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a fluorodinitromethyl explosophore group and
1,2,3,4-tetrahydro-1,3,5-triazine: synthesis, crystal
structure and performance†
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The introduction of fluorodinitromethyl energetic groups is an efficient strategy to improve the

performances of energetic materials. In this paper, an insensitive energetic compound 6-

(fluorodinitromethyl)-3-nitro-1,2,3,4-tetrahydro-1,3,5-triazine (FMTNT) was designed and synthesized

based on the modification of 1,3,5-triazine backbone via the nitration-rearrangement, reduction and

fluorination sequence. The single crystal of FMTNT was firstly obtained and determined, meanwhile, this

novel structure was also fully characterized by the methods of IR, 1H NMR, 13C NMR, 19F NMR and

elemental analysis. Studies on thermal behaviors and detonation performances of FMTNT were also

carried out through differential scanning calorimetry (DSC-TG) approach and EXPLO5 program,

respectively. The decomposition temperature of FMTNT is found to be at 157.5 �C via thermal chemical

analysis and the detonation performances were proved to be good, with a detonation velocity of

8624.8 m s�1 and detonation pressure of 29.1 Gpa. Furthermore, the experimental results showed that

impact and friction sensitivity reaches 20 J and 240 N, even less sensitive than TNT, indicating a broad

perspective in the application of insensitive explosives and propellants.
Introduction

The development of new explosives with high energy, lower
sensitivities and good thermally stability for military applica-
tion is a perennial pursued objective in the energetic materials
eld.1 In most cases, further functionalization of energetic
heterocyclic rings with highly oxidative explosophore groups
can greatly enhance the detonation performances due to the
improvement of oxygen balance. Meanwhile, the replacement of
a combustible element or oxygen element of CHON compounds
with larger atomic number has also been proved to be an effi-
cient approach to promote the corresponding energetic prop-
erties.2 In recent years, energetic materials with
uorodinitromethyl (–CF(NO2)2) groups have attracted inten-
sive attentions and achieved great success, exhibiting impres-
sive high densities and low sensitivities in rocket propellants
and explosives formulations.3 In 2019, our group also achieved
two new uorodinitromethyl-functionalized energetic materials
, Xi'an, 710065, China. E-mail: wbz600@
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with outstanding explosive performances (D ¼ 9509 m s�1, P ¼
42.6 GPa) based on trifuroxan backbones, however, their
sensitivities are still too high (Fig. 1).4

1,1-Diamino-2,2-dinitroethene (FOX-7), a famous insensitive
high explosives with attractive properties, contains a highly
polarized C]C bondwith two electron-donating amino groups at
one carbon and two electron-withdrawing nitro groups at the
other carbon, forming impressive inter and intramolecular
hydrogen bonds system.5 Since its rst discovery, intensive
modication reactions based on FOX-7 structure have been
explored, aiming to form new insensitive backbones and leading
to great success in the eld of energetic materials.6 Herein, we
Fig. 1 Fluorodinitromethyl-functionalized energetic materials based
on a trifuroxan backbone.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Designed fluorodinitromethyl-functionalized energetic mate-
rials based on FOX-7 derived 1,3,5-triazine backbone.
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reported a novel energetic materials, 6-(uorodinitromethyl)-3-
nitro-1,2,3,4-tetrahydro-1,3,5-triazine (FMTNT), constructed by
introducing uorodinitromethyl group into a FOX-7 derived
insensitive 1,3,5-triazine backbone (Fig. 2). The FMTNT sample
was synthesized through a nitration-rearrangement, reduction
and uorination sequence and the new structure was fully
characterized by the methods of X-ray analysis, IR, 1H NMR, 13C
NMR, 19F NMR and elemental analysis. Studies on thermal
behaviors and detonation performances of FMTNT were carried
out through differential scanning calorimetry (DSC-TG) approach
and EXPLO5 program, respectively. In addition, its mechanical
sensitivities, such as impact and friction sensitivity, were ob-
tained by test method.
Results and discussion
Synthesis and characterization towards FMTNT

The synthesis of FMTNT was based on a FOX-7 derived insen-
sitive 1,3,5-triazine backbone (1), which was prepared according
to literature procedures.7 Under the HNO3–NH4Cl conditions,
both the nitrolysis and chlorination-rearrangement processes
were observed in one step with the C]C bondmigrated into the
cyclic skeleton, resulting a new C]N bond. A potassium salt
was formed when treated the chlorodinitromethyl group with
KI. Considering the existence of N–H moiety, which will also
react under most of uorination conditions, the uorination
condition need to be highly selective. Aer careful condition
screening, the uorodinitromethyl group was nally introduced
Scheme 1 Synthetic route towards FMTNT.

This journal is © The Royal Society of Chemistry 2020
by the addition of XeF2 with a yield of 41% (Scheme 1). The
structure of FMTNT was fully characterized by IR, 1HNMR, 13C
NMR, 19F NMR, and elemental analysis. Seen from the 13C NMR
spectra (Fig. 3(A)), it is clear that the resonance signals for C4 (d
¼ 118.90 ppm) and C3 (d ¼ 143.90 ppm) have been divided due
to the interaction with F atom and these constants are in good
agreement with their typical values.8 19F NMR spectrum
(Fig. 3(B)) showed the resonance signal of FMTNT is at
�101.87 ppm, which is comparable with the d value of some
known compounds.9

The crystal sample of FMTNT was grown in a mixture of ethyl
acetate/hexane and its crystal structure was determined by X-ray
single-crystal diffraction at room temperatures, with the data
and parameters of the X-ray measurements and structure rene-
ments given in Table 1. FMTNT crystallized in the P2(1)/c space
group with molecules in the unit cell (Fig. 4) and the crystal
density is 1.761 g cm�3. The molecular structure of FMTNT is
composed of a branched 1,2,3,4-tetrahydro-1,3,5-triazine with
a uorodinitromethyl group attached to C(2) and a nitro group
attached to N(5). All of the bond distances are well within the
normal range and listed in Table S1 in the ESI.† The length of the
C–NO2[N(1)–C(1), N(2)–C(1)] joining the uorodinitromethyl
group are 1.539(8)�A and 1.527(8)�A, respectively, and longer than
that of F(1)–C(1) (1.400(7)�A), which indicates that compared with
C–F of uorodinitromethyl, C–NO2 breaks will be easier.
Fig. 3 13C NMR spectrum (A) and 19F NMR spectrum (B) of FMTNT.

RSC Adv., 2020, 10, 11816–11822 | 11817
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Table 1 Crystallographic details of FMTNT

Compd FMTNT

Formula C4H5FN6O6

Formula weight 252.14
T (K) 296(2)
l (�A) 0.71073
Crystal system Monoclinic
Space group P2(1)/c
a (�A) 11.592 (14)
b (�A) 8.138 (10)
c (�A) 11.045 (14)
Volume (Å3) 951 (2)
Z 4
Dc (g cm�3) 1.761
F (000) 512
q range/(�) 1.92 to 25.10
Reections collected/unique 4464/1693 [R(int) ¼ 0.1367]
Renement method Full-matrix least-squares on F2

GOF on F2 0.949
Final R indexes (I > 2s(I)) R1 ¼ 0.0751, wR2 ¼ 0.1752
Final R indexes (all data) R1 ¼ 0.1924, wR2 ¼ 0.2415
Largest diff peak and hole (e �A�3) 0.328 and �0.349
GOF on F2 0.949
CCDC number 1908214

Fig. 5 Hirshfeld surfaces calculation (white, distance d equals the van
der Waals distance; blue, d exceeds the van der Waals distance; red,
d is less than van der Waals distance) and two-dimensional (2D)-
fingerprint plots of FMTNT.
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Moreover, the C]N double bond (N(4)–C(2) 1.271(7)�A) length of
1,2,3,4-tetrahydro-1,3,5-triazine is found between the bond
lengths of a C–N single bond (1.47 �A) and a C]N double bond
(1.22�A).10 The N(5)–N(6) bond length (1.394(7)�A) is shorter than
the normal N–N single bond (1.450 �A). The average N–O bond
length of all nitro groups in uorodinitromethyl moiety is 1.207(7)
�A, which is similar to that of the trinitromethyl group (1.209 �A).
The bond angle of F(1)–C(1)–N(1) and F(1)–C(1)–N(2) are all
uniform (107.6(5)�), showing that the angle between the F atom
and the two nitro groups is essentially the same, and both to be
perpendicular. Furthermore, the uorodinitromethyl group is out
of the plane of the 1,2,3,4-tetrahydro-1,3,5-triazine ring, and will
not show the propeller-like conformation any more, with C1–C2–
N–O torsion angles (O(4)–N(2)–C(1)–C(2) �83.0 (7)�, O(3)–N(2)–
C(1)–C(2) �94.2 (7)�, O(1)–N(1)–C(1)–C(2) �13.1 (8)� and O(2)–
N(1)–C(1)–C(2) 166.3(6)�) which are not in the typical range for the
propeller-like structure (23–67�) as described in the literature.11

Hirshfeld surfaces are widely used to identify and quantify
the interaction nature and proportion in crystals. In Fig. 5,
Fig. 4 Molecular structure of FMTNT and its view of crystal packing
down the c axis.

11818 | RSC Adv., 2020, 10, 11816–11822
Hirshfeld surfaces, ngerprint plots and crystal packing
diagrams of FMTNT are showed respectively. As demonstrated,
the two dimensional (2D)-ngerprint of crystals FMTNT and the
associated Hirshfeld surfaces were employed to show their
intermolecular interactions. The red and blue regions on the
Hirshfeld surfaces represent high and low close contact
Fig. 6 DSC curve (A) and TG-DTG curve (B) of FMTNT.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 DSC curve (A) and TG-DTG curve (B) of 2.

Fig. 8 Electrostatic potentials distribution of FMTNT.
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populations, respectively. FMTNT appear as uneven blocks with
dots dispersed in many orientations. Red dots denotes the
intermolecular C–H/O and N–H/O interactions. Other areas
on the surfaces usually belong to O/O, C/O and N/O inter-
actions. This can also be conrmed by regular 2D and decom-
posed 2D ngerprint plots, O/H close contacts are the
dominant interaction. The percentage of O/H close constants
is near 50%, suggesting hydrogen bonds are important char-
acteristics of FMTNT, which should ensure stability and
insensitivity.
Table 2 ESPs parameter of FMTNTa

Compd FMTNT

A/�A2 225.6075
A+/�A2 114.6023
A�/�A2 111.0052
A+/A� 1.0324
Vs

+/(kcal mol�1) 20.4765
Vs

�/(kcal mol�1) �11.7403

a A the total surface area; A+ the surface area of the positive charge; A�

the surface area of the negative charge; Vs
+ the strength of the

electrostatic potential in the positive charge region; Vs
� the strength

of the electrostatic potential in the negative charge region.
Studies on thermal behaviors and electrostatic potentials
(ESPs) of the FMTNT

Themain text of the article should appear here with headings as
appropriate. The thermal behaviors of FMTNT and compound 2
were studied by TG-DSC method (Fig. 6 and 7). According to
DSC-TG experiments, FMTNT and its similar structure
compound 2 showed only one thermal decomposition peak
temperature at 157.5 �C and 150.4 �C under the heating rate of
10 �Cmin�1, respectively. For FMTNT and compound 2, there is
one decomposition processes with the DTG peaks from 96.91 to
193.12 �C, and 128.73 to 182.09 �C, the total weight loss is
65.15% and 64.70%, respectively. The result indicates that there
are a few remains at the end of the decomposition.

The electrostatic potentials (ESP) of the FMTNT molecular
surfaces were calculated by the B3LYP/6-311++g(d, p) basis set
with the optimized structure, and dened as 0.001 electron per
bohr. Fig. 8 shows the ESP of the electron density evaluated at
the B3LYP level of theory. The area and strength of the positive
and negative electrostatic potentials region are statistically
This journal is © The Royal Society of Chemistry 2020
analyzed by the Multiwfn program,12 and the results are listed in
Table 2. According to Klapötke,13 in the energetic system, the
surface area and the strength of the electropositive potential
surfaces are related to the impact sensitivities, and the surface
area of the positive charge is larger, and the intensity is greater
than the negative electrostatic potentials area. In Fig. 8, it can be
clearly seen that the negative ESP region of FMTNT is smaller
and also a lower charge separation; the Table 2 shows, the
positive ESP area of FMTNT is larger than the negative ESP area,
and its ratio is 1.0324; otherwise, the strength of the positive
ESP reached about twice the strength of negative ESP.
Studies on detonation properties of the FMTNT

Studies on detonation properties of the FMTNT was carried out
through quantum computations methods with the Gaussian 09
(Revision A. 02) suite of programs.14 The optimized structures
were characterized to be true local energy minima on the
potential-energy surface without imaginary frequencies. The gas
phase heats of formation were calculated by the atomization
method using the Gaussian 09 program package at the CBS-4M
level of theory.15 Gas phase heat of formation was transformed
to solid phase heat of formation by Trouton'srule.16 Based on the
crystal density and calculated heat of formation, the detonation
velocity and detonation pressure for FMTNT was calculated by
EXPLO5 6.04.17 The sensitivities towards impact and friction for
FMTNT was measured and evaluated by using the standard BAM
method,18 and the predicted performance data were summarized
in Table 3. It can be seen that FMTNT (IS¼ 20 J; FS¼ 240 N) is less
sensitive than TNT (IS ¼ 15 J; FS ¼ 240 N) and compound 2 (IS ¼
10 J; FS ¼ 180 N). Therefore, this uorodinitromethyl compound
was classied as insensitive and less sensitive energetic
RSC Adv., 2020, 10, 11816–11822 | 11819
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Table 3 Physico-chemical properties and detonation parameters of the energetic compounds

Compd ra [g cm�3] DHf
b [kJ mol�1] Td

c [�C] Dd [m s�1] Pe [Gpa] IS
f [J] FS

g [N]

RDXh 1.80 92.6 204 8795 34.9 7.5 120
TNTi 1.65 �295.0 295 6881 19.5 15 240
BFTF-1j 2.00 390.1 116 9509 42.6 5 70
BFTF-2j 1.91 383.9 136 9196 38.8 6.5 110
2k 1.849 40.5 152 8192 29.5 10 180
FMTNT 1.76 3.0 157.5 8624 29.1 20 240

a Crystal density. b Calculated molar enthalpy of formation. c Decomposition temperature by DSCmethod under N2 atmosphere with a heating rate
of 10 �C min�1. d Calculated detonation velocities. e Calculated detonation pressure. f Impact sensitivity. g Friction sensitivity. h Ref. 19. i Ref. 20.
j Ref. 4. k Ref. 6.
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materials. The properties of FMTNT were obtained by calculation
or test as follows: heat of formation is 3 kJ mol�1, detonation
velocity and detonation pressure is 8624 m s�1 and 29.1 GPa,
respectively. The compound FMTNT exhibits good detonation
properties which is similar to RDX and higer than compound 2.
Compared with our previously reported highly energetic struc-
tures of BFTF-1 and BFTF-2, which are based on trifuroxan
backbones, FMTNT exhibits much better insensitivities due to
the insensitive 1,3,5-triazine backbone.
Conclusions

In summary, a new and insensitive energetic material, FMTNT,
was designed and synthesized for the rst time with the
combination of uorodinitromethyl group and FOX-7 derived
insensitive 1,3,5-triazine backbone. Its novel structure was fully
conrmed by NMR, IR, elemental analysis and single crystal X-
ray diffraction, in the same time, the thermal properties inves-
tigated by DSC-TGmethod showed a major decomposition peak
temperature of 157.5 �C. Additionally, for FMTNT, the physical
and energetic properties were studied by calculated and exper-
imental methods. According to the impact and friction sensi-
tivity tests by using standard BAM methods, FMTNT (IS ¼ 20 J;
FS ¼ 240 N) is less sensitive than TNT (IS ¼ 15 J; FS ¼ 240 N). The
calculated detonation velocities and pressures of FMTNT (D ¼
8624.8 m s�1, P ¼ 29.1 GPa) is comparable with those of RDX.
The good detonation properties and low sensitive of these
compounds indicated that this class of FMTNT is an ideal
candidate as insensitive energetic materials.
Experimental section

Caution! Most compounds in this studies are energetic mate-
rials and standard safety precautions (including leather gloves,
face shield and ear plugs) should be applied when the synthetic
work are carried out.
Reagents and sample preparation

Hexahydro-3-tert-butyl-2,2-dinitromethylene-1,3,5-triazine (1)
as a starting material was prepared according to the litera-
ture.7 All reagents and solvents were purchased from Aladdin
11820 | RSC Adv., 2020, 10, 11816–11822
Bio-Chem Technology Co., Ltd (Shanghai, China) and were
used without further purication unless otherwise indicated.
Apparatus and measurements

Infrared spectra were measured by an EQUINOX 55 Fourier
transform infrared spectrometer (Bruker, Germany) in the
range of 4000–400 cm�1. 13C NMR and 1H NMR spectra were
measured with AV 500 NMR spectrometer (Bruker, Switzerland).
Elemental analyses were performed with the vario EL cube
elemental analyzer (Elementar, Germany).

The thermal analysis experiment and the glass transition
temperature (Tg) were performed with a model TG-DSC STA 499
F3 instrument (NETZSCH, Germany). Single crystal X-ray experi-
ment was carried out on a Bruker Apex II CCD diffractometer
equipped with graphite monochromatized Mo Ka radiation (l ¼
0.71073 �A) using u and 4 scan mode. Structures were solved by
the direct method using SHELXTL and rened by means of full-
matrix least-squares procedures on F2 with the programs
SHELXL-97. All nonhydrogen atoms were renedwith anisotropic
displacement parameters. The sensitivity towards impact (IS) and
friction (FS) were determined according to BAM standards.
Computational details

All quantum chemical calculations were carried out using the
Gaussian 09 (Revision A.02) program package and visualized by
GaussView 5.08.21 The enthalpies (H�) and free energies (G�)
were calculated using the complete basis set method (CBS-4M)
based on X-ray diffraction data, in order to obtain accurate. The
enthalpies of the gas-phase species were estimated according to
the atomization energy method.22 The solid state enthalpy of
formation can be estimated by subtracting the heats of subli-
mation from gas phase heats of formation. The heat of subli-
mation can be estimated with Trouton's rule according to eqn
(1), where T represents either the melting point or the decom-
position temperature when no melting occurs prior to
decomposition:
DHsub ¼ 188/J mol�1 K�1 � T (1)
This journal is © The Royal Society of Chemistry 2020
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Syntheses

Compound (2). Fuming HNO3 (d ¼ 1.5 g cm�3, 90 mL) was
added in a 250mL round-bottom ask immersed in an ice bath, 1
(15.0 g, 61.2 mmol) was added slowly to the solution at the
temperature of 0–5 �C. Aer the addition was complete, NH4Cl
(2.2 g, 41.1 mmol) was added over 1 h at the same temperature.
The reaction mixture was stirred for 4 h and warmed to room
temperature, and then poured into ice water with stirring for 1 h,
the obtained precipitate was ltered off, washed with ice water,
and air-dried to obtain 12.0 g solid (yield: 73.2%). IR (KBr), n
(cm�1): 3423, 1294 (–NH), 3050, 2988 (–CH2), 1651 (C]N), 1559,
1390 (–NO2), 1032 (C–Cl); 1H NMR (DMSO-d6, 500 MHz), d: 8.897
(s, 1H, NH), 5.512 (s, 2H, CH), 5.266 (s, 2H, CH); 13C NMR (DMSO-
d6, 125 MHz), d: 146.903 (C–Cl(NO2)2), 120.263 (C]N), 63.574
(CH2), 56.705 (CH2); elemental analysis (%) calcd for C4H5ClN6O6:
C, 17.89; H, 1.88; N, 31.29; found: C, 17.99; H, 2.05; N, 31.59.

Compound (3). A solution of KI (5.6 g, 33.7 mmol) in
methanol (45 mL) was stirred at room temperature and treated
by dropwise addition of 2 (4.5 g, 16.8 mmol) solution in 45 mL
methanol. The reaction mixture was stirred at the same
temperature for 1 h. The obtained precipitate was ltered off,
washed with methanol and anhydrous ether, and air-dried to
obtain 3.6 g solid (yield: 78.8%). IR (KBr), n (cm�1): 3335, 1246
(N–H), 2918, 2879 (–CH2–), 1670 (C]N), 1538, 1354 (–NO2);
1HNMR (DMSO-d6, 500 MHz), d: 7.684 (s, 1H, NH), 5.532 (s, 2H,
CH), 5.208 (s, 2H, CH); 13C NMR (DMSO-d6, 125 MHz), d:
148.922 (C–Cl(NO2)2), 130.804 (C]N), 59.672 (CH2), 53.576
(CH2); elemental analysis (%) calcd for C4H6N6O6: C, 17.65; H,
1.85; N, 30.87; found: C, 17.32; H, 2.01; N, 30.72.

6-(Fluorodinitromethyl)-3-nitro-1,2,3,4-tetrahydro-1,3,5-
triazine (FMTNT). A solution of 3 (3.0 g, 12.8 mmol) in anhy-
drous acetonitrile (30 mL) was stirred at 20 �C and treated by
addition of XeF2 (4.35 g, 25.65 mmol). The reaction mixture was
stirred at the same temperature for 48 h. The solvent was
removed by evaporation at reduced pressure and the residue
was washed to give a colorless solid. The residue was adequately
dissolved with anhydrous ether. The solvent was ltered and the
ltrate was concentrated in vacuum to obtain 1.35 g title
compound (yield: 41.8%). IR (KBr), n (cm�1): 3386, 1267 (N–H),
3052, 2966, 2914 (CH2), 1669 (C]N), 1600, 1564, 1540, 1353
(–NO2), 1152 (C–F); 1HNMR (DMSO-d6, 500 MHz), d: 9.174 (1H,
NH), 5.499 (2H, CH2), 5.320 (2H, CH2).

13C NMR (DMSO-d6, 125
MHz), d: 143.896 (C–F(NO2)2), 118.894 (C]N), 63.488 (CH2),
58.202 (CH2);

19F NMR (DMSO-d6, 470.5 MHz), d: �101.872;
elemental analysis (%) calcd. for C4H5FN6O6: C, 19.06, H,
2.00, N, 33.33; found: C, 19.03, H, 2.34, N, 32.92.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

We are grateful to the nancial support from the National
Natural Science Foundation of China (No. 21805223) and the
China Postdoctoral Science Foundation (No. 2018M633552).
This journal is © The Royal Society of Chemistry 2020
Notes and references

1 A. F. Baxter, I. Martin, K. O. Christe and R. Haiges, J. Am.
Chem. Soc., 2018, 140, 15089; Q. Xue, F. Q. Bi, L. J. Zhai,
T. Guo, J. R. Zhang, S. Y. Zhang, B. Z. Wang and
J. L. Zhang, ChemPlusChem, 2019, 84, 913; Y. N. Li,
B. Z. Wang, Y. J. Shu, L. J. Zhai, S. Y. Zhang, F. Q. Bi and
Y. C. Li, Chin. Chem. Lett., 2017, 28, 117; T. Guo,
Z. J. Wang, H. Huo, W. Tang, Y. Zhu, F. Q. Bi and
B. Z. Wang, ChemistrySelect, 2018, 3, 11835; H. Li,
F. Q. Zhao, B. Z. Wang, L. J. Zhai, W. P Lai and N. Liu, RSC
Adv., 2015, 5, 21422; L. J. Zhai, X. Z. Fan, B. Z. Wang,
F. Q. Bi, Y. N. Li and Y. L. Zhu, RSC Adv., 2015, 5, 57833.

2 L. J. Zhai, X. N. Qu, B. Z. Wang, F. Q. Bi, S. P. Chen, X. Z. Fan,
G. Xie, Q. Wei and S. L. Gao, ChemPlusChem, 2016, 81, 1156;
Y. Tang, H. Gao, G. H. Imier, A. A. parrish and J. M. Shreeve,
RSC Adv., 2016, 94, 91477.

3 N. V. Palysaeva, A. G. Gladyshkin, I. A. Vatsadze,
K. Y. Suponitsky, D. E. Dmitrievd and A. B. Sheremetev,
Org. Chem. Front., 2019, 6, 249; R. Haiges and
K. O. Christe, Dalton Trans., 2015, 44, 10166; W. X. Wang,
G. B. Cheng, H. L. Xiong and H. W. Yang, New J. Chem.,
2018, 42, 2994; J. L. Zhang, Y. Z. Liu, J. Zhou, F. Q. Bi and
B. Z. Wang, ChemPlusChem, 2019, 84, 92; Q. Ma, Z. Lu,
L. Liao, J. Huang, D. Liu, J. Li and G. Fan, RSC Adv., 2017,
7, 38844.

4 L. J. Zhai, F. Q. Bi, Y. F. Luo, N. X. Wang, J. L. Zhang and
B. Z. Wang, Sci. Rep., 2019, 9, 4321; L. J. Zhai, F. Q. Bi,
Y. F. Luo, L. Sun, H. Huo, J. C. Zhang, J. L. Zhang,
B. Z. Wang and S. P. Chen, Chem. Eng. J., 2019, DOI:
10.1016/j.cej.2019.123573.

5 A. TrzcinskiW, S. Cudziło, Z. Chyłek and L. Szymanczyk, J.
Hazard. Mater., 2008, 157, 605.

6 A. Astrat’ev, D. Dashko and A. Stepanov, New Trends in
Research of Energetic Materials, Czech Republic, 2011, p.
468; C. Yan, H. Yang, X. Qi, Y. Jin, K. Wang, T. Liu, J. Tian,
F. Nie, G. Gang and Q. Zhang, Chem. Commun., 2018, 54,
9333.

7 H. Gao and J. M. Shreeve, Angew. Chem., Int. Ed., 2015, 54, 1.
8 T. M. Klapotke, B. Krumm, S. F. Rest and M. Suceska, Z.
Anorg. Allg. Chem., 2014, 640, 84; V. V. Semenov,
M. I. Kanischev, S. A. Shevelev and A. S. Kiselyov,
Tetrahedron, 2009, 65, 3441.

9 L. J. Zhai, B. Z. Wang, K. Z. Xu, H. Huo, N. Liu, Y. N. Li, H. Li,
P. Lian and X. Z. Fan, J. Energ. Mater., 2016, 34, 92;
O. A. Lukyanov, G. V. Pokhvisneva, T. V. Ternikova,
N. I. Shlykova and M. E. Shagaeva, Russ. Chem. Bull., 2011,
60, 1703.

10 A. G. Orpen, L. Brammer, F. H. Allen, O. Kennard,
D. G. Watson and R. Taylo, J. Chem. Soc., Dalton Trans.,
1989, 12, S1; Y. Tang, H. Gao, L. A. Mitchell, D. A. Parrish
and J. M. Shreeve, Angew. Chem., Int. Ed., 2016, 128, 3252;
T. M. Klapotke, D. G. Piercey and J. Stierstorfer, Dalton
Trans., 2012, 41, 9451.

11 Y. Oyumi, T. B. Brill and A. L. Rheingold, J. Phys. Chem.,
1985, 89, 4824.
RSC Adv., 2020, 10, 11816–11822 | 11821

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00474j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 3
/6

/2
02

6 
7:

59
:2

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
12 T. Lu and F. Chen, J. Comput. Chem., 2012, 33, 580; T. Lu and
F. Chen, J. Mol. Graphics Modell., 2012, 38, 314.

13 D. Fischer, T. M. Klapötke and J. Stierstorfer, Eur. J. Inorg.
Chem., 2014, 5808; T. M. Klapötke, A. Nordheider and
J. Stierstorfer, New J. Chem., 2012, 36, 1463; A. Hammerl,
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