Volume 53
Number 46
14 December 2024
Pages 18387-18792

Dalton
Transactions

An international journal of inorganic chemistry

rsc.li/dalton

ISSN 1477-9226

ROYAL SOCIETY PAPER

Qiong Yu et al.

OF CHEMISTRY Energetic derivatives substituted with trinitrophenyl:

improving the sensitivity of explosives




7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Energetic derivatives substituted with
trinitrophenyl: improving the sensitivity of
explosivest

{ M) Check for updates ‘

Cite this: Dalton Trans., 2024, 53,
18467

Qiong Yu, 2 *1% Yu-cong Chen,}? Zihao Guo,® Tao Li,? Zungi Liu,® Wenbin Yi,*@
Richard J. Staples (2 and Jean'ne M. Shreeve () *©

The incorporation of trinitrophenyl-modified 1,3,4-oxadiazole fragments is commonly observed in high-
energy molecules with heat-resistant properties. This study explores the strategy of developing heat-
resistant energetic materials by incorporating trinitrophenyl and an azo group into 1,3,4-oxadiazole,
which involved the synthesis and characterization of (E)-1,2-bis(5-(2,4,6-trinitrophenyl)-1,3,4-oxadiazol-
2-yl)diazene (2), N-(5-(2,4,6-trinitrophenyl)-1,3,4-oxadiazol-2-yl)nitramide (3), and the energetic salts of
3. Characterization techniques employed included *H and *C NMR, IR and elemental analysis.
Additionally, the structures of 2 and 3 were validated using single crystal X-ray analysis. To further under-
stand the physical and chemical characteristics of these novel energetic compounds, various calculations
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and measurements were performed. Compound 2 exhibits excellent thermostability (T4 = 294 °C), which
is comparable to that of traditional heat-resistant explosive HNS (T4 = 318 °C). But 2 is insensitive towards
impact (>40 J) and friction (>360 N), surpassing HNS (5 J, 240 N), suggesting that compound 2 deserves
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Introduction

With the progression of time, the energetic materials utilized
for national defense and civilian industries are required to
meet increasingly stringent standards in terms of safety, dura-
bility, and environmental impact. However, traditional ener-
getic materials fall short of meeting these requirements, both
in terms of their performance and production processes. As a
result, researchers from various nations have embarked on
numerous challenging endeavours to design, synthesize, and
develop new synthesis methods for energetic compounds,
aiming to obtain high-performance explosive materials.
Among the various types of novel energetic materials cur-
rently under exploration, oxadiazole-based compounds have
garnered significant attention due to their exceptional qual-
ities such as high density, nitrogen content, and oxygen
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further investigation as a potential heat-resistant explosive.

balance. In recent years, the utilization of 1,3,4-oxadiazole as a
crucial structural component in the design of energetic com-
pounds has gained significant prominence. This is primarily
attributed to its exceptional characteristics, including excellent
thermal stability and low sensitivity.*”” However, despite the
presence of 1,3,4-oxadiazole structures, nitramines consist-
ently exhibit inadequate thermal stabilities and sensitivities
due to the inherent instability of the nitramine group. For
example, the mechanical stability of the reported azo 1,3,4-oxa-
diazole and nitramino oxadiazoles, including bis(nitroamino-
1,3,4-oxadiazole) (ICM-101), 2-amino-5-nitramino-1,3,4-oxadia-
zole (I) and 5-(diazo-1,2,4-triazol-3-yl)-1,3,4-oxadiazol-2-nitroa-
mino (II), is found to be poor. This limitation significantly
restricts their potential applications (Fig. 1a).5™°

Energetic materials containing trinitrophenyl typically
exhibit exceptional thermal stability and low sensitivity, as
seen in traditional energetic compounds such as 2,2',4,4',6,6'-
hexanitrostilbene (HNS) and 2,5-bis-(2,4,6-trinitrophenyl)-
1,3,4-oxadiazole (DPO)."" Therefore, one effective strategy for
constructing heat-resistant and insensitive explosives involves
the modification of N-rich heterocycles with trinitrophenyl.
This method has led to the development of highly acclaimed
explosive compounds such as bis(2,4,6-trinitrophenyl) ether
() and 4-amino-8-(2,4,6-trinitrophenyl)difurazano [3,4-b:3',4'-
elpyrazine (Iv).">'* These compounds serve as prominent
examples of the successful application of heterocycle deriva-
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Fig. 1 Selected examples of energetic materials containing nitramino
oxadiazoles (a) and trinitrophenyl (b) with their key properties.

tives in achieving the desired properties of heat resistance and
insensitivity (Fig. 1b).

Considering the benefits of oxadiazole and trinitrophenyl, a
strategy for combining the two to obtain energetic compounds
with excellent performance is proposed. Herein, 1,3,4-oxadia-
zoles with azo bridged trinitrophenyl substitution (2) and
1,3,4-oxadiazoles with trinitrophenyl modified nitramine sub-
stitution (3) were synthesized for the first time. The structures
of 2 and 3 were confirmed by single crystal X-ray diffraction.
The single crystal data of these compounds played a crucial
role in gaining a comprehensive understanding of their pro-
perties. Additionally, several analytical techniques, including
Hershfield surface analysis and non-covalent interaction ana-
lysis, were employed to thoroughly characterize the molecular-
level characteristics of these compounds. These meticulous
analyses provided valuable insights into the properties and
behaviours of compounds 2 and 3.

Results and discussion
Synthesis

All the novel compounds were synthesized starting from com-
pound 1 which was obtained by the literature method
(Fig. 2)."**""7 For the synthesis of compound 2, the azo group
was formed by oxidizing the amino group in compound 1
using potassium permanganate under acidic conditions.
Alternatively, compound 1 was nitrated with pure nitric acid at
low temperature, yielding nitrimine 3. The subsequent step
involved the bubbling of excess gaseous ammonia in methanol
to yield a precipitate of the ammonium salt 4. The silver salt 5
synthesized via metathetical reactions of silver salt 5 and
hydrazine hydrochloride or hydroxylammonium chloride in
methanol.

Structure analysis

The structures of compounds 2 and 3 were determined by
single crystal X-ray diffraction. Detailed crystallographic data,
measurement parameters, and refinement information can be

18468 | Dalton Trans., 2024, 53,18467-18472
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Fig. 2 Synthesis of 5-(2,4,6-trinitrophenyl)-1,3,4-oxadiazole 2-amine
derivatives.

found in the Electronic ESI.f Compound 2 crystallized by the
method of slow evaporation in 1,4-dioxane under yellow light
at room temperature. It crystallizes in triclinic space group P1
with two solvent molecules per unit cell, displaying a calcu-
lated density of 1.574 g em™ at 301.00 K (Fig. 3a). The di
(1,3,4-oxadiazol-2-yl)diazene is coplanar, but it is twisted out
of the plane formed by the 2,4,6-trinitrophenyl functionalities
with an angle of 94.0(3)°. The two picryl groups are aligned in
a parallel manner. Interestingly, two nitro groups attached to
C8 and C10 exhibit significant bending out of the benzene

Fig. 3 (a) Molecular structure of 2, cocrystallized solvent molecules
were removed for clarity; (b) ball & stick packing diagram of 2, cocrystal-
lized solvent molecules are removed for clarity; (c) molecular structure
of 3; (d) ball & stick packing diagram of 3 with intramolecular (green)
and intermolecular (orange) hydrogen bond interactions.

This journal is © The Royal Society of Chemistry 2024
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ring plane, with torsion angles measured as O4-N4-C10-C4 at
21.8(3)° and O3-N6-C8-C14 at 21.6(4)°. However, one nitro
group attached to the atom C12 shows a slight twisting (01—
N3-C12-C16 at 7.3(4)°). Due to the presence of azo bridges,
compound 2 features a Z-shaped structure with embedded
stacking structures (Fig. 3b), which makes it insensitive to
impact and friction. This structural setup allows for the
absorption of mechanical forces by converting them into inter-
molecular interaction energy. This process helps prevent exces-
sive molecular vibration, thereby reducing the risk of explosive
decomposition, hot spot formation, and eventual detonation.

Compound 3 adopts a monoclinic crystal structure in the
space group Pbca with a crystal density of 1.865 g cm™ at
100 K (Fig. 3c). It is noteworthy that each unit cell contains
8 molecules. The trinitrobenzene ring and the oxadiazole ring
display a twisted conformation, with a dihedral angle of 79.67°
as evidenced by the torsion angles of O1-C2-C3-C8 (—81.06
(15)°) and N2-C2-C3-C8 (101.41(17)°). There are both intra-
molecular and intermolecular hydrogen bonds were observed
in compound 3, with bond lengths of approximately 2.2 A and
2.1 A, respectively. The presence of these strong hydrogen
bonds significantly contributes to the enhancement of mole-
cular stability.

Performance

In order to investigate the potential application prospects of
the energetic compounds which have been synthesized, a
number of physicochemical properties have been determined
and are given in Table 1. The densities of compounds 1, 2, 3,
4, 6a and 6b were experimentally measured using a gas pycn-
ometer under a helium atmosphere at 25 °C. To ensure accu-
racy, three measurements were conducted for each compound,
and the average values are presented in Table 1. The densities
of all compounds range from 1.76 to 1.80 g cm™. In particu-
lar, the measured density of compound 2 without solvent is
1.79 g em™, surpassing that of HNS. Another crucial property
to consider when designing energetic materials is the heat of
formation (AH), which was calculated using Gaussian 16
program.’® Compounds 2 and 3 exhibit high positive AH;
values of 666.6 and 256.5 k] mol ™", respectively, surpassing the
value of HNS. The presence of azo bonds leads to a higher

View Article Online
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enthalpy of formation for compound 2 compared to 5,5"-bis
(2,4,6-trinitrophenyl)-2,2"-bi(1,3,4-oxadiazole) (TKX-55), but it
has a lower density than TKX-55. Utilizing the experimental
density and calculated AHy, the detonation velocity (V) and
detonation pressure (P) were evaluated using EXPLO-5 software
(version 6.01)."° The detonation velocity of 2 exceeds those of
HNS'" and TNT?°. Thermal stability evaluations of all com-
pounds were conducted using differential scanning calorime-
try under a nitrogen atmosphere with a heating rate of 5 °C
min~". The decomposed temperature of compound 2 demon-
strates similarity to that of HNS, indicating its potential suit-
ability as a heatresistant explosive. After oxidation of the
amino group in compound 1 to form 2, the heat of formation
of the compound greatly increases, and the density also
slightly increases, which leads to an increase in the energy
density of the compound.

The sensitivities of all compounds to impact and fraction
were assessed by a standard BAM drop hammer apparatus and
BAM friction tester. As indicated in Table 1, with the exception
of 3, all the other compounds demonstrate high insensitivity
to both impact and friction. However, compound 3 is much
more insensitive than the reported nitramines. Compound 2
demonstrates favourable impact sensitivity above 40 J and fric-
tion sensitivity exceeding 360 N, surpassing those of tra-
ditional heat-resistant explosive HNS. The impact sensitivity of
compound 2 also exceeds that of TKX-55 (IS = 5 ]).

In order to understand the correlation regarding these
innovative materials and their physical characteristics, a com-
parison was made between the Hershfield surface, two-dimen-
sional fingerprints, and the proportional contributions of
close contacts for compounds 2 and 3. This analysis is illus-
trated in Fig. 4.

The Hirshfeld surfaces and corresponding two-dimensional
(2D) fingerprints of 2 and 3 in their crystal structures were ana-
lysed to explore the connection between intermolecular inter-
actions and physical properties.>* The effects of the Hirshfeld
surfaces were processed by colour codes, with red spots repre-
senting regions of intense intermolecular interactions. Regular
2D fingerprints reveal the presence of diverse interactions orig-
inating from various sources. From the 2D fingerprints of com-
pounds 2 and 3, it was observed that there are limited highly

Table 1 Physicochemical properties of 1, 2, 3, 4, 6a, 6b, TKX-55, HNS and TNT

Compound Taec“ [°C] o’ [g em™] AH;° [k] mol™"] Vp4[m s P’ [GPa] 1s77] FS® [N]
1 231 1.76 155.0 7447 22.6 >40 >360
2 294 1.79 666.6 7763 25.3 >40 >360
3 144 1.79 222.6 8075 27.9 20 160
4 188 1.80 —-625.7 7193 20.1 >40 240
6a 145 1.78 —464.6 7366 21.5 >40 160
6b 151 1.78 —=557.1 7394 22.0 >40 160
TKX-55" 335 1.84 197.6 8030 27.3 5 >360
HNS%L 318 1.74 78.2 7612 26.3 5 240
TNT 295 1.65 —-67 6809 18.7 15 353

“Onset decomposition temperature from DSC (5 °C min~"). ? Density at 298 K. “Heat of detonation. ¢ Detonation velocity: EXPLO5_V6.01.
¢ Detonation pressure: EXPLO5_V6.01./IS: impact sensitivity. & FS: friction sensitivity. ” Ref. 11. ' Ref. 20.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Hirshfeld surfaces and 2D fingerprint plots in crystal stacking for
2 (aand b) and 3 (c and d).

unstable O-O interactions leading to high instability in the
compound. Additionally, a small amount of C-N interaction,
indicative of n-r interactions, contributes to lower mechanical
sensitivity. In the case of compound 3, the 2D fingerprint also
showed O-H interactions, suggesting a significant presence of
hydrogen bonds in the compound, which contributes to its
lower impact and friction.
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Fig. 5 (a) Shielding map of compound 2, (b) Shielding map of com-
pound 3 benzene plane, (c) Shielding map of compound 3 oxadiazole
plane.

18470 | Dalton Trans., 2024, 53,18467-18472

View Article Online
Dalton Transactions

O.N NO,
0. ’
IS <

NO, N-N
o NN NO,

ON NO,
TKX-55
| |
\\//
ON
NO; \ n o NO,

I N\ N

o)\N’ ~ )

N-N

ON ON
NO,

2

Fig. 6 Structural comparison between compound 2 and TKX-55.

Typically, the aromaticity of molecules is considered a criti-
cal determinant of their thermal stability.”> Consequently, the
molecular aromaticity of compounds 2 and 3 was investigated
by generating associated ICSSs using Multiwfn v4.5 software
(Fig. 5).>> The benzene and 1,3,4-oxadiazole rings in com-
pounds 2 and 3 exhibit significant strong aromaticity with
each ring being distinctly shielded. This characteristic contrib-
utes to the stability of compounds 2 and 3. The azo bond in
compound 2 serves as a bridge linking two oxadiazole rings,
creating a substantial conjugated system that boosts the com-
pound’s aromaticity. In contrast, the two oxadiazole rings in
TKX-55 are directly linked by C-C bonds, rendering compound
2 more resistant to impact than TKX-55 (Fig. 6).

Conclusions

To summarize, we have presented an effective method for
synthesizing azo compounds 2, nitrimine 3, and their high-
energy salts 4, 6a, and 6b derived from 5-(2,4,6-trinitrophenyl)-
1,3,4-oxadiazole 2-amine (1). Compound 2 demonstrates
remarkable thermal stability, characterized by a decompo-
sition temperature (T4) of 294 °C. Moreover, it exhibits extre-
mely low mechanical sensitivity, superior to the performance
of HNS, suggesting its potential use in heat-resistant explo-
sives. Compound 3 exhibits trinitrophenyl and profound
hydrogen bonding interactions both intramolecularly and
intermolecularly, resulting in stable structure and insensitivity
(IS = 20 J and FS = 160 N). Utilizing ICSS and Hirshfeld sur-
faces to investigate the factors leading to the lower sensitivity
of compounds 2 and 3 in comparison to similar compounds.
The presence of trinitrophenyl markedly enhances the heat re-
sistance and mechanical sensitivity of the compounds. These
discoveries pave the way for future synthesis of heat-resistant
and insensitive derivatives of 1,3,4-oxadiazole compounds.

Experimental section

Caution! In this work, some compounds are potential high-
energy materials and are prone to explode under certain exter-
nal stimuli. Certain compounds require preparation at high
temperatures. Therefore, the entire experimental process

This journal is © The Royal Society of Chemistry 2024
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should be conducted using appropriate safety equipment such
as safety hoods, goggles, and leather gloves. Mechanical
actions involving scraping, impacting, or scratching must be
avoided. Additionally, some hazardous compounds must be
synthesized on a small scale.

General methods

The reagents were purchased from Admas, Acros Organics and
Aldrich and used directly without any additional treatment. "H
NMR and "*C NMR spectra were recorded by Bruker AVANCE
300 and AVANCE III 500 MHz, operating at 300 (500) and
75 MHz, respectively. de-DMSO was used as a solvent and for
field locking. Chemical shifts are reported relative to (CHj),Si
in the "H and "C spectra. The decomposition (onset tempera-
ture) points were obtained using a differential scanning calori-
meter. The decomposition (onset temperature) points were
measured using a differential scanning calorimeter (TA
Instruments Co., model Q2000) at a heating rate of 5 °C
min~'. Elemental analyses of C/H/N were performed on a
Vario Micro cube Elementar Analyser.

Synthesis of (E)-1,2-bis(5-(2,4,6-trinitrophenyl)-1,3,4-oxadiazol-
2-yl)diazene (2)

5-(2,4,6-Trinitrophenyl)-1,3,4-oxadiazol-2-amine (1) (0.592 g,
2.0 mmol) was added to a mixture of concentrated hydro-
chloric acid (7 mL) and acetonitrile (6 mL). KMnO, (0.379 g,
2.4 mmol) was dissolved in water (15 mL) and added dropwise
to the reaction mixture. The reaction was carried out at room
temperature for 2 hours. The reaction mixture was treated with
30% hydrogen peroxide until the black disappears and turns
pale yellow. The precipitate was collected by filtration, washed
with water (10 mL), and dried under vacuum to give 0.371 g
(63.1%) of 2 as a pale yellow solid.

Ty (onset): 294 °C. 'H NMR (dg-DMSO): 6 = 9.39 (s, 4H)
ppm; *C NMR (de-DMSO): § = 168.7, 157.5, 150.2, 149.2,
125.2, 116.9 ppm; IR (KBr pellet): 3113, 3085, 2917, 2884,
1610, 1549, 1343, 1250, 1183, 1111, 1075, 1026, 979, 925, 739,
724 c¢cm™'; elemental analysis (%) caled for C;sH;N;,014
(588.0): C, 32.67; H, 0.69; N, 28.57; O, 38.07; found: C, 32.95;
H, 0.87; N, 27.43; O, 38.75.

Synthesis of N-(5-(2,4,6-trinitrophenyl)-1,3,4-oxadiazol-2-yl)
nitramide (3)

5-(2,4,6-Trinitrophenyl)-1,3,4-oxadiazol-2-amine (1) (0.592 g,
2.0 mmol) was added in small batches to 100% nitric acid
(2 mL) at =5 °C and maintained the same temperature for
5 hours. Then the reaction mixture was poured onto 10 g of
ice. Yellow solid was collected from the solution through fil-
tration, washed with water and dichloromethane and dried
under vacuum to leave a yellow solid (0.493 g, 72.3% yield).

T4 (onset): 144 °C. "H NMR (CD3CN): § = 9.30 (s, 2H) ppm;
BC NMR(CD;CN): 6§ = 163.4, 151.9, 151.3, 149.7, 126.4,
126.3 ppm; IR (KBr pellet): 3423, 3088, 2921, 1656, 1592, 1556,
1488, 1338, 1276, 1085, 1065, 979, 921, 826, 782, 748, 725,
690 cm™'; elemental analysis (%) caled for CgH3N,Oq (341.0):

This journal is © The Royal Society of Chemistry 2024
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C, 28.17; H, 0.89; N, 28.74; O, 42.21; found: C, 28.47; H, 1.04;
N, 27.98; O, 42.51.

Synthesis of ammonium nitro(5-(2,4,6-trinitrophenyl)-1,3,4-
oxadiazol-2-yl)amide (4)

NH; gas was slowly bubbled into a solution of compound 3
(0.682 g 2 mmol) in MeOH (6 mL), being stopped when
mixture pH = 7. The precipitate was filtered, and dried to
obtain yellow solid with a yield of 63% (0.451 g).

T4 (onset): 188 °C. "H NMR (dg-DMSO): 6 = 9.24 (s, 2H), 7.10
(s, 4H) ppm; *C NMR (de-DMSO): § = 167.3, 149.03, 148.99,
148.9, 123.9, 118.1 ppm; IR (KBr pellet): 3438, 3162, 3100,
1608, 1541, 1406, 1343, 1184, 1112, 1047, 916, 783, 759, 743,
724, 609 cm™'; elemental analysis (%) caled for CgHgNgO,
(358.0): C, 26.83; H, 1.69; N, 31.28; O, 42.20; found: C, 27.09;
H, 1.91; N, 30.55; O, 40.45.

Synthesis of silver nitro(5-(2,4,6-trinitrophenyl)-1,3,4-
oxadiazol-2-yl)amide (5)

Under stirring, the solution of AgNO; (0.169 g, 1 mmol) in
H,O (2 mL) was added dropwise to the solution of compound
4 (0.358 g, 1 mmol) in H,O. After two hours, the precipitate
was filtered, and dried to obtain yellow solid with a yield of
93% (0.417 g).

Ty (onset): 277 °C. "H NMR (dg-DMSO): § = 9.27 (s, 2H)
ppm; *C NMR (de-DMSO): 6§ = 168.7, 151.0, 150.9, 150.6,
125.9, 119.5 ppm; IR (KBr pellet): 3438, 3067, 2890, 1606.
1541, 1463, 1340, 1291, 1176, 1089, 988, 979, 784, 771, 760,
744, 724 cm™'; elemental analysis (%) caled for CgHgNgO4q
(446.9): C, 21.45; H, 0.45; N, 21.89; O, 32.14; found: C, 21.69;
H, 0.691; N, 20.69; O, 56.93.

General procedure for synthesis of salts 6

Monohydrochloride hydrazine (1 mmol), or hydroxylammo-
nium chloride (1 mmol) was added to a suspension of 5
(1 mmol) in methanol (20 mL). After stirring the mixture at
ambient temperature for 2 hours, the silver chloride was
removed by filtration and washed with a small amount of
methanol. The methanol was removed under vacuum to
obtain salts 6.

Hydrazinium nitro(5-(2,4,6-trinitrophenyl)-1,3,4-oxadiazol-2-yl)
amide (6a)

Yellow solid (0.3335 g, 90%); T4 (onset): 145 °C. "H NMR (dq-
DMSO): § = 9.27 (s, 2H) 7.21 (s, 5H) ppm; "*C NMR(d¢-DMSO):
5 =167.2, 149.0, 148.9, 124.1, 123.9, 118.1 ppm; IR (KBr pellet):
3433, 3221, 3092, 2967, 1607, 1581, 1545, 1408, 1345, 1312,
1191, 1063, 999, 924, 780, 735, 725 cm™"; elemental analysis
(%) caled for CgH,NoO, (373.0): C, 25.75; H, 1.89; N, 33.78; O,
38.58; found: C, 26.08; H, 2.23; N, 31.61; O, 40.08.

Hydroxylammonium nitro(5-(2,4,6-trinitrophenyl)-1,3,4-
oxadiazol-2-yl)Jamide (6b)

Yellow solid (0.322 g, 86%); T4 (onset): 151 °C. "H NMR (d¢-
DMSO): § = 10.12 (s, 4H) 9.25 (s, 2H) ppm; *C NMR(d,-
DMSO): 6 = 167.0, 149.2, 149.1, 149.0, 124.1, 118.1 ppm; IR
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(KBr pellet): & = 3449, 3223, 3092, 2735, 1607, 1545, 1408,
1345, 1192, 1064, 981, 924, 780, 735, 725 cm_l; elemental ana-
lysis (%) caled for CgHgNgO4o (374.2): C, 25.68; H, 1.62; N,
29.95; O, 42.76; found: C, 25.94; H, 1.93; N, 27.81; O, 44.32.

Data availability

All information concerning the synthesis and properties of the
newly synthesized materials is included in the manuscript or
the ESL.}
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