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ABSTRACT

Dinitramide compounds are characterized by a high oxygen and nitrogen content and the
absence of halogens in their molecular structure, making them suitable for environmentally
friendly new-generation propellants and explosives. This study outlines the optimization of the
synthetic pathways for these compounds, including the preparation of guanylurea dinitramide
(GUDN) via nitration and the synthesis of potassium dinitramide (KDN), ammonium dinitramide
(ADN), and guanidinium dinitramide (GDN) through ion-exchange reactions. Additionally, the
resulting dinitramide compounds were systematically evaluated for their physicochemical
properties, ballistic characteristics, and spectral features. The findings demonstrate that these
compounds exhibit high synthesis efficiency and possess properties conducive to their effective
application in propellant and explosive formulations.
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1. INTRODUCTION

High-energy materials are essential in both civilian and military domains, serving as key
components in propellants, explosives, and pyrotechnics. Over the years, new generations of
propellants and explosives have been developed, focusing on optimizing performance and reducing
environmental impact [1-4]. Desired characteristics of these materials include high nitrogen and
oxygen content, the absence of halogens, and high density.

Among the notable high-energy materials are dinitramide compounds containing the
dinitramide anion ((NO2):N-). These compounds exhibit high oxygen and nitrogen content, are
halogen-free, and offer high energy efficiency and stability. This makes them promising candidates
for environmentally friendly high-energy applications [5].

Important dinitramide compounds include ADN, KDN, GUDN, GDN, silver dinitramide
(AgDN), sodium dinitramide (NaDN), and lithium dinitramide (LiDN) (figure 1). These dinitramide
compounds have diverse applications ranging from basic chemistry to advanced engineering.
Notably, they are often used in the development of high-performance solid and liquid propellants,
next-generation explosives, and pyrotechnic formulations. Extensive research has focused on ADN
as a potential oxidizer for composite solid rocket propellants and as a primary component for high-
performance green propellants [6-10].

Additionally, GUDN (or FOX-12) is a low-sensitivity dinitramide compound with significant
potential for use as a propellant or insensitive explosive [11]. Other dinitramide compounds, such
as GDN, are used in propellants and pyrotechnic formulations [12]. Mixtures of KDN and ADN
with certain energetic additives form thermally stable explosives with promising properties [13].
Some nitramide compounds, like LiDN, can be used as electrolyte components in batteries.
Furthermore, dinitramide salts can also function as surfactants [14]. Currently, various synthetic
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methods are being explored for the production of dinitramide compounds. The study and
application of these compounds continue to attract significant interest from scientists worldwide.
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Figure 1. The formula of dinitramide compounds.

Given these considerations, the research and development of synthesis technologies for
dinitramide compounds under domestic conditions, along with the evaluation of their properties,
are of substantial scientific and practical value in the defense industry.

In this paper, we investigate the process synthesis of dinitramide compounds. The basic
physicochemical and ballistic properties of the synthesized compounds were characterized by
FTIR, *H-NMR, BC-NMR, XRD, vacuum stability, and impact sensitivity.

2. EXPERIMENTAL SECTION
2.1. Materials

The chemicals used include sulfamic acid, ammonia solution, ethanol, sulfuric acid, fuming
nitric acid, dicyandiamide, 2-propanol, potassium hydroxide, guanidine hydrochloride,
ammonium sulfate and acetone. All chemicals used were of AR grade from Sigma Aldrich.

2.2. Analytical methods
2.2.1. FTIR spectroscopy method

The FTIR spectroscopy method was used to determine the characteristic functional groups of
the synthesized products. Synthetic products were measured on a Perkin Elmer FT-IR Spectrum
Two infrared spectrometer.

2.2.2. NMR spectroscopy method

The NMR spectroscopy method was used to determine the structure of the synthesized
compounds. *H NMR spectra: & (H) are given in ppm relative to tetramethylsilane (TMS), using &
(DMSO-dg) = 2.50 ppm as the internal reference. *C NMR spectra: & (C) are given in ppm relative
to tetramethylsilane (TMS), using 6 (DMSO-ds) = 39.52 ppm as the internal reference.

2.2.3. Powder X-ray diffraction

The powder X-ray diffraction (PXRD) patterns of dinitramide compounds were determined based
on Cu-Ka radiation using a Panalytical X’pert Pro MRD, which operated at 40 kV and 35mA. The
data of samples were collected at a scan rate of 0.5 s per step over the range of 10°- 80° (step size:
0.03°). The powder X-ray diffraction is also employed for determining crystal density.

2.2.4. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was used to determine the melting temperature,
decomposition of the product. DSC was carried out using the Labsys Evo system by SETARAM.
2.2.5. Impact sensitivity

Determined using a Cast hammer under standard conditions (hammer weight 10 kg, drop height
25 cm). Conducted 25 trials with a sample weight of 0.05 £ 0.005 g. Impact sensitivity is the
number of explosions (expressed as a percentage) out of 25 trials.
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2.2.6. Vacuum stability (VST)

Evaluated using the vacuum stability test method on a Stabil Vacuum tester at 100 °C for 40
continuous hours. Each sample is tested 3 times, and the average value is recorded.
2.3. Preparation of guanylurea dinitramide

GUDN was synthesized according to the method described in reference [15], with the specific
synthesis process as follows: Fuming nitric acid and sulfuric acid 98% were placed into the IKA
reactor system reactor vessel. Ammonium sulfamate (AS) was placed slowly into the acid mixture
at a temperature of -40 £+ 2 °C. The nitration reaction mixture was then poured into an open glass
bowl containing a suspension of guanylurea sulfate ((GU).S) at 10 + 5 °C under constant stirring.
Then, the mixture was cooled at a temperature of 15 °C. The formed white precipitate was then
filtered off with a Blichner funnel, and washed with cold water. The obtained GUDN was dried at
50 °C to constant weight.
2.4. Preparation of potassium dinitramide

5 g of KOH was dissolved in a mixture of 30 g of ethanol and 15 g of water. This mixture was
heated to 50 °C. Then, 18 g of GUDN was added and stirred for 30 minutes. The mixture was
cooled in an ice-water bath, resulting in the formation of a white solid. The solid was filtered and
washed three times with ethanol, then dried at 50 °C until its weight remained constant.

2.5. Preparation of ammonium dinitramide

10 g of KDN and 11.5 g of ammonium sulfate were each dissolved separately into 10 mL of
water. The solutions were mixed and stirred for 30 minutes. 100 mL of 2-propanol was added to
the solution, resulting in the formation of a white precipitate. The mixture was cooled in an ice-
water bath and the precipitate was filtered and washed with 2-propanol. The desired product AND
was obtained as a white solid and dried at 50 °C to constant weight.

2.6. Synthesis of guanidinium dinitramide

7.7 g of guanidine hydrochloride was dissolved in 25 mL of distilled water and 10 g of ADN
was dissolved in 5 mL of distilled water. The solutions were mixed and a precipitate immediately
formed. The precipitate was filtered off with a Blichner funnel, washed 3 times with ice-water and
dried at 50 °C to constant weight. The desired product GDN was obtained as a white solid salt.

3. RESULTS AND DISCUSSION
3.1. Optimization study and development of the synthesis process for dinitramide compounds

Dinitramide compounds are synthesized through various pathways, primarily involving
nitration reactions to produce dinitramic acid (HDN), which is subsequently converted into stable
compounds such as KDN or GUDN. lon exchange reactions are then employed to synthesize other
dinitramide compounds. For instance, ADN is synthesized from the ion exchange reaction between
KDN and ammonium sulfate; GDN is synthesized from the ion exchange reaction between ADN
and guanidine hydrochloride; and AgDN is synthesized from the ion exchange reaction between
ADN and silver nitrate.... Essentially, dinitramide compounds are synthesized through ion
exchange reactions between the sulfate (or chloride, carbonate...) salts of these compounds and
ADN or KDN. Thus, the primary synthesis pathway for dinitramide compounds involves the
synthesis of KDN or ADN.

KDN is synthesized through the nitration of starting compounds such as sulfamate salts, ammonia,
and ethyl carbamate. .. to produce HDN [16-19]. Among these methods, the synthesis of KDN via the
nitration of ammonium sulfamate (AS) or potassium sulfamate (KS) using a HNOs/H,SO, acid
mixture provides the highest yield and the easiest method to perform. However, directly synthesizing
KDN from HDN is time- and energy-intensive due to the need to remove water after the nitration step.
Therefore, the indirect synthesis of KDN via GUDN is more efficient (figure 2).
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Figure 2. Synthesis process of dinitramide compounds.

Optimizing the synthesis process of dinitramide compounds involves improving the nitration
reaction for the synthesis of GUDN, as well as optimizing the synthesis of KDN and ADN. The
synthesis process of GUDN has been detailed in the literature [15]. To study the optimal conditions
for synthesizing KDN from GUDN, reactions between GUDN and KOH were conducted at various
temperatures and reactant molar ratios. The specific results are shown in figures 3 and 4.
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Figure 3. Effect of temperature on Figure 4. Effect of molar ratio of
KDN synthesis efficiency. KOH/GUDN on KDN synthesis efficiency.

From the data in figure 3, it can be seen that increasing the reaction temperature to 50 °C
increases the reaction yield. However, further increases in temperature slightly decreases the yield.
As the temperature increases, the solubility of GUDN in the solvent mixture increases, enhancing
the contact between GUDN and KOH, thereby increasing the reaction yield. Above 50 °C, the
solubility of GUDN remains constant, but a small amount of ethanol evaporates, slightly reducing
the amount of KDN crystallized. Therefore, the optimum temperature for this reaction is 50 °C.

When the molar ratio of KOH to GUDN increases, the reaction yield also increases (figure 4).
However, if the ratio continues to increased, the yield does not change significantly and may even
decrease slightly. With an increase in the amount of KOH, GUDN fully reacts with KOH.
However, adding too much KOH can affect the quality of the obtained KDN. Therefore, the
optimal molar ratio of KOH to GUDN is 1.2:1.

Additionally, the synthesis of GDN from ADN through an ion-exchange reaction was investigated.
This reaction was conducted in an aqueous solvent, resulting in a yield of 94% for GDN.

Based on the optimal conditions for synthesizing dinitramide compounds, we have established
a basic laboratory-scale synthesis procedure for dinitramide compounds under domestic
conditions. The schematic diagram of the synthesis process for dinitramide compounds is shown
in figure 5.
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Figure 5. Diagram of the synthesis process of dinitramide compounds.
3.2. Evaluation of the characteristic properties of dinitramide compounds

Basic dinitramide compounds are energy materials used in propellants and explosives, making
it crucial to evaluate their thermal properties, impact sensitivity, and vacuum stability.

Table 1. Properties of dinitramide compounds.

Properties GDN GUDN KDN ADN
Density (g/cm?) 1.44 1.75 2.21 1.82
Impact sensitivity (%) 60 16 60 64
Vaccum stability (ml/g) 1.2 1.02 15 2.1
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Figure 6. DSC of dinitramide compounds.

Figure 7. XRD pattern of dinitramide compounds.

From the DSC graph (figure 6), it is observed that all basic dinitramide compounds exhibit

thermal stability. Specifically, ADN has a melting point of 94 °C and begins to decompose at
temperatures above 150 °C. GUDN is the most thermally stable compound in this group,
decomposing at 213 °C. KDN melts at 131 °C and decomposes around 210 °C. GDN melts at
144 °C and decomposes around 195 °C. Additionally, the vacuum stability of the synthesized
dinitramide compounds is within the permissible limits for the chemical stability of energetic
materials (table 1). From the data in table 1, GUDN has a low impact sensitivity of 16%, making
it suitable for use in insensitive munitions. In contrary, ADN, KDN, and GDN have impact
sensitivities comparable to that of RDX.

3.3. Spectral characteristics of dinitramide compounds
The synthesized dinitramide compounds, after drying, were analyzed using IR, NMR, and XRD
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spectroscopy. The specific results are presented in the following figures and tables.

The synthesized dinitramide compounds are all crystalline, as demonstrated by their XRD
patterns (figure 7).

The *H-NMR and *C-NMR spectra of GUDN have been presented in reference [15]. The H-
NMR spectrum of GDN displayed a single at 6 6.89 ppm (6H) corresponding to six protons of
three -NH; groups (figure 8.b). **C-NMR spectra showed a distinct signal at § 157.91 ppm
corresponding to carbon atoms of the —C=N group (figure 8.d).
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Figure 8. NMR spectrum of GUDN and GDN ( *H-NMR: (a). GUDN and (b). GDN;
BC-NMR: (c). GUDN and (d). GDN).
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Figure 9. IR spectrum of dinitramide compounds ((a). KDN and ADN; (b). GDN and GUDN).

The FTIR spectrum of dinitramide compounds confirmed the presence of the -N(NO.). group.
Specifically, the stretching vibrations of the NO, group are observed at wavenumbers 1515-1531
cm?, 1131-1145 cm™, and 1165-1178 cm™. The bending vibrations of the NO, group appear at
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wavenumbers 468-489 cm™, 732 cm™, 761 cm™, and 817-828 cm™. The stretching vibrations of
the N3 bond occur at wavenumbers 915-951 cm™ and 1002-1020 cm (figure 9).

4. CONCLUSIONS

In summary, this study has established a synthetic route for various dinitramide compounds
through nitration and ion exchange reactions. Specifically, KDN was synthesized from GUDN with
a yield of 92%, while GDN was obtained from ADN with a yield of 94%. The optimal synthesis
conditions for KDN were determined, with a reaction temperature set at 50 °C and a molar ratio of
KOH to GUDN of 1.2:1. The properties of these dinitramide compounds were evaluated, including
thermal stability, impact sensitivity, and vacuum stability. Furthermore, the FTIR, NMR, and XRD
spectral characteristics of these compounds are presented in detail, providing comprehensive insights
into their structural and functional attributes.
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TOM TAT
Nghién ctru qua trinh tong hop va tinh chit ciia mdt s6 hop chit dinitramide
ng dung trong thudc phéng, thude nd

Cac hop chdt dinitramide dwoc ddc trung boi ham heong oxy, nito cao va khong c6 halogen

trong cau tric phan tir. Do do, ching doc iing dung trong nhién liéu tén hia, thuéc phdéng va
thuoc né thé hé moi than thién voi moi trwong. Nghién ciru nay trinh bay qua trinh 161 wu héa
con duwong tong hop cho cdc hop chdt dinitramide, bao gom viéc dieu ché guanylurea
dinitramide (GUDN) théng qua qué trinh nitro héa va tong hop kali dinitramide (KDN),
amoni dinitramide (ADN) va guanidine dinitramide (GDN) thong qua cdc phan vmg trao doi
ion. Céc hop chat dinitramide tong hop dwoc da duoc danh gid cac tinh chdl Iy héa, tinh chdt
xa thudt va cac dac trung quang pho. Céc két qua nghién ciru chimg minh rang, cdc hop chat
nay thé hién hiéu qua tong hop cao va sé hitu cdc tinh chat ¢6 loi cho ung dung hiéu qua ciia
chiing trong cdc cong thire thuoc phong, nhién liéu tén lira va thuoc no.

Tir khéa: Hop chét dinitramide; Ammonium dinitramide; GDN; KDN; Phan 1 ng nitro hoa.
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