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Abstract: This work investigated the electrolysis of ammonium dinitramide (ADN: NH4N(NO2)2) in dimethyl sulfoxide (DMSO). Various 
fundamental electrolysis properties of ADN were assessed based on an electrochemical study and the associated mechanisms were 
examined based on a quantum chemical approach. ADN exhibited three redox peaks at -0.69, -1.16 and -1.52 V and two oxidation peaks at 
0.34 and 0.50 V (vs Ag/AgCl) at a scan rate of 50 mV s-1 during cyclic voltammetry trials with a platinum electrode. Ultraviolet-visible spectra of 
ADN in DMSO were also acquired to determine temporal changes under galvanostatic reduction conditions. These spectra showed that a 
continuous current in conjunction with an applied voltage of -1.5 V decomposed the ADN, but were unable to elucidate electrolysis products. 
Quantum chemistry calculations identified possible pathways for the electrolysis of ADN in DMSO, and indicated that reduced ADN rapidly 
decomposes to form NH3, N2O, NO2 and OH‒. The associated Gibbs energy barrier was determined to be almost 0 kJ mol-1 when calculated at 
the CBS-QB3//ωB97X-D/6-311++G(d,p)/SCRF=(smd, solvent = dmso) level of theory. These results suggest that ADN can undergo 
electrolysis in a solvent for which the potential window is sufficiently wide given the application of the appropriate voltage. 
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1 Introduction 
Liquid hydrazine and its derivatives (such as 
monomethyl hydrazine and unsymmetrical 
dimethylhydrazine) have been the most widely used 
spacecraft monopropellant and hypergolic bipropellant 
systems, respectively, since the 1950s. These 
propellants exhibit excellent performance and continue 
to be regarded as the state-of-the-art, but they also 
have several drawbacks that increase handling and 
storage costs. These include high crystallization points, 
significant toxicities, high vapor pressures at room 
temperature and detonation sensitivity to adiabatic 
compression. Thus, one of the goals of modern 
explosives chemistry is to replace such propellants 
with so-called “green” substances that avoid some or 
all of these challenges. 

Energetic ionic liquid propellants (EILPs) are 
among the most attractive candidates for next-
generation, so-called green, high-performance mono- 
and bipropellants, due to their low vapor pressures 
(meaning a reduced risk of exposure to toxic vapors) 
and high energy densities [1-4]. In addition, EILPs can 
be fine-tuned to adjust their energy content, 
performance and physical properties by using various 
combinations of suitable anions and cations. The 
discovery of IL hypergols [5], which ignite instantly 
upon contact with an appropriate oxidizer, has also 
opened up a new research avenue related to 
bipropellant applications. Thus, the exploration of high-
performance hypergolic EILPs has become of interest 
in the field of IL chemistry, and there have been 
numerous studies related to new hypergolic EILPs [5-
9] and their hypergolic mechanisms [10-14]. 

In contrast to the vigorous development of 
EILP bipropellants, the study of EILP-based 

monopropellants (that is, self-oxidizing systems) has 
been very limited to date. This is primarily because a 
monopropellant must have both an appropriate oxygen 
balance and suitable combustion characteristics, which 
greatly increases the difficulty in designing such 
compounds [3]. In addition, it can be difficult to ignite 
ILs due to their extremely low vapor pressures and 
high thermal stabilities. This has limited the 
applications of EILPs as monopropellants, since these 
liquid propellants must decompose and combust in the 
absence of an external oxygen source. It should also 
be noted that EILP-based monopropellants intended 
for the propulsion of spacecraft must ignite in response 
to very minimal energy inputs. Even so, the extremely 
low vapor pressures and superior thermal stabilities of 
EILPs are also beneficial, because these properties 
reduce evaporation/sublimation and so limit the 
exposure of personnel to potential hazards during 
storage and handling of the propellants. Thus, the 
development of EILP-based monopropellants will 
require the negative aspects of EILPs to be mitigated 
without losing the beneficial properties. 

The ignition and pyrolysis of EILPs are 
challenging and so present-day combustor designs 
involving catalytic heaters are not suitable for the 
ignition of these substances. There are significant 
challenges and inefficiencies associated with current 
systems, and innovative approaches are therefore 
required to develop alternative combustion 
technologies in conjunction with the exploration of 
novel propellants. The ignition of EILPs via electrolysis 
is one possible solution. However, electrolysis 
reactions differ significantly from pyrolysis processes. 
Specifically, electrolysis involves chemical changes 
induced by passing an electric current through a 
conductive solution or a molten salt (including ILs), 
while pyrolysis is the decomposition of a material due 
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to heat in the absence of oxygen or other reagents. 
Thus, electrolysis can be expected to promptly 
decompose even thermally stable EILPs. 

Propellants based on ammonium dinitramide 
(ADN) and hydroxylammonium nitrate (HAN) have 
been widely studied as alternatives to hydrazine-based 
propellants. ADN has attracted attention as a potential 
liquid monopropellant because it has both a high 
oxygen balance and a significant energy content but 
does not contain halogens [15-17]. As an example, the 
novel ADN-based liquid monopropellants LMP-103S 
and FLP-106, consisting of blends of ADN, water, 
methanol and ammonia, were previously developed 
within a co-operative project between the Swedish 
Space Corporation and the Swedish Defense 
Research Agency [15, 18]. In addition, SHP163 [19-23] 
and AF-M315E [24] are promising HAN-based 
propellants. It should be noted that, in the field of 
chemical propulsion, a propellant made of an energetic 
salt dissolved in a solvent is considered to comprise an 
IL, and so these HAN propellants are referred to as ILs 
even though traditionally an IL is defined as consisting 
of only a single ionic compound.  

A previous study by our group [25] established 
that a binary mixture of ADN and monomethylamine 
nitrate (MMAN) produced a deep eutectic IL at room 
temperature. The resulting mixture had a melting point 
of 3 °C (far less than the melting points of pure ADN 
and MMAN: 93 and 109 °C) but was still difficult to 
ignite as a result of its high thermal stability [26]. 

Our long-term goal is to develop an ADN-
based monopropellant in conjunction with an 
innovative combustor incorporating an electrolytic 
ignition system. To assess the feasibility of employing 
this type of ignition system with ADN-based 
monopropellants, we assessed various fundamental 
electrolysis characteristics of ADN based on an 
electrochemical approach and investigated the 
associated mechanisms based on a quantum chemical 
approach. The electrochemistry of aqueous ADN 
solutions [27] has previously been reported and the 
potential window of ±1 V (vs a normal hydrogen 
electrode) is too narrow to allow a suitable assessment. 
Therefore, in the present work, electrochemical data 
for ADN were acquired in the non-aqueous solvent 
dimethylsulfoxide (DMSO), using cyclic voltammetry 
(CV) and ultraviolet-visible (UV–vis) 
spectroelectrochemical studies. Potential electrolysis 
pathways were also identified using quantum 
chemistry calculations. 

2 Experimental and Computational 
Section 
2.1 Materials 
The ADN used in this work was obtained from the 
Hosoya Pyro-Engineering Co., Ltd., Japan, while the 
DMSO was sourced from FUJIFILM Wako Pure 
Chemical Industries, Ltd., Japan. 

2.2 Cyclic voltammetry 
ADN solutions were prepared by dissolving solid ADN 
in pure DMSO at a concentration of 2 mM, after which 
CV data were acquired using a Model 1200C 
electrochemical analyzer (ALS Co. Ltd., Tokyo, Japan) 
with a three-electrode cell having a working volume of 
20 mL. The working electrode was a platinum 
electrode (φ 6 mm) with a Ag/AgCl reference electrode 
(ALS Co. Ltd., Tokyo, Japan) and a platinum counter 
electrode (φ 6 mm, height: 57 mm). All the potentials 
reported herein are relative to a Ag/AgCl electrode. A 
linear potential sweep (-2.5 – 1.5 V) was applied to the 
working electrode through a potentiostat and the 
current at the electrode/electrolyte interface was 
recorded. The effect of the scan rate on the peak 
current density was determined by recording cyclic 
voltammograms at rates from 50 to 300 mV s−1. Each 
solution was purged with nitrogen gas before applying 
a potential and all analyses were performed at room 
temperature (21 °C). 

2.3 UV–vis spectroelectrochemical study 
The experimental set-up for the UV-vis analyses is 
shown in Figure 1. In each trial, a 2 mM solution of 
ADN in DMSO was used and amperometry was also 
performed, employing a Model 1200C electrochemical 
analyzer (ALS Co. Ltd., Tokyo, Japan). UV–vis 
spectroelectrochemistry was carried out with an 
SEC2020 spectrometer (ALS Co. Ltd., Tokyo, Japan) 
in combination with a reflection probe, applying a near-
normal reflection configuration in a reflection cell (ALS 
Co. Ltd., Tokyo, Japan). UV-vis spectra were acquired 
using a Varian Cary 5 double beam spectrophotometer, 
with scans at 1 s intervals over the wavelength range 
between 200 and 600 nm. 
 

 
Figure 1. The experimental set-up employed during 
the UV–vis spectroelectrochemical experiments. 

2.4 Quantum chemistry calculations 
Potential electrolysis mechanisms were investigated 
using quantum chemistry calculations. The geometries 
of the reactants, products and transition states (TSs) 
were identified and optimized at the ωB97X-D/6-
311++G(d,p) level of theory, using the Gaussian 16 
program package [28]. The ωB97X-D method was 
previously developed by Gordon et al. [29] and 
includes empirical dispersion forces that are believed 
to play an important role in the reactions of polar 
species in liquid media. During these computations, 
TSs were extensively searched for and, if found, an 
intrinsic reaction coordinate calculation was conducted 
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to confirm reactants and products related to that TS. 
The energies of the corresponding molecules were 
evaluated at the CBS-QB3 [30] level of theory. Details 
regarding the CBS-QB3//ωB97X-D method and the 
performance of this approach can be found in the work 
of Matsugi and Shiina [31]. Geometries and 
frequencies were calculated at the ωB97X-D/6-
311++G(d,p) level with zero-point energy (ZPE) 
correlation and frequency scaling factors of 0.975 and 
0.950, determined using the method of Alecu et al [32], 
the optimized geometries were fixed with no changes 
allowed, and the energies were calculated using the 
CBS-QB3 method. The CBS-QB3 energy values were 
subsequently corrected with ZPE and thermal 
corrections based on the ωB97X-D. Solvent effects 
were included by applying the self-consistent reaction 
field (SCRF) and solvation model based on density 
(SMD) options [33] within the program when 
investigating the liquid reactions. The SMD model is 
known to generate solvation energies that are typically 
accurate within 1 kcal mol-1 in the case of neutral 
molecules [33]. A scaling factor of 1.2 was used for 
cavity size in this study (as opposed to the Gaussian 
16 default value of 1.1). 

3 Results and Discussion 
3.1 Cyclic voltammetry 
Figure 2 presents the cyclic voltammograms obtained 
from ADN/DMSO solutions at various scan rates. 
Three redox peaks are observed, at -0.69 (Ep1c), -1.16 
(Ep2c) and -1.52 V (Ep3c), while oxidation peaks are 
observed at 0.34 (Ep1a) and 0.50 V (Ep2a) at a scan rate 
of 50 mV s-1. With increases in the scan rate, all the 
redox peaks shifted to lower voltages, and Ep3c was 
found to correlate with the square root of the scan rate 
(Figure 3). The average ratio of the reduction current 
(Ip3c) to the corresponding oxidation current (Ip1a) was 
approximately 0.4 (that is, Ip1a/Ip3c was less than 1). 
These results suggest that the electrochemical 
reaction was irreversible, meaning that the reaction 
rate at the electrode was slower than the diffusion 
process. 

 
Figure 2. Cyclic voltammograms obtained from ADN in 
DMSO (2 mM) at various scan rates. 

 
Figure 3. The reduction current at Ep2c and Ep3c as a 
function of the square root of the scan rate. 

3.2 UV–vis spectroelectrochemical study 
The UV spectrum of ADN is characterized by two 
peaks at 214 and 284 nm. The latter is attributed to the 
low energy n-p* transition of the dinitramide ion (DN-), 
while the former is due to a high energy s-s* transition 
[34, 35]. The present study obtained the same results 
for ADN/DMSO solutions. Figure 4 demonstrates 
temporal variations in the absorbance at 284 nm at 
various voltages. An applied voltage of -1.5 V, which 
corresponded to Ep3c, was found to decrease the 
absorbance value, suggesting that the ADN was 
reduced and so decomposed above a specific voltage. 
Unfortunately, this study was not able to identify 
absorbance peaks associated with electrolysis 
products, and so further studies to identify such 
compounds in the liquid and gas phase will be required. 

The present results suggest that ADN can 
undergo electrolysis in a solvent for which the potential 
window is sufficiently wide given the application of the 
appropriate voltage. As such, the electrolytic ignition of 
EILPs could be possible. The development of such 
systems will require additional data concerning the 
electrochemical properties of EILPs and the optimal 
electrolysis conditions (including the solvent, electrode, 
additives and catalyst). 

 
Figure 4. Temporal variations in the absorbance at 
284 nm during the electrochemical reduction of ADN in 
DMSO. 
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3.3 Possible electrolysis mechanisms 
based on quantum chemistry calculations 
Quantum chemical calculations are a powerful tool that 
can be used to ascertain the reactions that should be 
excluded from a reaction mechanism based on 
thermodynamic arguments. Specifically, if a possible 
pathway is found to be highly endothermic, or 
considerably more endothermic than competing ones, 
then that reaction can be safely omitted from 
consideration. Before discussing reactions, it is helpful 
to examine the initial equilibrium state of ADN in 
solution. Under these conditions, ADN dissociates to 
form either an ionic pair (DN‒ and NH4+) or an acid-
base pair (HDN and NH3). Our previous work [36, 37] 
using a computational approach established that 
dissociated DN‒ and NH4+ are the most thermally 
preferred of all potential species in a high permittivity 
solution. Specifically, the Van der Waals complex 
formed by ADN, which is a complex between un-
dissociated DN‒ and NH4+ molecules, has a low Gibbs 
free energy similar to that of DN‒, while the acid-base 
pair exhibits a higher Gibbs energy, and so is not 
preferred. Thus, both undissociated ADN and DN‒ (in 
addition to NH4+) will be the primary species in DMSO 
solutions, which is a polar solvent. Previous studies 
have also showed that liquid ADN has two isomers 
(ADNI = NH4-N(NO2)2 and ADNII = NH4-ON(O)NNO2) 
and it should be noted that the present study only 
considered ADNII because NO2∙ dissociation from 
ADNII is preferable to that from ADNI [36]. 

The Gibbs energy profile for the reductive 
decomposition of DN‒ at the CBS-QB3//ωB97X-D/6-
311++G(d,p)/SCRF=(SMD, solvent = dmso) level of 
theory is shown in Figure 5. The thermal 
decomposition of DN‒, which proceeds via cleavage of 
the N-NO2 bond (DN‒ ⇄ NNO2‒ + NO2) has an energy 
barrier of 127.8 kJ mol-1. In the case that a molecule is 
excited from the ground state, the Franck-Condon 
principle states that the structure and motions of the 
molecule are preserved but the electronic state and 
energy are different in the excited molecule 
(designated herein with an asterisk) after it relaxes to a 
stable structure in its new electronic state. In Figure 5, 
the DN- is both excited and reduced to the vertically 
excited state DN2‒*, after which this species relaxes to 
DN2‒ with the release of heat. The TS associated with 
the cleavage of the N-NO2 bond in DN2‒ was identified, 
and NNO2‒ and NO2‒ were determined to be the most 
likely products from the decomposition. The Gibbs 
energy barrier for this process was found to be 36.1 J 
mol-1, and the results further show that the excited 
DN2‒* may decompose through DN2‒ and the TS to 
form NNO2‒ and NO2‒. The associated energy barrier 
is much less than that for pyrolysis, indicating that 
electrolysis will proceed rather than pyrolysis. 
 

 
Figure 5. The Gibbs energy profile at 298.15 K for the 
reductive decomposition of DN- in DMSO solution as 
calculated at the CBS-QB3//ωB97X-D/6-311++G(d,p) 
level of theory. 

 
The Gibbs energy profile for the reductive 

decomposition of ammonium dinitramide (ADNII) is 
provided in Figure 6. This work identified a TS 
structure involved in the cleavage of the N-NO2 bond in 
this species, and found that NH3, N2O, NO2 and OH‒ 
are the most likely products from this decomposition. 
The CBS-QB3//ωB97X-D/6-311++G(d,p)/SCRF=(SMD, 
solvent = dmso) calculations demonstrated that the 
associated Gibbs energy barrier was almost 0 kJ mol-1, 
and so the excited ADNII‒ would be expected to rapidly 
decompose. In contrast, the thermal decomposition 
based on the cleavage of the N-NO2 bond (ADNII ⇄ 
NH4NNO2‒ + NO2) has an energy barrier of 109.7 kJ 
mol-1, showing that electrolysis will proceed 
preferentially. Because the decomposition of ADNII‒ is 
thermally preferred to that of DN2‒ (Figure 5), it is 
evident that this mechanism plays an important role in 
the irreversible decomposition observed during the CV 
analyses. 

Interestingly, one potential product from ADN 
electrolysis is NO2. NO2 is also known to be the initial 
product generated during pyrolysis, which begins with 
the cleavage of the N-NO2 bond in ADN [36, 37, 38, 
39]. It is thus desirable for ADN-based propellants to 
have formulations that are highly reactive with NO2 in 
the condensed phase, and fuels having a low 
hydrogen abstraction energy have been shown to 
increase the pyrolytic reactivity of ADN [40]. It is likely 
that this same effect would appear during the 
electrolysis of ADN-based EILPs based on these 
computational results, meaning that electrolysis would 
generate NO2 from ADN and the NO2 would then react 
with the fuel. Although further comprehensive studies 
are needed, these preliminary data suggest that ADN-
based EILPs could represent suitable propellants 
exhibiting a high degree of reactivity with NO2 and thus 
having the potential to ignite promptly in response to 
an electric current. 
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Figure 6. The Gibbs energy profile at 298.15 K for the 
reductive decomposition of ADNII in DMSO solution as 
calculated at the CBS-QB3//ωB97X-D/6-311++G(d,p) 
level of theory. 

4 Conclusions 
The eventual aim of our group is to develop ADN-
based IL monopropellants together with a novel 
combustor using an electrolytic ignition system. As the 
first step, this work investigated the fundamental 
electrolysis properties of ADN in DMSO solution and 
also examined electrolysis mechanisms via quantum 
chemical calculations. The following conclusions can 
be drawn. 

1) CV data acquired from ADN/DMSO 
solutions showed that ADN generates three redox 
peaks at -0.69, -1.16 and -1.52 V together with two 
oxidation peaks at 0.34 and 0.50 V (vs Ag/AgCl) at a 
scan rate of 50 mV s-1. 

2) UV–vis spectroelectrochemical trials 
established that an applied voltage of -1.5 V 
decomposes ADN in DMSO solution, based on 
decreased UV-vis peak intensities. This result 
suggests that ADN can undergo electrolysis in specific 
solvents having suitably wide potential windows, and 
that this technique could be used to ignite EILPs. 

3) Quantum chemistry calculations elucidated 
possible electrolysis mechanisms for ADN in DMSO, in 
which reduced ADNII‒ rapidly decomposes to form NH3, 
N2O, NO2 and OH‒. The associated Gibbs energy 
barrier is almost zero kJ mol-1, as calculated at the 

CBS-QB3//ωB97X-D/6-311++G(d,p)/SCRF=(SMD, 
solvent = dmso) level of theory. However, a more 
detailed understanding of the reactions that occur 
during the electrolysis of EILPs will be required in 
future. 
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