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Abstract: Low-frequency resonance technology is a promising technology for
mixing or manufacturing energetic materials, and has been a hot topic in the field
of material preparation. In this paper, we describe the first use of low-frequency
resonance technology for the synthesis of new compounds and for performing
innovative research. The coordination compound, [K(18-crown-6)][N(NO.),]
([K(18C6)][N(NO,),]), was first prepared by using a conventional slow solvent
evaporation method over 10 days. The crystal structure of this compound
was characterized by single crystal X-ray diffraction (SXD) and revealed that
[K(18C6)][N(NO,),] belongs to the monoclinic system, in which the space
group is P2,/c. The main intermolecular interactions in [K(18C6)][N(NO,)]
are the K—O coordination bonds and C—H~O hydrogen bonds. The crystallographic
parameters are a = 8.5032(2) A, b=14.4060(4) A, c=8.1708(2) A, f=101.896(2),
V'=979.40(4) A3, Z=2,p=1.388 g-cm>. The coordination compound [K(18C6)]
[N(NO,),] was then prepared by low-frequency resonance technology in only
65 min. The results of X-ray powder diffraction (PXRD), differential scanning
calorimetry (DSC) and infrared spectroscopy (FTIR) showed that low-frequency
resonance technology can successfully and efficiently prepare [K(18C6)]
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[N(NO,),]. Compared to potassium dinitramide (KDN), [K(18C6)][N(NO.),]
has unique characteristics.

Keywords: low-frequency resonance technology, [K(18C6)][N(NO,).],
coordination compound structure
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1 Introduction

Low-frequency resonance technology has the characteristics of high resonance
energy efficiency and phase invariance, which can accelerate the interaction
between molecular-level sized species, and which directly couples the energy
source to the molecular material being affected. By directly coupling
the molecular materials being mixed to the low-frequency acoustic source,
the application becomes significantly more efficient and intense. In recent
years, low-frequency resonance technology has been widely used in fields
such as co-crystal preparation, material mixing, and material grinding [1-5],
and this technology will lead to new innovative attempts to develop new
compounds. A novel compound refers to a compound that is newly emerging
or is under research and has excellent properties and special functions that
traditional compounds do not have [6]. A new compound can potentially improve
the formulation density, thermal stability, hygroscopicity, solubility, and response
to stimuli, etc. [7-13]. Potassium dinitramide (KDN) [14-16] is a halogen-free,
environmentally friendly oxidant with a density of 2.17 g-cm™ and an enthalpy
of formation of =250 kJ-mol™'. It can be used as a phase stabilizer for ammonium
nitrate and as an energetic pyrotechnic or smoke suppressant instead of potassium
nitrate. It can also be used as an intermediate for the preparation of ammonium
dinitramide or other dinitramide salts.

However, the hygroscopicity of KDN severely limits its wide application
in the field of energetic materials. In order to reduce the strong hygroscopicity
of KDN, it may be modified at the molecular level by coordination technology.
This is expected to relax the stringent requirements of KDN in storage and use,
and to provide a new method for the modification of highly hygroscopic
energetic compounds.
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In the present study, the coordination compound [K(18-crown-6)]
[N(NO,):] ([K(18C6)][N(NO,),]) was prepared by a conventional slow solvent
evaporation method, and its crystal structure was determined by X-ray single
crystal diffractometry. At the same time, in order to overcome the problems
of a long preparation period, poor repeatability, low success rate, low synthesis
efficiency, and difficulty in achieving scale-up, a low-frequency resonance
technique [17] with a short preparation period, high safety and efficiency,
and a simple and stable process was used to prepare [K(18C6)][N(NO,)].
The formation of the coordination compound was established. By combining
[N(NO,),]” from KDN through coordination technology, it was anticipated that
new compounds with low hygroscopicity relative to KDN could be obtained.

2 Materials and Test Methods

The following materials were used:

—  KDN, purity 99.30% (Hubei Institute of Aerospace Chemotechnology)[18, 19],

—  [18-crown-6)] (18C6), analytical purity (Sinopharm Chemical Reagent
Co., Ltd),

— anhydrous methanol, analytical purity (Shanghai Zhenxing Chemical
Factory No. 1).

The following instruments were used:

—  Ultra High Efficient Mixer (Hubei Hangpeng Chemical Power Technology
Co., Ltd) model: Lab, mixing capacity 1 kg, maximum acceleration 980 m/s?,
rated power 0.45 kW, acceleration sensor range 1626.8 m/s?,

—  Single crystal X-ray diffractometer (Germany Bruker AXS company), model:
SMART-APEX2, CCD face inspection,

—  Fourier Transform Infrared Spectrometer (Germany Bruker company),
model: EQUINOX 55, KBr compressed discs, wavelength range
4000~400 cm™', resolution 4 cm™,

—  high pressure hot re-scanning calorimeter (American TA company),
with method 502.1 of GJB772A-1997 [20], in a nitrogen atmosphere,
heating rate 10 °C-min"!, gas flow rate 40 mL-min!, temperature range
of 10~600 °C, open aluminum crucible, sample approx. 0.7 mg,

— X-ray powder diffractometer (Germany Bruker company), model: D§
ADVANCE, range 5~50°, scanning speed 10°/min, step size 0.02°, Cu target,
tube pressure 40 kV, tube flow 40 mA.

Hygroscopicity measurements were carried out according to the following:

a chosen amount of completely dried KDN, or [K(18C6)][N(NO,),] crystals,
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were placed in a wide-mouth observation bottle, and completely exposed
to air at a temperature of 30 °C and a relative humidity of 75%. The weight
was measured once every 24 h, and the state of the crystals before and after
the test was recorded. The moisture absorption rate was calculated by Equation 1:

w="2"" 100% (1)

m,

where m, is the initial mass of the material and m, is the mass after
absorbing moisture.

3 Preparation of [K(18C6)][N(NO»),]

3.1 Preparation by the solvent evaporation method

and structure determination
KDN (145 mg) and 18C6 (264 mg) were dissolved in anhydrous methanol (100 mL),
and filtered, then 50 mL of the solution was placed in a 30 °C constant temperature
incubator and slowly evaporated for about 10 days. Pale yellow transparent block
crystals separated from the solution.

A single crystal of suitable size, 0.36x0.36x0.35 mm, was selected
and a single crystal X-ray diffraction (SXD) experiment was performed
on a Rigaku XtalLAB P300DS diffractometer with graphite-monochromated
Mo-Ka radiation (A = 0.154178 nm) at 298(2) K. The structure was solved
with the SHELXS structure solution program [18] using direct methods
and refined with the ShELXL refinement package [19] using full-matrix least-
squares methods. Anisotropic displacement parameters were applied to all non-
hydrogen atoms. All hydrogen atoms were generated geometrically.

3.2 Preparation using low-frequency resonance technology

3.2.1 Low-frequency resonance technology
Low-frequency resonance technology is the core of ultra high efficient
mixers [21], and the principle of the mixer is shown in Figure 1.
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Figure 1. Principle of the Ultra High Efficient Mixer

Low-frequency resonance technology mainly uses the principle
of mechanical resonance. The mechanical system has two parts, the driving
unit and the load unit. Its aim is to efficiently create high amplitude oscillations
within the load unit. By matching the mass, damping coefficient and stiffness
of the two-degrees-of-freedom vibration system, the natural frequency of the
system is about 60 Hz. The harmonic excitation force comes from the eccentric
block driven by the explosion-proof servo motor. When the frequency
corresponding to the motor speed is consistent with the natural frequency of the
system, the system reaches a resonance state. At this point, the minimum force
being applied to the driving unit, the load unit can receive high acceleration,
and the mixing system’s mechanical energy can be transferred into the material
with virtually no loss.

The inverse of time is a frequency-like quantity. When the servo motor’s
speed is 3600 r/min, the driving frequency is a sinusoidal signal of 60 Hz.
In the resonance system, the vibration direction is consistent with the direction
of sound wave propagation. The longitudinal wave travels at a speed of 5790 m/s
in stainless steel. Because the main material of the mixing container and
connecting parts is 304 stainless steel, the sound waves of the vibration are mainly
introduced into the material through the metal, so the longitudinal wavelength
is 96.5 m. In the energy conversion process, the 96.5 m wave will be transmitted
into the material through the container, while the container and the contained
material together receive the high acceleration vibration. The acoustic currents
and vortices accelerate the intermolecular motion of the material.

Based on the principle of vibrational chemical effect [22], the dynamic
balance between two molecules is broken at a fixed frequency and a certain
acceleration condition, which promotes non-covalent bonding and accelerates
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the spontaneous assembly of molecules into specific physical and chemical
structures. Crystals with uniform morphology and particle size can be obtained
by optimizing the process parameters, such as acceleration and time.

3.2.2 Preparation of [K(18C6)][N(NO,)]

The coordination compound test was carried out using the ultra high efficient mixer.
The experiment was carried out as follows: KDN (1.45 g) was placed in a special
stainless steel container followed by 18C6 (2.64 g) ina 1:1 molar ratio. The ultra
high efficient mixer process parameters were as follows: resonance frequency
60 Hz, acceleration 196 m/s? for 5 min, then anhydrous methanol (1.0 mL)
was added to the vial using a calibrated pipette. The ultra high efficient mixer
was adjusted to an acceleration of 686 m/s?, resonance frequency 60 Hz. After
60 min of mixing, the material was removed from the stainless steel container.
Evaporation of the residual solvent by drying in a vacuum oven at 50 °C for 2 h
gave a pure yellow powder, compound [K(18C6)][N(NO,),].

4 Results and Discussion

4.1 Structure analysis of [K(18C6)][N(NO,),]

The X-ray diffraction data were analyzed by the SHELXTL program to obtain
the crystallographic parameters of [K(18C6)][N(NO,),]. The results are listed
in Table 1. The crystallographic data for [K(18C6)][N(NO,),] have been saved
in the Cambridge Crystal Structure Data Center (CCDC1935256). Selected bond
lengths and angles are listed in Tables S1 and S2 (see SI).
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Table 1.  Crystallographic parameters of [K(18C6)][N(NO,),]

Parameter Values
Empirical formula Ci2H24KN309
Formula weight 409.44
Stoichiometry 1:1
Temperature [K] 298(2)
Crystal system Monoclinic
Space group P2,/c
a[A] 8.5032(2)
b[A] 14.4060(4)
c[A] 8.1708(2)
o [°] 90.0
£1° 101.896(2)
y[°] 90.0
Volume [A?] 979.40(4)
Y4 2
Calculated density [g-cm™] 1.388
F(000) 432
Final R indices [1 > 2a(/)] R, =0.0652, wR, = 0.2054
R indices (all data) R, =0.0722, wR, =0.2155

4.2 Analysis and discussion of the crystal structure

The crystal structure of the coordination compound [K(18C6)][N(NO,);]
belongs to the monoclinic system and the space group is P2,/c. A single crystal
of [K(18C6)][N(NO).] is shown in Figure 2. The molar ratio of KDN to 18C6
is 1:1. The three-dimensional unit cell stacking diagram of [K(18C6)][N(NO,),]
is shown in Figure 3. It can be seen from Figure 3 that the coordination compound
is connected by K—O coordination bonds and hydrogen bonds. The formation
of the coordination compound is mainly through K—O coordination bonds formed
by K atoms in the KDN molecule and eight O atoms in the crown ether ring.
C—H--O type weak hydrogen bonds are formed between the O atoms in N(NO,),"
and the H atoms in the crown ether ring (Figure 4). The coordination bond
and the intermolecular hydrogen bond interaction forces in the compound cause
KDN and 18C6 to form a 3D network structure extended infinitely.
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Figure 4. The intermolecular hydrogen bonding interactions of [K(18C6)]
[N(NO,),] (Iengths in A)

4.3 Properties of [K(18C6)][N(NO,).]

4.3.1 PXRD and FT-IR analyses

Figure 5(a) shows the powder X-ray diffraction (PXRD) pattern of
[K(18C6)][N(NO,),] produced by low-frequency resonance technology (top)
vs. the diffraction pattern predicted from the single crystal structure. Figure 5(b)
shows the FT-IR spectrum of [K(18C6)][N(NO,),] produced by low-frequency
resonance technology (bottom) vs. the FT-IR spectrum of the single crystal
of [K(18C6)][N(NO»).].
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Figure 5. Powder X-ray diffraction pattern of [K(18C6)][N(NO,),] produced
by low-frequency resonance technology (top) vs. the diffraction
pattern predicted from the single crystal structure (5a), FT-IR
spectrum of [K(18C6)][N(NO,).] produced by low-frequency
resonance technology (bottom) vs. the FT-IR spectrum of the single
crystal of [K(18C6)][N(NO»),] (5b)
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Comparison of the reflections of the solids obtained by low-frequency
resonance technology with the PXRD pattern calculated from the single crystal
structure confirmed the production of the desired coordination compound
[K(18C6)][N(NO>),]. The FT-IR spectrum of the [K(18C6)][N(NO,),] single
crystal prepared by slow evaporation showed a close match with the experimental
FT-IR spectrum of the solid prepared by low-frequency resonance technology.
Similar patterns proved that low-frequency resonance technology can efficiently
prepare [K(18C6)][N(NO,),].

4.3.2 Thermal analysis

The thermal decomposition properties of [K(18C6)][N(NO,),], KDN and 18C6
were tested using differential scanning calorimetry (DSC), and the results
are shown in Figure 6. It can be seen that there are two endothermic peaks (135.6
and 341.3 °C) on the DSC curve of KDN, and a single exothermic decomposition
peak at 232.9 °C. The first endothermic peak at 135.6 °C is the melting peak
of KDN, and the second endothermic peak at 341.3 °C is the melting endothermic
peak of KNOs. There are two endothermic peaks and two exothermic peaks on
the DSC curve of [K(18C6)][N(NO,),]. The endothermic peak temperatures
are 166.0 and 179.6 °C, the first peak temperature being 30.4 °C higher than
the melting peak temperature of KDN. The analytical data shows that [K(18C6)]
[N(NO,),] has better thermal stability than KDN. As the temperature is increased,
the molecular structure of the coordination compound is destroyed and becomes
unstable. Two concentrated exothermic decomposition processes occur between
200 and 300 °C. The peak temperatures were 232.3 and 287.2 °C, respectively.
It can be inferred that when the coordination compound decomposes, two single
components are separately decomposed with liberation of heat. The above
analysis shows that the formation of the coordination compound can produce
unique thermal decomposition behaviour.
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Figure 6. DSC curves of the explosive samples

4.3.3 Hygroscopicity analysis

The moisture absorption of KDN and [K(18C6)][N(NO,),] was measured under
constant temperature and constant humidity conditions of 30 °C and 75% relative
humidity, respectively. The results are listed in Table 2.

Table 2.  Moisture absorption of KDN and [K(18C6)][N(NO,),] at 30 °C
and 75% relative humidity
Moisture absorption [%] after [h]
24 48 72 96 120 | 144 | 168
KDN 1.428 | 2.112 | 3.507 | 4.885 | 6.150 | 7.745 | 8.968
[K(18C6)][N(NO,),] |0.142]0.189 ] 0.331 | 0.662 | 0.662 | 0.662 | 0.662

Sample

The hygroscopicity of the coordination compound was investigated by using
the weight gain method. The formation of the coordination compound structure
greatly reduces the hygroscopicity of KDN, which may be due to the formation
of a variety of weak hydrogen bonds between the [N(NO,),| ion and the crown
ether ring in the coordination compound molecule. The weak hydrogen bonds
prevent the water molecules in the air from binding to [N(NO.),], thus the binding
of KDN to water molecules is essentially reduced.
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Conclusions

Anovel coordination compound [K(18C6)][N(NO,),] was prepared by using
the slow solvent evaporation method.

This coordination compound belongs to the monoclinic system, in which
the space group is P2,/c. The formation of the coordination compound
is mainly due to K-O coordination bonds formed by K atoms in the KDN
molecule and eight O atoms in the crown ether ring. The C-H...O type
weak hydrogen bonds are formed between the O atoms in [N(NO,),]
and the H atoms in the crown ether ring.

[K(18C6)][N(NO,),] increased the melting point of KDN (166.0 vs. 135.6 °C).
The novel method of low-frequency resonance technology can be used
to successfully and efficiently prepare the coordination compound [K(18C6)]
[N(NO»)].

In the hygroscopicity experiments, it was found that the coordination
compound [K(18C6)][N(NO,)] can prevent the binding of water molecules
in the air to [N(NO,),]” and thus comprehensively tune the hygroscopicity.
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