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ABSTRACT 

For the last few years scientists have been in continuous search to 
discover new high energy density materials(HEDMS) having better 
thermal stability, insensitivity, superior performance, also for econom 
ically and eco-friendly syntheses in order to meet the future demand of 
civil and military requirements [1,2]. Nitro compounds are a class of 

high energy density materials and are widely used as explosives [3,4). 
Heterocyclic nitrogen compounds such as 1,3,4,6-tetranitroglycouril 
(TNGU)5], hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) [6,7] and 
1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane (HMX) (8,9] are well 

known due to their high positive heat of formnations and excellent 

detonatlon properties. Fused heterocyclic compounds are also known 
due to their energetic performances [10-13]. Extensive studies have 
been going on the energetic nature of derivatives of nitrogen beterocy 
clic compounds such as pyridine [14), azete [151 and aziridene based 

compounds [16). Nitrogen rich heterocyclic compounds, such as, azole 
and tetrazine [17,18] based energetic materials are often used as ex 

plosives due to the reduced sensitivity and good thermal stabilities of the 

resulting compounds(19,20]. 

https://doi.org/10.1016/j.comptc.2021.113425 

In 1982, Kuczkowski isolated the ethylene ozonide (1,2,4-trioxolane) 
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A serles of novel energetic compounds were designed by introducing groups such as -NO2, and C(NO2)3 to the 
ethylene ozonide (trioxolane) and cyclopentene ozonide (6,7,8-triaxablcyclo(3,2,1Joctane) skeletons and their 

detonation properties and impact sensitivity were investigated using DFT -B3LYP method with aug-c-pVDZ as 
basis set. We could design compounds with densities >2g cm. Most of the compounds eshíbit high heat of 
formation and excellent detona tion properties, predominant over traditional energetic compounds. The impact 
sensitivities of many compounds satisfy criterlon of energetic compounds The compounds containing trini 
tromethyl (TNM) groups are found to have excellent detonation performance. Also, in trioxabicycio [3,2,1 Joctane 
derivatives, compounds coataining TNM group on one of the carbon atoms which was unsaturated in the parent 
cyclopentene were found to be more stable, addition of NO2 group on the other carbon enhances the properties as 

Chal or 
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and described the formation and mechanism[21]. Also, in 1983, Borseth 
et al. synthesized cyclopenterne ozonide (6,7,8-trioxabicyclo [3,2,1J oc 
tane) and successfully assigned its structure(221. In this paper we have 
designed and theoretically studied the detonation properties and impact 
sensitivity of a series of novel nitro group and/or trinitromethyl (TNM) 

substituted ozonide derivatives of simple unsaturated molecules such as 

ettylene and cyclopentene. Cyclic peroxides are strained heterocyclie 
compounds containing relatively weak O-0 bonds. Generally peroxide 
based expiosives are extremely sensitive to shock, heat, and friction and 

have no commercial or military applications [23,24]. Common peroxide 
based primary explosives like triacetone triperoxide (TATP) and diac 
etone diperoxide (DADP) are mainly used in improvised explosive de 
vices (IED). These compounds lack nitro groups, metallic elements and 
aromaticity compared to other common explosives. Some sterically 
hindered peroxides are however reported to be more stable (25-28]. 
Here we selected the stable czonides and a series of compounds were 

designed by systematic incorporation of potential groups such as nitro 

group and TNM group. This will belp the compounds to become 

energetic. 
Introduction of nitro group to a parent heterocyclic compound is a 

better way to increase the performance of high energy molecules. 
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In recent years, there had been a rapid development in the area of 
high energy density materials (HEDMS) from the efforts of both syn 
thetie and theoretical researches. With the rapid development of com 
puter technology, the theoretlcal study of HEDMs 0s of much useful for 
screening the candidates, not only for avolding tl the dangers in the ex 
plosion process but also from unwanted reactions [14). Although re 
searches in the field of HEDMs has grown to energetic salts and 
cocrystals, development of new covalent compounds as HEDMS, is stll a 
developing area (5,6). The newly designed HETDMs should possess high 
density, high detonation performance, including high detonation ve 
locity and pressure, good thermal and mechanical stability, and low 
sensitivity (7). However, it is difficult to design such a compound since 
these include contradieting properties (8,9]. Generally speaking, greater 
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The introduction of energetlc functional groups such as nitro, 
nitroso, nitramino, azide groups, ete., into heterocyclic compounds, is 
one of the best way to design new HEDMs (12,13]. Among these trini 
tromethyl (TNM) functional group, due to its high nitrogen and oxygen 
content, positive oxygen balance and high energy has attracted 
considerable attention|14-17). The TNM derivatives of three membered 

210-271X/ 2021 Elsevier B.V. All rights reserved. 
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ABSTRACT 

A serles of azete based igh energy density molecules, with trinitromethane functional group, were designed and 
theoretically investigated. The structure optimizatian, frequency calculations and bond dissociation energies of 
these compoundis were studied using the Gaussian 09 set of programs by the DFT· B3LYP functianal (aug-cr 
pVDZ).The calculated values of the heat of formation and detonation properties, of these sixty five designed 
molecules, showed that many of them have excellent detonation properties, with a very high detonation velocity 
and detonation pressure, >10 km/s and 48 GPa respectively. Most of them were proved to be promising can 
didates as HEDMs, having thermal stability and impact sensitivity, comparable to traditianal energetic mole 
cules, RDX and HMX. From these systematic studies carried out, seventeen molecules were screned out to be the 
best potential candidates. 

heterocyclie ring compounds are found to be highly energetic [18). 
Another tactic for the deslgn of HEDMS inciudes, utilizing ring or cage 
compounds, which can take advantage of the extra strain energy 
released during the ring opening when the decompositlon takes place 
(2,19). 

Research in the area of four-membered heterocyclic compounds as 
HEDMs has not been investigated that much. The most interesting one is 
1,3,3-trinitroazetidine (TNAZ), a possible replacement for TNT (20). 
The theoretical study of N4H, isomers by Lai-Cal Li showed that they 
possesses good detonation characteristics [21). Thus we have selected 

four-membered heterocyclic compound, namely, azete, as the parent 
skeleton and have substituted the hydrogen atoms with the energetic 
nitro groups and trinitromethyl (TNM) groups. Herein, we have 
designed sixty five such compounds, and a detailed theoretical study of 
the performance and sensitivity of the compounds were done (scheme 
1) 

2. Computational methods 

Recelved1 May 2021; Recefved in revised form 21 June 2021; Accepted 22 June 2021 

Density furnctional study has been proved to be the one of the best 
effective and economical tool for the study of energetic materials. First 
of all, we have performed the geometry optimisation of the designed 
molecules in the Gaussian 09 set of programs (22] by the DFT- B3LYP 

the explosive performance, greater the sensitivity of the material 
[10,11]. 
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ABS T RACT 

The design of new high h energy density materials (HEDM) with 
high detonation performance and insensitivity is often a chal 
lenging problem [1,2]. Traditional energetic materials such as 2,4,6 
trinitrotoluene(TNT), 1,3,5-trinitro-1,3,5-triazinane (RDX), and 
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) derive most of their 
energies from the oxidation of the carbon backbone [3-5], whereas 
nitrogen-rich energetic materials derive energy from their high 
positive heats of formation [6-9]. Polynitro-substituted cage 
compounds such as hexanitrohexaazaisowurtzitane (CL-20) and 
octanitrocubane (ONc) release energy upon detonation as a 
consequence of strain of the cage structure [10]. The design of novel 
molecules is based on the insights from the traditional materials 

https://doi.org/10.1016/ jmgm 2021.107863 
1093-3263/o 2021 Elsevier Inc. All rights reserved. 

We have caried out the design and theoretical investigation of a series of trinitromethane derivatives of 
three-membered heterocyclic ring compounds- aziridine, 1H-azirine, diaziridine, 1H-diazirine, triazir 
idine, 1 H-triazirene, oxaziridine, axadiaziridine, dioxaziridine, oxirane, and dioxirane -in search for new 
high energy density materials (HEDM). We have estimated the properties relevant to HEDMs of the 

proposed molecules using Density Functional Theory (83LYPJaug-cc-pVDZ). The results show that most 
of the molecules have a high value of solid-phase heat of forrnation, crystal density, detonation velocity 
and pressure with satistying values for impact sensitivities. We have identified some of these moiecules, 
1-(triinitromethyl)diaziridine, 2-(trinitromethyl)-1-nitro-1H-azirine, and (2-{trinitromethyl-3 
nitrooxirane) are potential candidates of energetic molecules among the 60 molecules we 
gated. As most of them are having a high positive oxygen balance, they can be 

Heterocyclic compounds are of considerable interest as HEDM 
due to their high density, high positive heat of formation (HOF), 
better oxygen balance, good thermal stability, and low sensitivity 
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ac.in (BA R), 
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[11-14). The strained ring compounds such as ethylene axide, 
oxadiaziridine, triazirine, and triaziridine exhibit high performance 

s they reiease a large amount of strain energy during ring opening 
[15-181. introduction of explosophoric groups such as 0-NO2. 
N-NOz C--NO2. -NHNO2. -N3, and -c(NO2h make the compound 

exhibit superior detonation performances (19-221 Among these 
groups, the trinitromethyl functionality possesses both the benefits 
of high nitrogen and oxygen content, thus found to be an important 
energetic group [23-26]. Tartakovskii et al. had reported the syn 

thesis of trans-1,2,3-tris(nitramino)cyclopropane (NACP) [18]. The 
detonation performance studies of a series of nitro-triaziridines 
showed that the oxygen balance must be considered for 
designing high-energy compounds [271. DFT study of a series of 
ethylene oxide derivatives showed that they have good thermal 
stabilities [15,281. Works on the energetic properties of oxadiazir 
idines showed that they are potential energetic ccandidates [17,291 

Theoretically examining the molecular structure and properties 
of a compound allows the selection of powerful and productive 
HEDM reducing expensive and risiky experiments (30--32]. Here we 
have designed 60 novel derivatives of three-membered ring com 
pounds aziridine, 1H-azirine, diaziridine, 1H-diazirine, triaziridine. 
1H-triazirene, oxaziridine, oxadiaziridine, dioxaziridine, oxirane, 
and dioxirane by introducing trinitromethyl (TNM) and nitro 

and by tuning for a high crystal density and chemical energy of 
detonation. 

oxidisers in solid propellants. 
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Abstract
The 5-nitro-2-furaldehyde diacetate (NFD) single crystals were grown by slow evaporation solution growth technique. By 
single crystal XRD analysis it was found that, NFD single crystal belongs to monoclinic crystal system. Powder XRD spec-
trum revealed the crystallinity of the sample. Fourier transform infrared red spectral analysis gave idea regarding the vibra-
tions of functional groups. The transparency of the crystal in the visible region is clearly depicted in the UV–Vis spectrum. 
Thermo gravimetric/differential scanning calorimetric analysis showed the thermal stability and Vicker’s microhardness test 
showed the mechanical stability of the crystal. From the scanning electron microscopic images, the crystal morphology was 
analysed. By Kurtz–Perry powder technique, the second harmonic generation efficiency of the NFD crystal is obtained as 
15 times greater than that of standard potassium dihydrogen phosphate (KDP) and the laser damage threshold value of the 
crystal is 4.2 GW/cm2, which implies that the sample has got better laser damage withstanding capacity. The studies revealed 
that, the title compound is a potential candidate for opto-electronic applications.

1  Introduction

Organic nonlinear optical materials with larger optical sus-
ceptibility, capability to withstand laser damage, ultrafast 
response etc., captured constant attention of the researchers 
because of their wide range of application in electro-optic 
modulation, optical switching, optical parametric oscilla-
tion, high speed information processing and optical data 
storage [1–4]. Scientists have been working in this area for 
the last few decades, in search of photonic materials with 
notable nonlinear response. In addition to this, wider trans-
parency range, higher laser damage threshold, lower absorp-
tion cutoff etc. are some other requirements for better NLO 
response. The presence of extended � bond system attached 
to the aromatic groups with strong donor and acceptor 

groups causes delocalization of electrons [5]. The modern 
world urges highly capable gadgets. The NLO materials with 
enhanced second harmonic generation (SHG) efficiency is 
an inevitable component of such devices. Hence the demand 
for the synthesis and growth of new potential NLO materials 
is increasing day by day.

It was reported that certain aromatic heterocyclic com-
pounds with delocalized π electrons are exhibiting good 
second order nonlinearity [5–8]. In the present work, sin-
gle crystals of an aromatic heterocyclic organic compound 
5-nitro-2-furaldehyde diacetate (NFD) were grown by con-
ventional method with ethanol as the solvent. For the better 
understanding of the structure and properties of the crystal 
single crystal XRD, powder XRD, UV–Vis, FTIR, thermal 
analysis, microhardness, SEM, laser damage threshold and 
SHG efficiency were studied and discussed.

2 � Materials and methods

2.1 � Crystal growth

The powder NFD (AR grade) was dissolved in ethanol to 
grow NFD single crystals and stirred continuously for 4 h 
at room temperature to ensure homogeneity of the solution. 
In order to remove impurities the solution was filtered using 
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Abstract:Non-steroidal anti-inflammatory drugs (NSAIDs) are used in the treatment of pain, inflammation, osteoarthritis and 

rheumatoid arthritis.2-[4-(2-methyl propyl)phenyl]propanoic acid belonging to NSAIDs. Prolonged use of NSAIDs tends to cause 

gastrointestinal complications. The use of prodrugs to temporarily mask the acidic group of NSAIDs has been postulated as an 

approach to decrease gastrointestinal toxicity of these drugs. The 1, 2, 4-triazole is used for designing potential bioactive agents. 

Derivatives of this structure was prepared by reacting 2-[4-(2-methyl propyl)phenyl]propanoic acid and thiocarbohydrazide. The 

synthesized triazole and the parent compound were then subjected to cytotoxic studies on HepG2 cell line and comparative 

studies were done. 

Keywords: 1,2,4-Triazole, Ibuprofen, NSAIDs, Prodrug, One-pot method. 

1. INTRODUCTION 

Non-steroidal anti-inflammatory drugs (NSAIDs) such as ibuprofen are widely used in the treatment of pain and inflammation, 

including osteoarthritis and rheumatoid arthritis [1–3]. Ibuprofen, (2-[4-(2-methyl propyl) phenyl] propanoic acid) is a versatile 

drug belonging to Non-steroidal anti-inflammatory drugs (NSAIDs) was developed during the 1950s and 1960s as a super aspirin 

for the treatment of rheumatoid arthritis, to relieve moderate pain, inflammation and fever. Prostaglandins (PGs) are well known 

to be the mediators of inflammation, pain and swelling. They are produced by the action of cyclooxygenase (COX) enzyme on 

arachidonic acid. Metabolites of the COX pathway are widely accepted as mediators of the inflammatory response. COX is 

known to be the principal target of non-steroidal anti-inflammatory drugs (NSAIDs). NSAIDs block the formation of PGs and 

have analgesic, antipyretic and anti-inflammatory activities [4]. In the early 1990s, it was discovered that the COX enzyme exists 

as two isoforms, one constitutive (COX-1) and the other inducible (COX-2). COX-1 is constitutively expressed and provides 

cytoprotection in the gastrointestinal (GI) tract while COX-2 is inducible and mediates inflammation [5–7]. The traditional NSAIDs 

show greater selectivity for COX-1 than COX-2 [8]. In fact, prolonged use of NSAIDs like ibuprofen has been associated with 

gastrointestinal complications ranging from stomach irritation to life-threatening GI ulceration bleeding and nephrotoxicity [9,10]. 

Therefore the development of new NSAIDs without these side effects has long been awaited. Selective COX-2 inhibitors with 

better safety profile have been marketed as a new generation of NSAIDs [11]. Thus there remains a compelling need for effective 

NSAIDs with an improved safety profile. Chronic use of NSAIDs, including ibuprofen, may elicit appreciable GI toxicity; [12] 

therefore, synthetic approaches based upon NSAIDs chemical modification have been undertaken with the aim of improving the 

NSAID safety profile. The GI damage from NSAIDs is generally attributed to two factors, local irritation by the carboxylic acid 

moiety, common to most NSAIDs (topical effect) and decreased tissue prostaglandin production, which undermines the 

physiological role of cytoprotective prostaglandins in maintaining the GI health and homeo-stasis.[13] It has been reported that the 

derivatization of the carboxyl function of representative NSAIDs, resulted in an increased anti-inflammatory activity with reduced 

ulcerogenic effect [14].  
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