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Abstract

The development of safer and more efficient synthetic approaches to insensitive high-
energy materials remains important because conventional synthesis may require hazardous
reagents and relatively long reaction times. In this study, we aimed to develop improved
methods for the synthesis of picrylamino derivatives and evaluate their applicability to
the preparation of high-energy materials. Microwave-assisted synthesis was applied to
previously known reactions and compared with conventional synthetic approaches. The
purity of the synthesized compounds was confirmed by LC-MS analysis, while their impact
sensitivity was qualitatively evaluated by bullet impact tests. In addition, the structure of
3-picrylamino-1H-1,2,4-triazole was analyzed to provide insight into its stability. The pro-
posed microwave-assisted approaches substantially reduced reaction times and enabled the
use of less hazardous reagents while providing products with good yields and high purity.
One of the investigated methods is particularly suitable for the synthesis of 3-picrylamino-
1H-1,24-triazole because of its slightly higher yield and reduced consumption of harmful
picryl chloride; moreover, substitutions in the benzene or triazole ring can be introduced
without additional synthetic steps, and the resulting compounds exhibit improved stability
and/or detonation performance. These results demonstrate that the proposed methods
provide a practical approach to the synthesis of insensitive high-energy materials. The
developed methodology may facilitate the preparation and further development of safer,
more stable, and high-performance energetic materials.

Keywords: 1,2,4-triazoles; nitrocompounds; picrylamino derivatives; high energy materials;
thermostable; synthesis; HPLC-MS analysis; properties

1. Introduction

The synthesis of high explosive materials remains an active area of research despite
the introduction of the first widely used commercial high explosive in 1867 [1]. In many
cases, research in this field is directed toward meeting the key requirements for modern
secondary explosives, such as low sensitivity to impact, high thermal and chemical stability,
and minimal environmental impact [2-6]. However, the success of scientific progress
depends on the effective state-of-the-art implementation and its accessibility to society
at large. In this context, production cost and practical application conditions are key
factors governing the commercialization of new explosives. Therefore, along with the
development of advanced explosives, the most effective methods for their production
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must be established, too. In this context, we investigate new synthetic procedures for the
preparation of N-(2,4,6-trinitrophenyl)-1H-1,2,4-triazol-3-amine to compare them from the
point of their practical utility. This study is motivated by the limitations of existing methods
for the preparation of 3-picrylamino-1,2,4-triazoles, which involve prolonged heating or a
range of starting substrates [7-9]. The novelty of this work lies in both the application of
microwave-assisted synthesis and the expansion of the range of starting reagents for the
preparation of picrylamino-1,2,4-triazoles and their derivatives.

The analysis of the main reaction products and possible impurities was established by
chromatographic (HPLC-MS) method and compared in terms of their effectiveness. Further-
more, investigation of the physicochemical properties of the obtained compounds enabled
the identification of the advantages of the proposed synthetic route for the production of
this type of high-energy explosive. This study is a continuation of our previously published
theoretical work, which demonstrates that the detonation velocity and detonation pressure
of most N-(2,4,6-trinitrophenyl)-1H-1,2,4-triazol-3-amine-based derivatives are superior to
those of the standard reference compound TNT, along with lower impact sensitivity and
higher thermal and chemical stability [10]. It is emphasized that the materials under study
are already known, and their investigation and characterization (including spectroscopic
and X-ray diffraction analyses) are presented in [10-15].

In summary, while aiming to identify the most efficient synthetic routes for advanced
explosives, we seek to qualitatively validate the theoretically predicted trends in stability
and their variation with substitution. Beyond the specific systems investigated, the obtained
results may be broadly extended to the design and optimization of synthetic strategies for
other materials.

2. Materials and Synthesis Methods
2.1. Materials

Solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA). All solvents
were dried before use according to standard procedures. Reagents were obtained from
Fluka Chemie GmbH (Buchs, Switzerland), Merck (Darmstadt, Germany), and TCI Eu-
rope (Zwijdrecht, Belgium) and used as received without further purification. 2,3,4,6-
Tetranitrophenylamine (2,3,4,6-tetranitroaniline) and 2,4,6-trinitroanisole were synthesized
according to a published procedures [16,17]. Reaction progress and product purity were rou-
tinely monitored by thin-layer chromatography (TLC) on silica gel plates (Merck 60 F254),
with UV light used for visualization. IR spectra were recorded as KBr pellets using a
PerkinElmer FT-IR Spectrum BX II spectrophotometer. NMR spectra were recorded on a
Bruker spectrometer (l H, 400 MHz; 13C, 100 MHz) in dg-dimethyl sulfoxide (DMSO-dy),
using the residual solvent signal as an internal standard.

HPLC-MS analyses of the reaction products were carried out using a high-performance
liquid chromatography system equipped with a photodiode array detector (SPD-M20A)
and a mass spectrometer (LCMS-2020, Shimadzu, Kyoto, Japan) with an ESI source. Chro-
matographic separation was performed on a YMC Pack Pro column (3 x 150 mm, YMC,
Kyoto, Japan) at 40 °C using a mobile phase consisting of 0.1% formic acid aqueous solution
(solvent A) and acetonitrile (solvent B). Mass spectrometric data were acquired in both
positive and negative ionization modes and analysed using LabSolutions LCMS software
(version 5.82 SP1).

Sample morphology was investigated using an FEI Helios NanoLab 650 scanning elec-
tron microscope (SEM). Secondary electron imaging (SEI) was performed at an accelerating
voltage of 2 kV and a beam current of 13 pA (magnifications 499 x and 10,000x) or 25 pA
(magnifications 2000 x and 5000 x).
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A microwave oven (“Clatronic” CTG MWG 709) was used for heating in microwave-
assisted reactions.

2.2. Synthesis Method for the Preparation of 3-Picrylamino-1H-1,2,4-triazole from Picryl Chloride
by Application of Microwave Activation (Method A)

Initially, 2.47 g (0.01 mol) of picryl chloride was added in small portions, with stirring
and cooling, to a solution of 1.68 g (0.02 mol) of 3-amino-1H-1,2,4-triazole(II) in 30 mL of
dry dimethylformamide (Scheme 1).

H
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Scheme 1. Preparation of 3-picrylamino-1H-1,2,4-triazole (III) from picryl chloride (I) using mi-

O,N

crowave activation to shorten reaction time. Yield: 89%. Here and throughout the manuscript, the
reported yields are averages obtained from at least three independent experiments.

After the required amount of picryl chloride had been added, the homogeneous
reaction mixture was transferred to a household microwave oven (power 350 W) and heated
at 100 °C under pulsed microwave irradiation for 30 min. Here and in other cases, the
regime modulation was followed: T on =10 s and T off = 30 s. Finally, the reaction mixture
was allowed to cool to room temperature and concentrated by using a vacuum evaporator
to a volume of 5 mL. It was then diluted with 10 mL of ethyl acetate and allowed to stand in
a freezer. The resulting yellow microcrystalline product was filtered off using a porous glass
filter, washed several times with cold 50% methanol, then with distilled water, and dried
overnight at 70 °C. The yield was 2.63 g (89%), m.p. 311-312 °C (dec.) (lit. m.p. 310-311 °C
(dec.) [7]). The obtained product, 1H-[1,2 4]triazol-3-yl-(2,4,6-trinitrophenyl)-amine (or a
shorter synonym: 3-picrylamino-1H-1,2,4-triazole), was found to be substantially pure and
contained no detectable impurities (HPLC-MS data are presented below). IR and NMR
spectra were consistent with literature values [18,19].

2.3. Synthetic Method for the Preparation of 3-Picrylamino-1H-1,2,4-triazole from 2,4,6-Trinitroanisole
(IV) by Application of Microwave Activation (Method B) in N-Methylpyrrolidone (NMP) Medium
(Method B)

A homogeneous mixture of 4.86 g (0.02 mol) of 2,4,6-trinitroanisole (IV), 1.75 g
(0.0208 mol) of 3-amino-1H-1,2,4-triazole(Il) and 30 mL N-methylpyrrolidone was irra-
diated under a pulsed regime at a power of 350 W for 20 min, while maintaining the
temperature at 90-100 °C (Scheme 2).

H
O-CH3 H N‘f)N
N-methylpyrrolidone (NMP
ozN N02 N—N - VPV- on ( ) HN Z
A /) Microwave |r|tad|at|on
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2

Scheme 2. Synthesis of 3-picrylamino-1H-1,2,4-triazole (III) by new method B (yield: 89.7%) new
method (B) starting from 2,4,6-trinitroanisole (IV) by microwave activation.

The resulting brownish-orange reaction mixture was concentrated by rotary evapora-
tion under reduced pressure to 10 mL and then diluted with 20 mL of ethyl acetate. The
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obtained solution was then allowed to stand in a freezer (at —18 °C) for 2 days, affording a
yellow microcrystalline product, which was collected by filtration through a porous glass
filter, washed several times with cold 50% methanol followed by distilled water, and dried
overnight at 70 °C. Yield: 5.30 g (89.7%); m.p. 310 °C (dec.) (lit. m.p. 310-311 °C (dec.) [7]).
The obtained product (3-picrylamino-1H-1,2,4-triazole) was sufficiently pure, containing
only a small trace (~0.5%) of residual starting material, 2,4,6-trinitroanisole, as detected by
HPLC-MS analysis.

Recrystallization of the product from 40% HNOj followed by gradual dilution with
distilled water afforded analytically pure 3-picrylamino-1H-1,2,4-triazole. 'H NMR (DMSO-
dg, 400 MHz): 6 13.52 (s, 2H, NH groups of benzene and triazole), 8.92 (s, 2H, Ar-H), 8.39 (s,
1H, triazole H).

The FEI Helios NanoLab 650 scanning electron microscope (SEM) was used to in-
vestigate sample morphology. Secondary electron imaging (SEI) was performed at an
acceleration voltage of 2 kV and a beam current of 13 pA for magnifications of 499 x and
10,000 %, or at a beam current of 25 pA for magnifications of 2000x and 5000 .

It should be noted that the final products obtained by both methods are identical,
despite the use of different starting materials.

3. Results

3.1. Purity and Properties of the 3-Picrylamino-1H-1,2,4-triazole Synthesized by the Suggested
Methods A and B

Microcrystals of 3-picrylamino-1H-1,2,4-triazole obtained after recrystallization ac-
cording to Method B are shown in Figure 1.

Figure 1. A sample of crystals of 3-picrylamino-1H-1,2,4-triazole after crystallization at 1x (left) and
50 % (right) magnifications using a digital microscope.

Particle size and crystal morphology are important properties for high-energy materi-
als when they are used for the preparation of their compositions and formulations. More
detailed investigation of the morphology of 3-picrylamino-1H-1,2,4-triazole microcrystals,
synthesized by method (B), obtained by using scanning electron microscopy at different
magnifications, is presented in Figure 2.

Electron microscope imaging revealed that the 3-picryl-1H-1,2,4-triazole microcrystals,
obtained from synthesis by method B are from 0.5 microns to 2.5 microns thick, whose
length can range from 10 to several thousand microns. However, most of them are me-
chanically broken into 50-200 micron fragments of needle form (see more details for crystal
morphology in Appendix A). The structure of the materials may hinder the attainment of
high density, which in turn could limit improvements in energetic properties.
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Figure 2. SEM images of 3-picrylamino-1H-1,2,4-triazole microcrystals obtained by scanning electron
microscopy. On the top with magnifications 499 x (on the left), 2000x (on the right), and on the
bottom 5005 (left) and 10,000 x (right).

An IR spectrum for 3-picrylamino-1H-1,2,4-triazole, obtained by method B, is shown
in Figure 3:
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Figure 3. IR spectrum of 3-picrylamino-1H-1,2,4-triazole, registered in a pressed KBr tablet.

In the presented IR spectrum, broad ~3252, ~3141 cem ! multiple bands are observed
in the 3250-3100 cm ™! region. These bands are attributed to N-H stretching vibrations of
the triazole ring and the secondary amine linking the heterocycle to the aromatic ring [18].
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The band broadening indicates intermolecular hydrogen bonding, characteristic of N-
H-containing systems. Hydrogen bonding can enhance intermolecular interactions and
partially compensate for inefficient packing associated with needle-like morphology. The
bands at 1276 and 1205 cm ! are assigned to C-N stretching vibrations associated with both
aromatic and heterocyclic moieties. The strong bands at ~1573 and 1515 cm~! (asymmetric
stretching) and ~1390 and 1312 cm~! (symmetric stretching) confirm the presence of non-
equivalent nitro groups. The band at 1618 cm ! is assigned to C=N stretching of the triazole
ring coupled with aromatic C=C vibrations, whereas the bands at 1276 and 1205 cm ! are
attributed to nitro-related C-N stretching modes. NO, bending vibrations are indicated
by the bands at 990 and 922 cm~!, while those at 870, 756, and 719 cm ™! correspond to
out-of-plane C-H bending vibrations. Importantly, no strong absorption band is observed
near 1700 cm ™!, confirming the absence of carbonyl-containing impurities and indicating
the high purity of the compound.

The purity of the compounds synthesized by method A was investigated by HPLC-MS
analysis (Figure 4):
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Figure 4. Data of HPLC-MS analysis of 3-picrylamino-1H-1,2,4-triazole: in negative mode
[M-H]~ =294; in positive mode: [M + (H* + CH3CN)]* =337 and [M + (H" + CH3CN),]* = 378.

The presence of a dominant, sharp, and intense peak in the chromatogram confirms a
high purity of the examined compound (Figure 4). The main absorption bands observed
at ~221 and 355 nm are characteristic of a trinitrophenyl (picryl) system and heterocyclic
conjugation within the triazole ring. Mass spectrometry analysis reveals a prominent peak
at m/z 293.95 corresponding to [M — H] ™., which confirms the expected molecular mass of
the compound under study. In positive ion mode, signals at m/z 337-338 are attributed to
clustering common for energetic/nitro compounds due to hydrogen bonding [19,20]. Hence,
both suggested methods can be used to synthesize pure 3-picrylamino-1H-1,2 4-triazole.

We emphasize that the proposed synthetic procedures are superior to previously
reported methods. First, the usage of microwave heating reduces the reaction time from
5 h to 20-30 min [21-23]. Second, the improved method results in better yields and
cleaner reaction products, which require a simpler purification step. Third, the start-
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ing reagent, 2,4,6-trinitroanisole, is less hazardous to human health than picryl chloride,
which is a strong sensitizer capable of causing prolonged skin sensitization and other
allergic reactions.

It is important to note that, the best solvent for this reaction can be selected from
the order of such aprotic polar solvents as hexametapol (hexamethylphosphoric triamide,
HMTP), NMP, dimethylacetamide (DMACc), and dimethylformamide (DMF). All solvents
must be anhydrous, i.e., carefully dried over 4 A molecular sieves. More stringently, the
abovementioned hexamethylphosphoramide may be avoided due to its potential health
hazards. DMF is widely used and relatively inexpensive; however, side reactions in this
medium, such as amino group formylation, may occur and necessitate more rigorous
product purification. Taking into consideration these facts, only DMAc and NMP can
be recommended for the more efficient synthesis of polynitrophenyl derivatives of 1,2,4-
triazole, providing increased yields and purer picrylamino-triazole products.

3.2. Preliminary Experimental Study to Confirm the Shock Insensitivity of 3-Picrylamino-1H-
1,2 4-triazole

As noted, this study continues our theoretical work on the design of advanced ex-
plosives that satisfy the required safety, performance, and stability criteria. In [10], the
high thermal and chemical stability of 3-picrylamino-1H-1,2,4-triazole was demonstrated
theoretically and experimentally. To qualitatively confirm high resistance to shock stimuli,
a preliminary bullet impact sensitivity test was performed. In the experiment, a 5 g sample
of 3-picrylamino-1H-1,2,4-triazole was prepared as a pressed powder layer and placed
between two 0.5 mm-thick steel plates. Three identical samples were prepared and tested
using a similar procedure. The assembled target was positioned on a massive concrete
block at a military testing range. A shot was fired from a distance of 50 m using a TIKKA
T3X Tactical rifle, with an estimated bullet velocity of 750 m/s. It was observed that samples
of 3-picrylamino-1H-1,2,4-triazole were insensitive to bullet impact under these conditions.
Under identical test conditions, a 5 g sample of TAGN (triaminoguanidine nitrate), used as
a control reference for sensitive charge, detonated upon bullet impact. A comparison of the
post-impact effects is presented in Figure 5.

Figure 5. Preliminary investigation of the reaction of 3-picrylamino-1H-1,2,4-triazole (on the left) to
7.62 mm bullet impact. Control sample of TAGN detonated after bullet impact in current conditions
(on the right).

As shown, 3-picrylamino-1H-1,2,4-triazole remained unharmed after being hit by a
bullet shot, which demonstrated a high insensitivity of this sample (Figure 5). Repeating
the procedure with the remaining samples yielded similar results. In contrast, a 5 g sample
of TAGN, a known sensitive energetic material, detonated under the same conditions on
the first attempt (Figure 5).
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In summary, the tested sample of 3-picrylamino-1H-1,2,4-triazole did not detonate
upon impact with a 7.62 mm bullet, indicating that the material is insensitive, which was
confirmed by this bullet impact test.

3.3. 3-Picrylamino-1H-1,2,4-triazole Deflagration Point Determination on a Heated Hot Steel Plate

It is well known that thermal explosions are one of the most serious hazards when ex-
plosives are stored in proximity [24,25]. To evaluate the safety limitations of 3-picrylamino-
1H-1,2,4-triazole under extreme conditions, we investigated its behaviour upon impact
on a preheated steel plate. Such tests are important because even short contact with a hot
metal surface can induce deflagration or detonation of an energetic material. In this test,
5 mg quantities of 3-picrylamino-1H-1,2,4-triazole were placed on a preheated steel plate
to observe their behaviour. The temperature of the metal surface was controlled using a
UNI-T ‘UT-302C" infrared thermometer (measurement range: —32 to 650 °C). The most
relevant results obtained from these at least three independent tests are summarized in
Table 1.

Table 1. The behaviour of 3-picrylamino-1H-1,2 4-triazole upon impact on a preheated steel plate.

Temperature, °C Qualitative Results
300 no changes within 30 s
320 melting and some sublimation
337 decomposition during 6 s with fuming smoke
350 quick decomposition with smoke during 5-6 s
355 spark orange flash after 4-5 s exposure
370 orange flash with fumes after 1 s exposure
395-400 bright flash immediately (0.1 s) with sound effect (deflagration).

Considering the data presented in Table 1, it may be concluded that 3-picrylamino-
1H-1,2,4-triazole undergoes immediate deflagration on a steel plate heated to 395400 °C,
whereas a slower process is observed at 353-355 °C. In any case, these temperatures are
significantly higher than those reported for Tetryl (185-190 °C) and TNT (290-295 °C) [26].
These results indicate that 3-picrylamino-1H-1,2,4-triazole possesses higher thermal stability
than TNT and Tetryl.

3.4. Reactions to Synthesize Ring-Substituted 3-Picrylamino-1H-1,2,4-triazole Derivatives

An important factor in the development of new materials is their modification to
improve specific properties. It has been observed that the nitroaromatic molecules with
amino groups are less sensitive to the unsubstituted starting materials [27-30]. The thermal
stability and reactivity are enhanced by the methyl group [31]. Explosives containing a
triazole ring are characterized by relatively high nitrogen content and density, good thermal
stability, low impact sensitivity, and high explosive performance [32,33]. In this context,
several modifications of the synthesis methodology of the 3-picrylamino-1H-1,2,4-triazole
derivatives, substituted in aromatic benzene or 1,2,4-triazole rings, were performed to find
the most effective procedure.

3.4.1. A Modified Synthetic Method for the Preparation of 2,4,6-Trinitro-N,N’-di(1H-1,2,4-
triazol-3-yl)-1,3-benzenediamine

Our theoretical investigation indicates that 2,4,6-trinitro-N,N’-di(1H-1,2,4-triazol-3-yl)-
1,3-benzenediamine exhibits higher stability than 3-picrylamino-1H-1,2 4-triazole, while
their detonation properties remain comparable. Accordingly, the more stable material
better meets safety requirements.

https://doi.org/10.3390/pr14172758
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Synthesis of modified 3-picrylamino-1H-1,2,4-triazole derivatives is depicted in

Scheme 3.
N—N
O-CH -
O.N :‘lo 2 N—n Dimethylacetamide /“\ /)
2 2 4+ /“\ ) Microvawe activation, HN N
O-CH H,N N~ heatinnggonr:lh:.Z()to 130°C O,N NO,
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NO, n N
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Scheme 3. A modified synthetic method for the preparation of 2,4,6-trinitro-N,N’-di(1H-1,2,4-triazol-
3-yl)-1,3-benzenediamine. Yield: 90%.

The novelty of the synthesis of 24,6-trinitro-N,N’-di(1H-1,2 4-triazol-3-yl)-1,3-
benzenediamine lies in the use of 1,3-dimethoxy-2,4,6-trinitrobenzene as the starting ma-
terial, employing a DMAc medium under microwave irradiation. Moreover, the general
synthetic approach was analogous to that used for the preparation of 3-picrylamino-1H-
1,2,4-triazole. The reaction yield was 90%, and the product was obtained as a yellow
amorphous solid. After recrystallization from N-methylpyrrolidone, 1,3-bis(1,2,4-triazol-3-
amino)-2,4,6-trinitrobenzene exhibited a melting point of 320-321 °C (with decomposition).
This is in good agreement with the reported literature value for the same compound synthe-
sized from styphnyl chloride (319-322 °C, dec.) [8]. It was also obtained that this compound
is practically insoluble in most common organic solvents.

3.4.2. Synthesis of 3-Amino-5-picrylamino-1H-1,2,4-triazole from Trinitroanisole

Based on our results, 3-amino-5-picrylamino-1H-1,2,4-triazole is identified as a more
stable and more powerful explosive than 3-picrylamino-1H-1,2,4-triazole. Comparison
of the performance of the above compounds revealed that amino substitution in the tria-
zole ring reduces the oxygen balance from —67% to —74%, while the detonation velocity
increases from 6.8 to 7.1 km s~ !, with the detonation pressure remaining essentially un-
changed. Therefore, this modified, more stable high-energy material could be considered
for practical use, provided that its synthesis does not require specialized effort. In this
context, we propose a new synthetic approach.

The novelty of the synthesis relies on the application of trinitroanisole under mi-
crowave activation conditions (Scheme 4).

H
O-CH I\
o :102 Dimethylformamide /H\ /)\NHZ

H
+ /’ﬂ\i)N\ Microvawe activation, HN N
i~ heating from 120 to 130°C
H,N N NH, 60 min. O,N NO,
NO,
NO,

Scheme 4. Synthesis of 3-amino-5-picrylamino-1H-1,2,4-triazole (from 2,4,6-trinitroanisole and 3,5-
diamino-1,2,4-triazole in DMF). Yield: 93%.

The expected reaction product, N3-(2,4,6-trinitrophenyl)-(1H-1,2,4-triazole-3,5-diamine),
was obtained as an orange amorphous solid in good yield (93%), with a melting point
of 260 °C (dec.), and was less soluble than compounds 3-picrylamino-1H-1,2,4-triazole
and 1-methoxy-2,4,6-trinitrobenzene . The yield of the reaction is still higher than that of
the previously mentioned 90% [8]. The reaction is partially complicated by the formation
of trace impurity, 3-formylamino-5-picrylamino-1H-1,2,4-triazole, which was detected on
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HPLC with a retention time of R.T. = 5.84 min during HPLC-MS analysis. The molecular ion
observed in negative mode was [M-H]™ = 337, with UV absorption maxima at Amax = 244
and 359 nm. It is important to note that, under the applied conditions, no side products
containing two picrylamino substituents on the triazole moiety were detected. A side-
compound possessing a bis-picryl structure, namely N3,1-bis(2,4,6-trinitrophenyl)-1H-1,2,4-
triazole-3,5-diamine, was previously identified by German researchers in their detailed
study [9]. In this respect, the proposed reaction may be considered more favorable in terms
of product purity.

3.4.3. Preparation of a New Energetic Compound, 3-Formylamino-5-picrylamino-1H-
1,2 4-triazole by Amine Formylation Reaction (Method C)
3-Formylamino-5-picrylamino-1H-1,2,4-triazole was formed accidentally via thermal
formylation of the amino group under the action of DMF. It has been observed that this
compound exhibits greater stability than 3-picrylamino-1H-1,2,4-triazole, while also demon-
strating improved detonation performance [10]. Preliminary theoretical results suggest that
this new energetic material may be resistant to shock stimuli, as indicated by its oxygen
balance equal to -81%, and possess a detonation pressure and velocity comparable to those
of TNT. Thus, this compound is of interest not only as a minor by-product (impurity) in
the preparation of 3-amino-5-picrylamino-1H-1,2 4-triazole, but also in its own right as a
potential new thermostable high-energy material.

Therefore, efforts were undertaken to rationally synthesize this compound for further
investigation. The synthesis was carried out starting from 3-amino-5-picrylamino-1H-1,2,4-
triazole via formylation with boiling 99% HCOOH, according to the reaction scheme shown
below in Scheme 5. To the best of our knowledge, this is the first successful synthesis of
3-formylamino-5-picrylamino-1H-1,2,4-triazole.

H
N H
\ _ \ /

P iy
Reflux at 99-101 °C, 4h
WJ, + HCOOH

Scheme 5. Preparation of a 3-formylamino-5-picrylamino-1H-1,2,4-triazole (yield: 95%) from the
3-triazolylamino-derivative by formylation reaction (method C).

3.4.4. Modified Preparative Reactions of Benzene Ring-Substituted 3-Picrylamino-1H-1,2,4-
triazole Analogs

The theoretical results obtained by us indicate that substitution of the benzene ring
with groups such as -CHj3 and -NH; leads to improvement of thermal stability, while
detonation performance maintaining adequate values. The chemical stability of these
modified compounds is lower than that of TNT but higher than that of Tetryl [10]. At the
same time, their detonation properties are comparable to those of Tetryl. It is noted that the
above results coincide well with those presented in [31-36]. In this context, these materials
may be considered potential thermostable candidates for replacing TNT or even Tetryl.

We adopted a new modified synthetic method for the preparation of 3-picrylamino-
1H-1,2 4-triazole derivatives, bearing methyl and amino functional groups in the benzene
ring, according to the reaction presented in Scheme 6.
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H
O-CH, N—N
H Dimethylacetamide A /)
O,N NO, , N—N , — HN™ N
| ) Microvawe activation,
= heating from 120 to 130°C
CH3 H,N N 60 min. 02N NO,
NO,
NO CH3
2
H
NO, N—N
H Dimethylacetamide A /)
OZN NO, + N—N " R HN N
| ) Microvawe activation,
H N/kN/ heating from 80 to 100°C O.N NO
NH, 2 30 min. 2 2
NO,
NO NH,
2

Scheme 6. Modified preparative reactions of benzene ring substituted 3-picrylamino-1H-1,2,4-triazole
analogs using nucleophilic substitutions of activated methoxy- and nitro- groups in benzene rings.
Yields of products: 87% and 90%, respectively.

Both reactions proceeded smoothly, affording clean picrylated products in good yields:
87% for the methyl-substituted 3-picrylamino-1H-1,2,4-triazole derivative and 90% for the
amino-substituted derivative. HPLC-MS analysis of the last reaction product obtained from
the starting tetranitroaniline, 3-amino-picrylamino-1H-1,2,4-triazole (2,4,6-trinitro-N-(1H-
1,2,4-triazol-3-yl)-1,3-benzenediamine) without any additional purification is shown in the
Supplemental Materials. The product peak of 3-amino-picrylamino-1H-1,2,4-triazole was
observed at R.T. = 5.56 min, with a molecular ion at [M — H]~ =309 (negative mode) and UV
Amax at 229, 304, and 403 nm (full HPLC-MS data are presented in Supplemental Materials).

4. Conclusions

To validate the theoretically predicted trends in stability and their variation with
substitution, we identified efficient synthetic routes for advanced explosives. The pro-
posed procedures are superior to previously reported methods, reducing reaction times
by a factor of 10-15 and providing higher yields and cleaner products. Moreover, the
proposed methods avoid the use of hazardous reagents such as picryl chloride. Product
purity was confirmed by HPLC-MS analysis and FI-IR spectroscopy. The insensitivity
of 3-picrylamino-1H-1,2,4-triazole was confirmed by a bullet impact test. Additionally,
the investigation of the behaviour of 3-picrylamino-1H-1,2,4-triazole upon impact on a
preheated steel plate revealed slow deflagration at 353-355 °C and immediate deflagra-
tion at 395400 °C. These data confirm the higher thermal stability of this compound
compared with TNT and Tetryl. We also present strategies for enhancing the stability
and detonation properties of this material. The study indicates that the synthetic route
for introducing substitutions into 3-picrylamino-1H-1,2,4-triazole does not require addi-
tional complex reactions, while the resulting products exhibit improved stability and/or
detonation performance.

Overall, the results demonstrate that targeted substitution combined with efficient
synthetic strategies provides a practical pathway to more stable and high-performing

energetic materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr14172758 /s1, Figure S1: LC-MS analysis of 4-picrylamino-
1,2 4-triazole. Figure S2: LC-MS analysis of (3-Amino-5-picrylamino-1H-1,2,4-triazole) Figure S3:
LC-MS analysis of the reaction product, 3-formylamino-5-picrylamino-1H-1,2 4-triazole. Figure S4:

https://doi.org/10.3390/pr14172758


https://www.mdpi.com/article/10.3390/pr14172758/s1
https://www.mdpi.com/article/10.3390/pr14172758/s1
https://doi.org/10.3390/pr14172758

Processes 2026, 14, 2758

12 of 14

LC-MS analysis of 3’-substituted- and 3’,5'-disubstituted picrylamino-1H-1,2,4-triazoles obtained
from the starting tetranitroaniline, 3-amino-picrylamino-1H-1,2,4-triazole (2,4,6-trinitro-N-(1H-1,2,4-
triazol-3-yl)-1,3-benzenediamine) (without any additional purification). Figure S5: HNMR spectra of
-Amino-picrylamino-1H-1,2,4-triazole (2,4,6-trinitro-N-(1H-1,2,4-triazol-3-yl)- 1,3-benzenediamine).
Molecular peak was observed as (M-H=309") ion.
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Abbreviations

The following abbreviations are used in this manuscript:

HPLC-MS  high-performance liquid chromatography-mass spectrometry

NMP N-methylpyrrolidone

HMTP hexamethylphosphoric triamide or hexametapol
DMF Dimethylformamide

Appendix A

Detailed morphology of microcrystals of 3-picrylamino-1H-1,2,4-triazole (synthesized
by application of method B), obtained by using SEM is shown in Figure A1:

—— S0 pm

Figure A1. Microcrystals of 3-picrylamino-1H-1,2,4-triazole. SEM image at magnification 1000x.
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