficulty that remains unresolved is optimizing operational conditions 

throughout the process. The research is primarily focused on minimizing the 

requirement for increased temperature and pressure in implying LOHC as a hydrogen 

storage carrier. 

d) Another avenue of future research could be the use of liquid ammonia as a hydrogen 

storage medium that dissociates and releases hydrogen and nitrogen as a residual 

product, a process that is sustainable.  
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Appendix A (Chapter-2) 

 

Table A1: NBO charges on individual atoms for Ammonia borane (AB) at B3LYP-

D3(BJ)/6-311++G(d,p) level of theory 

Atom No. Atom Type Charge  

 
 

Total charge = 0.000 
 

N 

H 

H 

H 

B 

H 

H 

H 
 

1 

2 

3 

4 

5 

6 

7 

8 
 

-0.836 

0.396 

0.396 

0.396 

-0.151 

-0.066 

-0.066 

-0.066 
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Table A2: NBO charges on individual atoms for Ethylenediamine bisborane (EDAB) at B3LYP-

D3(BJ)/6-311++G(d,p) level of theory 

Atom 

No. 

Atom 

Type 

Charge  

 

 

 

 
 

 

 

Total charge = 0.00 

N 

H 

H 

B 

H 

H 

H 

C 

H 

H 

C 

H 

H 

H 

H 

H 

H 

H 

N 

B 
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
 

-0.683 

0.395 

0.395 

-0.155 

-0.056 

-0.063 

-0.063 

-0.188 

0.209 

0.209 

-0.188 

0.209 

0.209 

0.395 

0.395 

-0.056 

-0.063 

-0.063 

-0.683 

-0.155 
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Table A3: NBO charges on individual atoms for AB-[BF4ˉ] anion system at B3LYP-

D3(BJ)/6-311++G(d,p) level of theory 

Atom No. Atom Type Charge  

 
Total charge on BF4

ˉ anion = -0.985 

Total charge on AB complex = -0.013 
 

 

 

 

B 

F 

F 

F 

F 

N 

H 

H 

H 

B 

H 

H 

H 
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 
 

1.330 

-0.585 

-0.585 

-0.560 

-0.585 

-0.845 

0.414 

0.414 

0.414 

-0.170 

-0.080 

-0.080 

-0.080 
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Table A4: NBO charges on individual atoms for AB-[PF6ˉ] anion system at B3LYP-

D3(BJ)/6-311++G(d,p) level of theory 

Atom No. Atom Type Charge  

 
Total charge on PF6

ˉ anion = -0.988 

Total charge on AB complex = -0.009 
 

 

 

F 

F 

F 

F 

P 

F 

F 

N 

H 

H 

H 

B 

H 

H 

H 
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 
 

-0.600 

-0.580 

-0.600 

-0.580 

2.552 

-0.600 

-0.580 

-0.838 

0.411 

0.411 

0.411 

-0.170 

-0.078 

-0.078 

-0.078 
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Table A5: NBO charges on individual atoms for AB-[MeSO4ˉ] anion system at B3LYP-

D3(BJ)/6-311++G(d,p) level of theory 

Atom No. Atom Type Charge  

S 

O 

O 

O 

O 

C 

H 

H 

H 

N 

H 

H 

H 

B 

H 

H 

H 
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 
 

 2.451 

-1.009 

-1.009 

-0.942 

-0.756 

-0.218 

0.168 

0.177 

0.177 

-0.864 

0.375 

0.432 

0.432 

-0.169 

-0.084 

-0.075 

-0.084 
 

 

 
 

Total charge on MeSO4
ˉ anion = -0.961 

Total charge on AB complex = -0.037 
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Table A6: NBO charges on individual atoms for EDAB-[BF4ˉ] anion system at B3LYP-

D3(BJ)/6-311++G(d,p) level of theory  

Atom No. Atom Type Charge  

 
 

Total charge on BF4
ˉ anion = -0.959 

Total charge on EDAB complex = -0.039 

 

B 

F 

F 

F 

F 

N 

H 

H 

B 

H 

H 

H 
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H 

H 

C 

H 

H 

H 

H 

H 

H 

H 

N 
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2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 
 

1.334 

-0.550 

-0.579 

-0.589 

-0.575 

-0.701 

0.443 

0.383 

-0.164 

-0.068 

-0.080 

-0.065 

-0.189 

0.196 

0.223 

-0.197 

0.196 

0.238 

0.378 

0.439 

-0.070 

-0.080 

-0.061 

-0.696 

-0.164 
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Table A7: NBO charges on individual atoms for AB-[PF6ˉ] anion system at B3LYP 

D3(BJ)/6-311++G(d,p) level of theory 

Atom No. Atom Type Charge  

 
 

 

Total charge on PF6
ˉ anion = -0.972 

Total charge on EDAB complex = -0.023 
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-0.611 

-0.574 

-0.597 

-0.574 

2.557 

-0.597 

-0.576 

-0.696 

0.384 

0.438 

-0.163 

-0.066 

-0.063 

-0.079 

-0.189 

0.225 

0.197 

-0.194 

0.234 

0.197 

0.431 

0.381 

-0.068 

-0.060 

-0.078 

-0.691 
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Table A8: NBO charges on individual atoms for EDAB-[MeSO4ˉ] anion system at B3LYP-

D3(BJ)/6-311++G(d,p) level of theory 

Atom No. Atom Type Charge  

 

 
 

Total charge on MeSO4
ˉ anion = -0.948 

Total charge on EDAB complex = -0.051 
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 2.455 

-1.015 

-1.015 

-0.929 

-0.751 

-0.218 

0.171 

0.177 

0.177 

-0.679 

0.384 

0.384 

-0.157 

-0.079 

-0.061 

-0.061 

-0.198 

0.230 
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-0.175 
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0.437 

0.437 

-0.064 

-0.078 

-0.078 

-0.731 

-0.170 
 

 

 

 

 

 

 

 

 

TH-2826_166107108



  Appendix A 

 

Page 226 
 

A.1: Safety Aspects to be Followed during the Dehydrogenation 
process 
 
It is vital to have a comprehensive set of laboratory safety standards in order to avoid laboratory 

catastrophes. Safety laws are only effective if enforced, which is why excellent laboratory 

management is also crucial for laboratory safety. It is also essential to understand the necessary 

laboratory safety signs and symbols.During the dehydrogenation experiment, the following 

actions must be carried out to preserve the aforementioned safety precautions. 

1. Before starting the trials, safety considerations include ensuring that the system is under 

vacuum by ensuring the joints are properly connected.  

2. Maintaining a sufficient level of vacuum to prevent IL or DES from reaching their 

respective vapor pressures.  

3. Additionally, safety needs to be ensured on the mercury side.  

4. As the system's internal pressure is high enough to cause mishaps, the gas syringe must 

be inserted slowly and carefully.  

5. As the temperature at various portions of the apparatus varies, the equipment should be 

made from high-quality glass.  

6. The condenser must be handled carefully because it contains nearly 1 liter of liquid 

nitrogen. 
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Appendix B (Chapter-3) 

 

 

  

  

Figure B.1: Electrostatic potential (ESP) on an isosurface of electronic density (0.001 a.u.) for 

(a) DES1, and (b) DES2, where red color denotes positive region, and blue color denotes 

negative region 
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(a) 

 

(b) 

 

Figure B.2: Density of states (DOS) as a function of orbital energy, E, for (a) DES1, and (b) 

DES2 
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