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Abstract

Energetic materials used extensively both for civil and military applications. There are continuous research programmes worldwide to
develop new materials with higher performance and enhanced insensitivity to thermal or shock insults than the existing ones in order to meet
the requirements of future military and space applications. This review concentrates on recent advances in syntheses, potential formulations
and space applications of potential compounds with respect to safety, performance and stability.
© 2004 Published by Elsevier B.V.
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1. Introduction were also subject to rapid change. Thus, in modern ord-
nance there are strong requirements for explosives having
Energetic materials (explosives, propellants and py- both good thermal stability, impact and shock insensitivity
rotechnics) are used extensively for Civil as well as Military and better performance. However, these requirements are
Applications. Today the variety and number of high energy somewhat mutually exclusive. The explosives having good
materials for various applications have become innumerablethermal stability and impact insensitivity usually exhibit
of which chemistry, synthesis, properties and other salient poorer explosive performance and vice versa. Therefore, the
features are available in the literature. In the past, commonforemost objective at the stage of synthesis of new explo-
explosives hexahydro-1,3,5-trinitro-1,3,5-triazine  (RDX), sives consists of finding the molecule having both a good
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) and energy capability and optimal safety (reduced vulnerability,
2,4.6-trinitrotoluene (TNT) were considered adequate for shock and impact insensitivity) to those in current use.
all weapon applications. Because of many catastrophic ex- This review concentrates on the principal themes that have
plosions resulting from unintentional initiation of munition been pursued over the last few decades to synthesize new
by either impact or shock, aboard ships, aircraft carriers, energetic compounds which exhibit high thermal stability,
and munition trains, these explosives have become lessinsensitivity and performance. The review is structured into
attractive. Of course, higher performance has always beenthree broad sections in order to achieve its aim and each
a prime requirement in the field of research and develop- section is sub-divided into more specific sections.
ment of explosives and the quest for the most powerful
high explosives still continues and this search seems to
be never ending. The demand from the user for increased, High performance (high VOD) explosives
performance with reduced or low vulnerability could not
be met with existing materials, and the need to control |t has always been an aim of explosives technologies to
costs ensured that the processes for producing compositiongichieve higher performance for warhead applications. The
“effectiveness” of an explosive is dependent on many things.
The energy of the decomposition reactions and the number
* Corresponding author. Fax:91-20-25869316/23817604. of moles and molecular weight of the gaseous products are
E-mail address:ak sikder@yahoo.com (A.K. Sikder). among the critical factorgl]. Density is also crucial. The
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more moles of an explosives that can be packed into the Both hepta- and octa-nitrocubane (HpNC and ONC) have
limited volume of a shell the better. Less obvious, but more decomposition temperatures well above 200 Samples
important is the velocity of propagation wave through an were not detonated by hammer taps. HpNC is currently
explosive i.e. rate of energy release which is proportional to easier to make than ONC, an impressively high density
the density squared. On the other hand, an increase in oxyger{2.028 g/cn? was measured for HpNC. It may prove to be
balance (OB) and heat of formation generally increases thea more powerful explosive and/or monopropellant since it is
sensitivity of an explosive as well as performance as the more dense, has a calculated heat of formation only about
specific impulse of a propellant is proportional to the square 6% less than ONC. It will also produce some lighter gaseous

root of its heat of formation. products as it is not perfectly oxygen balan¢g®].

In view of this, a brief review of organic energetic com- The most recently published calculated value for heat of
pounds typically have higher performance is mentioned in formation of solid ONC [(CNQ)g] is 594 kJ/mol, corre-
this section. sponding to 74 kJd/mol per (CN® mole. The highest cal-

culated AH; of solid hexanitrobenzene [(CNg], one of
the most energetic explosive knof?] is about 200 kJ/mol
corresponding to 33 kJ/mol per (CNomolecule, less than

Energetic materials of the strained ring and cage fam- half that of ONC[11]. The energy content of hexanitroben-
ilies may constitute a promising new class of explosives. zene is lowered by the stabilizing resonance energy of the
Recently, it was also predicted that caged structures and bi-aromatic systems. The energy content of octanitrocubane is
cyclic heterocycles would give the best combinations of sta- increased by the strain energy of its unique carbon skeleton.
bility, oxygen balance, high heat of formation and predicted ~ The X-ray crystal structures predicts a density of above
performance cage polycyclic hydrocarbons exhibit substan- 2.10 g/cni for the most stable polymorphs of ONE2]. The
tially increased densities (rigid highly compact structures) significantly greater predicted density and detonation pres-
over their acyclic analogues while the strain inherent in sure indicate performance improvement >20% over HMX
many systems results in |arge positive heats of formation. [13]. The most recent theoretical estimation of the detonation
Foremost in this regard is cubane, crystal density 1.29%/cm Velocity for ONC is 9900 m/§14]. The experimental value
Lawrence Livermore National Laboratory (LLNL) used for hexanitrobenzene is 9500 nil0], for HMX, 9100 m/s
molecular modeling and explosive performance prediction and for CL-20, 9200 m/§L5].
in which the target molecules were designed, then synthe- Less nitrated cubanes such as tetranitrocubane (TNC) has
sized Then their physical properties were measured. recently been proved to be an extraordinary material as in-

Cubane is a kinetically stable compound (decomposi- vestigated by Eaton et {lL6]. It is a crystalline solid with
tion only above 200C), but a thermodynamic power house high density (1.814 g/cf) and is kinetically quite stable,
(AHf ~620 kJ/mo|) Corresponds to a total strain energy of not meltlng until 270C. Detonation has been achieved pur-
694.5 kJ/mo[2]. Cubane has also been reported as a binder Posefully under controlled condition at US Army Armament
for propellants that are reported to have high specific impulse Research & Development Command (now ARDEC); the ex-
(Cubane/AP/Al and Cubane HAP/AJB]. While such hy- plosive energy release exceeded expectation, but the quan-
drocarbons represent high density fuidls Highly nitrated titative results are not yet available publically. Calculations
cubane is predicted to be a very dense, have high energy, andndicates that TNC may well prove to be a better monopro-
to be shock insensitive, with great potential for explosives Pellant than ONQ17].
and propellant$5]. Unfortunately, these molecules can not

2.1. Polycyclic cage and small-ring energetic molecules

generally be prepared directly, e.g. by nitration of the par- NO-
ent hydrocarbons, because the cage structures do not survivo,N H
the reaction conditions. Consequently, elaborate multi-step H NO,
reaction sequences are often requii@ld H NO, OuN
One of the principal target molecules, particularly of US o, H | NO,
researchers, is octanitrocubane (ONC). Recently, Zhang .
. Tetranitrocubane NO,
et al. [7] made successfully heptanitrocubane and the long (TNC) Tetra nitro adamantane(TNA)
sought ONC in 45-50% isolated yield over the last 18 years
of Synthesis efforts continued on the molecule. Another line of research in the field of cage Compounds
0N NO, OaN H concerned the synthesis of nitroadamantane compounds.
0,N NO, 0,N NO; At the start, the preparation of 1,3,5,7-tetranitroadmantane
04N NO, OZN@NO2 (TNA) was reported by SolloftL8]. However, despite much
0,N NO: O,N NO: optimism only a few adamantanes have been reported since
Octa(gi,tqrgc):ubane Heptg\_| ;i'tqrggubane that time and prove that these show no significant effect of

adding nitrogoups in the ring. TNA with its high melting
point of ca. 350C, is likely to be of value as a heat resistant
Energy Release ~ 3475 KJ. mol explosive. Similar to tetranitrodibenzo-1,3a,4,4a-tetraza-

Cg(NOy)g—™ 8CO2 +4N2
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pentalene (TACQOT), it is very insensitive to impgado]. nature without encountering combustion stability problems
lonic salts of the cage molecules, adamantly tetrakis (am-[26,27] Hence, CL-20 displays extraordinary attributes
monium nitrate), adamantine and cubyl poly (ammonium and has been described as the world’s most powerful
nitroformates) are high dense, energetic and water-soluble.non-nuclear explosive and is the greatest promise for major
They appear to be attractive in new hydroxyl ammonium technological advances in future weapon systems.
nitrate (HAN) based liquid gun propellant formulations and ~ Another interesting polycyclic cage compound in the
are currently being investigated for such applicatif2$§. isowurtzitane series viz. 4,10-dinitro-2,6,8,12-tetraoxa-4,10-
In 1987, a major scientific breakthrough came in the caged diazatetracyclo (5.5.0°¢.0%11) dodecane (TEX). It eme-
polycyclic compounds, when China Lake Researchers, rged out of continuing research in the design and produc-
Nielson and co-workers synthesized the energetic solid tion of explosives to provide compositions which are highly
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12 hexaazatetracycloenergetic when intentionally initiated but in which the risk
(5.5.0.8-°.0>Y) dodecane (hexanitrohexaazaisowurtzitane of unintentional detonation is minimized.
(HNIW) or commonly called CL-20). HNIW is the most The synthesis of TEX reported by Boyer and co-workers
celebrated product of many years of research at the Navalin 1990 [28] is a two step process in which diformylte-
Air Warfare Centre (NAWC) into the synthesis of novel trahydroxypiperazine (DFTHP) is formed by the reaction
nitramines and related energetic materi@s]. The com- of formamide and glyoxal. DFTHP is then nitrated by se-
pound has also been prepared in the Author's laboratory quential treatment with sulfuric acid and then nitric acid in
with high yield and high purity by the reported methi@@] presence of glyoxal to give TEX. Thiokol corporation has
and is depicted further. recently developed an improved two step synthetic route
The Thiokol Corporation, USA, has modified the original for the production of TEX which involves the use of read-
route discovered by Nielsen and scaled upto pilot plant scale,ily available low cost materials. This new synthesis has
and also currently at SNPE CL-20 is produced at the indus- resulted in sufficient quantity of material being available to
trial pilot scale (50-100 kg by batcf93]. Some of the prop-  allow some initial evaluation to be conducted.
erties of CL-20 are: density 2.04 g/énvOD 9380 m/s AHg
+410kJ/mol and DSC decomposition temperature 228

Itis reported to be compatible with nitramines, nitrate esters, Base HO M OH
azidopolymers, polyethylene glycol (PEG), hydroxytermi- FORMAMIDE  + GLYOXAL Catalysed

nated polybutadiene (HTPB), ammonium perchlorate (AP),
ammonium nitrate (AN) etc.

Coc. H2$O4/O oC/ 5 hrs
Dropwise addn. of HNQO 3/9C/ 1hr
AngC—NﬁEN—CHgAr Followed by addn. of ice
6ACHaNH2 + 3 7710 M o amoNY Vn—cmar TEx N0
CHO  CH N /> \ Yield :92%
ArH.C—N N—CH.Ar
IW The high density of TEX can be attributed due to its
three dimensional cage structuse<£ 1.99 g/cn?). TEX has
excellent thermal stability (mp >24Q), VOD, 8665 m/s,

Ac—N;QN—Ac NOBF4
Ac—N N—Ac
PhBr /> \ Soivent Detonation pressure 370 kbar and is compatible with com-

Cat. Ho

ArHC—N N—CHAr mon inert and energetic polymers systems. In castable and
pressed explosives, and plasticizers, fuels and oxidizers:
AC_NQN—AC NO.BE °2N_Nﬁ§N_N°2 TEX is much less sensitive to friction and impact stimuli
Ac—N <N Ao — OzN_N> {“_NC’? than RDX and HMX. It is planned to continue the develop-
/ \N NO OZN—N/ N—NO, ment of TEX in new high performance insensitive munition
CL-20 (IM) explosives by US Army.
Ar=CgHs, Ac=CH3CO Highly nitrated small-ring heterocycles and carbocycles

are interesting as energetic materials because of the in-

Because of its high chemical energy, propellants and creased performance expected from the additional energy
explosives, using CL-20 deliver superior performance (up release upon opening of the strained ring system during de-
to 14% more than HMX) over conventional high energy composition. The most widely studied energetic small-ring
propellants and explosivdg4,25] At the same time, pro- compound to date is 1,3,3-trinitroazetidine (TNAZ), a po-
pellant formulations containing CL-20 have the potential tentially melt-castable explosive that has been investigated
for remarkable stability, and resistance to external stimuli. as a possible replacement for TNT. TNAZ has a melting
It is likely to boost propulsion for strategic missile and point of 101°C, a crystal density of 1.84 g/chand thermal
space launches, and in special warheads for “Smart” or stability greater than 24QC. It has excess oxygen avail-
light weapons. It burns cleanly, making it more environ- able for the oxidation of fuel ingredients and has only half
ment friendly as well as reducing a missiles’ plume sig- the impact sensitivity of HMX, meaning that it can sus-
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tain twice the energy of impact as HMX without detonat-
ing. Unlike HMX, TNAZ is soluble in molten TNT, and

is compatible with aluminium, steel, brass and glass. Also

2.2. Mono and dinitroureas

An alternative approach to increasing the performance of

it is not hygroscopic and does not pose problems from a cyclic nitramines involves incorporating a carbonyl group in

processing view point. It provides up to 10% increased en-

ergy relative to RDX in the low vulnerability ammunition
(LOVA) XM-39 gun propellant formulations (RDX 1069 J/g,
HMX 1063 J/g and TNAZ 1160 J/gR9]. Its drawback at
this moment is high production cost and slight volatility
[25]. TNAZ was first synthesized by Archibald et §R0]
starting from tert-butylamine and epichlorohydrin. TNAZ

place of methylene group between two nitramines to gener-
ate a dinitrourea.

Several mono- and dinitroureas have been synthesized
as energetic materials and have attractive densities and
predicted performance. In general, both the mono- and dini-
trourea explosives have very high densities (>1.90 gjcm
which has been attributed to the inherently high density

has also been prepared in the author’s laboratory via a fiveof the urea framework. The dinitrourea explosives suffer

step synthetic route from an easily available raw material
epichlorohydrin with good yield and high product purity.
We followed the improved synthesis of Coburn et[aL],

from hydrolytic liability, restricting their use. However,
the mono-nitrourea compounds are fairly stable to hydrol-
ysis and are relatively insensitive to shock. The earliest

who made it more amenable to scale up and ultimately and best known examples of mono- and dinitroureas were

prepared 450 kg. The synthesis of TNAZ involves the con-
densation of tris (hydroxy methyl) nitromethane with ter-
tiary butylamine and formaldehyde to yield 3-tert-butyl-
5-hydroxymethyl-5-nitrotetrahydro-1,3-xoazine.

CH;NO,

0, CH,OH
NaOH _ | ©2 CH0H| . 1t BuNH,
CH,0 0
: OH OH B~
1 (81-82%)
l HCI
O,N. CH,OH 0N\ __CILOH 0, CH,OH
2@ - PP <CH;0H
l\/lLK DIAD NH OH HCL
N | /N\/O
N -HCl t-Bu .HCI t-Bu
3 (70%) 2 (70-72%)
0
NaOH || CH,0
O,N O,N_ NO, 0N, NO,
Na+ NaNO, NH,NO; gg
N K;3Fe(CN)g N Ac0 IT
| -HCl  Na;S;04 |
t-Bu t-Bu NO,
4 (80-82% ) 5(70% ) TNAZ

This was treated with methanolic HCI to yield 2-tert-
butylamino methyl-2-nitro-1,3-propane diol hydrochloride.
The cyclised azetidine ring was achieved with excellent re-
producibility by the effect of diisopropyl azodicarboxylate
(DIAD) — which subsequently treated with NaOH and ox-
idatively nitrated to yield 1-tert-butyl-3,3-dinitroazetidine
(BDNA). The nitrolysis of BDNA with NH{NO3z and AgO
yielded TNAZ in 57% overall yield. TNAZ is nhow manu-
factured on a pilot plant scale at Morton Thiokol, USA and
its cost continues to drop. Based on its properties, TNAZ is

1,3,4,6-tetranitroglycouril (TNGU) and 1,4-dinitroglycouril
(DNGU) synthesized by Boileau et dB2]. Both TNGU

and DNGU were found to have high crystal densities (2.04
and 1.98 g/crhy, respectively). A comparison of DNGU and
TNGU with respect to their stability and sensitivity, is in-
dicative of the general trend between mono- and dinitrourea
explosives. TNGU is unstable to water while DNGU de-
composes only slowly on treatment with boiling water.
DNGU has a significantly higher drop hammer value than
TNGU and better thermal stability. DNGU has been, in
fact, investigated as an insensitive energetic material that
was proposed to be an alternative to RDX and TN3].

O, N, o,
\
T -
o= I =0
> ON y
TNGU

DNGU

The DNGU based PBXs possess high explosion energy,
good physico-chemical stability and outstanding low vul-
nerability, comparable to TATB-based PBX34]. As the
method of preparation of DNGU is very simple and uses
inexpensive starting materials as compared to TATB, the
DNGU based plastic bonded explosives (PBXs) have a def-
inite edge over TATB based PBXs.

Mitchell et al. [35] synthesized a number of cyclic ni-
trourea explosives with some attractive densities and perfor-
mance. The most interesting is 2-oxo-1,3,5-trinitro-1,3,5-tri-
azacyclohexane (K-6) with a density of 1.932 gfcra DSC
exotherm at 205C and measured performance 4% greater
than HMX. K-6 was also synthesized in the Author’s labo-
ratory by reacting urea, formaldehyde and tert-butyl amine
to yield 5-tert-butyl-2-oxo0-1,3,5-hexahydrotriazine. Nitrol-
ysis of the tert-butyl group and further nitration gave K-6

attractive as an explosive or as a near term candidate comin 21-57% yield depending on the choice of the nitroly-

ponent for explosives/propellants with low sensitivity, good

stability and enhanced performance (high energy and den-

sity) over existing military formulations.

sis reagent. K-6 presumably because of the six-membered
ring structure, has superior hydrolytic stability to other
cyclic dinitroureas, including TNGU, K-55 and HK 55. Its
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properties are; mp. 19&, DHso, 61 cm and performance
is equivalent to that of HMX.

NO,
o

0N,
N—__N
CT =
NN
OsN

K-55

NO, NO,
' /
NN
(T
N
R
NO, H
HK-56

O2N NO
2 \ / 2
N N
<NIN °
4 \
O:N L

HK-55

/
\
NO,

Pagoria et al. also prepared K-56 in a shorter synthe-
sis route from 1,4-diformyl-2,3-dihydroxypiperazine which
undergoes condensation reaction with urea (in ag. HCI)
to yield 2,5,7,9-tetrahydro-2,5,7,9-tetrazabicyclo (4.3.0)
nonane-8-one dilydrochloride, followed by nitration with
fuming nitric acid and acetic anhydride. K-56 has a density
of 1.969 g/cm while HK-56 has a density of 1.84 g/ém

Another interesting compound of this class is 2,4,6,8-

5

properties of explosive nitro compounds. The initial results
supports that the SFgroup can provide explosives with
improved properties (increased density, greatly reduced
impact, sensitivity and good thermal stability) relatively to
very similar compounds that contain no sSgroup.They
also produce energy in the detonation due to formation of
H-F in the detonation. The average S—F bond energy is
79 kcal/mole[38] as compared to that of H-F 136 kcal/mol,
the predicted energy release, is much higher from &ifn-
pounds in metallised composition as the Al-F bond energy
is even higher at 158 kcal/mdB9]. Some examples of
very dense, thermally stable insensitive polynitroaliphatic
explosives containing SFgroup are given below.

SF5CHoCO,CHoC(NOo)F  SFsCFoCF,CF2SF5
d=1.86g/cc d=2.04g/cc

(SF5)2NCF,CH,SF5
d=2.13g/cc

Further, two nitrated derivatives, 1a and 1b of the resulting

tetranitro-2,4,6,8-tetra azabicyclo (3.3.1)-nonane-3,7-dione cyclic amine have been prepared and both compounds have

(TNPDU). This has been synthesized in the author’s
laboratory by a condensation reaction of tetramethoxy
propane with urea according to the Mannich reaction, fol-
lowed by the nitration with nitric acid—acetic anhydride
medium([36].

(0] (0]
NH, HN\N)J\N/NH OZN\N)KN/NOZ
~ o
o=C +CH,O + 55°C HNOg
S, OO0 1 BNz kN) TR kN)
| |
NH NO,
K-6
Con.HCI 02N _NO.
_NH;  CH(OCH,CHa)p 1————> N—CH—N
o=C i 50°C, 5-6 hr /] AN
N\, * CHp 0=C CH, ,C=O
T HNO3 (98%) N /
CH(OCH,CHg)y 2—— "y N—CH—N_
Ac0, 21-22C OZN/ NO,
TNPDU
NO.
CHo CHO 12 NO
CHoNH ! D onaci NN
2! |— — .|
] + (CHOY, __,. GHaN—CH—OH [ I Yo
CHgl;lH CHZI]\I—CH—OH 2)HNO3/Ac20 N N
CHO CHO 25°C | \
NO, NO,
K-56

TNPDU is a powerful explosive with high density
(1.93 g/cnd), and high detonation velocity (9034 m/s). The
compound is significantly more resistant to hydrolytic de-

H HNO3/ H,SOs )k HNO3/TFAA  O2N,
N 3 2
N ONH ———— NN\ N0, ——— > Y

densities greater than 2.00 g/&i0].

N—SFs N—SFs N—SFs

N—NO2

J/

la 1b

2.4. Furazans

Various synthesis routes were tested for synthesis of high
energetic compounds with the use of aminofurazan as the
basic precursor. Oxidation, nitration, diazotisation, conden-
sation and nucleophilic displacement reactions were utilized
in the investigation. As a result, number of prospective com-
pounds, potential components of explosives, rocket propel-
lants and pyrotechnics have been synthesized.

3,4-Diaminofurazan (DAF), first synthesized by Coburn
in 1968 [41] has been an important precursor to a series
of furazan-based energetic materials that are interesting as
both propellant and explosive ingredients. DAF may be
synthesized by the condensation of hydroxylamine with
a variety of reagents including dithiooxamide, cyanogens,
glyoxal and glyoxime to yield diaminoglyoxime followed
by cyclization to DAF by treatment with aqueous base at

struction than TNGU and has a higher oxygen balance (at180°C in a pressure vessel. Solodyuk et [@R2] reported

—9.5%) than cyclotetramethylene tetra-nitramine, HMX (at
—21%).

2.3. Polynitroaliphatic explosives containing the
pentafluorosulphanyl (Sff group

As a part of continuing search for energetic materials that
combine high performance with low vulnerability towards
accidental detonation Sitzmann et |7] investigated ex-
tensively the effect of the pentafluorosulfonyl group on the

the oxidation of DAF with HO> under various condi-
tions to yield 4,4-diamino-3;3azoxyfurazan (DAAF) or
4,4-diamino-3,3-azofurazan (DAAzF). Chavez et dH3]
scaled up the synthesis of DAAF and performed measure-
ment of explosive properties. DAAF has a crystal density
of 1.747g/cm, AH; = 106kcal/mol and Ky >320cm
(2.5kg Type 12). Novikova et af44] reported the syn-
thesis of 4,4dinitro-3,3-azoxy bis (furazan) (DNABF)
and 4,4-dinitro,3,3-azobis (furaza) (DNAzBF), all very
energetic but shock sensitive compounds.
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O
HoN NH; HoN N=N’ NH,
B! ASERAY
\o/ N\O/N N\O/
DAF DAAF

HaN, N=NW_(NH2
N\O/N N\O/N

DAAzF

0]

OoN N=N/ NO, ©O2N, N=N. NO,
N\O/N N\O/N N\O/N N\O/N

DNABF DNAzBF

A structurally related explosive 1,4-dinitrofurazano [3,4b]

piperazine has been prepared from the piperizene dione- ON NO, N
dioxime by dehydration to the furazan followed by nitration 1. NaNg / DMF o)
2.4/ AcOH /

cl OpN NG

[45].
H NO,

H NO,

H
— |
N._N—OH Ne N N _N
+ NaOH _(CHOH: N N o
N 150°C /O TFAA S/
| N—OH ’T‘ N ’Tl N
H

The predicted properties of 2b are density 2.00 dicm
VOD 9700 m/s, detonation pressure 450 kbar and specific
impulse 266 s (HMX 263 sj49].

2.5. Furoxans

A new area of interest and activity in the recent years is
the development of new explosive replacing the nitro group
by furoxan rings to achieve an increase in density, detonation
velocity, stability and insensitivity. The benzofuroxan have
been an extremely fruitful class of compounds in this con-
text. The highly electrophilic nature of some benzofuroxans
readily yields stable salts, a number of which show promise
as primary (initiators) explosivgs0,51]

By exploiting the concept, a few such explosives have
also been prepared in the authors laboratory by the following
scheme.

The compound has density, VOD, detonation pressure and

specific impulse similar to RDX. The insensitiveness of the
compound in combination with high Isp renders the com-
pound excellent propellant properties (Imp. Sens. 162cm,
12.5 kg wt).

Recently, Shermetev and Yudif#6] and then Tsel-
niskii et al. [47] reported the synthesis of 4H, 8H-bis
(furazano) [3,4:34] Pyrazine.(1a). Both syntheses used
4,5-dichlorofurazano [3,4b] pyrazine as the starting material.
Fischer et al[48] attempted the synthesis of the compound
earlier but removal of th&l-benzyl protecting groups from
dibenzyl derivative proved problematic. Tselinskii et al.
[47] found the dianion of 2a to be stable and reacted it with
a variety of electrophiles including picryl chloride, acetic
anhydride, methyl iodide and vinyl ketone. They synthe-

Cl NO,
NO, Cl o
NO,
NH3 / CHCly N\
— T 0]
r.t/1hr /
75 % O2N N\
NH;, o
ADNBF
NO.
cl 2
cl N3
1. HNO3/HpS04/85C
—_—
2. NaNg / DMF
cl ol 8 NO,
Cl
NO,
1. Nitration / 30°C
2. Cyclization HeN N
. O
3. NH3/ Toluene / 13 hr
OoN N<
NH, o
Cl-14

The promising explosive of this general class is

sized the dinitro derivative (2b) by reacting the dianion (2a) 7-amino-4.6-dinitrobenzofuroxan, ADNBE which is under

with Nitrogen oxides in CHCN. The dinitro derivative was

advanced development in the US. ADNBF has a crystal

quite reactive but was isolated by column chromatography density of 1.90g/cy mp 270°C and VOD of 7900 m/s

and the identity was confirmed by mass spectroscopy.

[52] whereas introduction of additional amino group in

DANBF increases density (1.91 g/émand makes it more

!
N
O
N 'T‘ N/
R

2a, R=H; 2b, R=NO2

powerful (VOD ~8050 m/s) than TATB (VOD~8000 m/s)
and, at the same time, it is insensiti{&E3]. A comparison
with TATB and ADNBF shows that DANBF lies between
these two explosives with respect to density and VOD. Sim-
ilarly, the introduction of triazine ring in addition to NH
group further increases density (2.02 gi¥nheat resistance
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(336°C) and promising level of insensitivity to friction
(36 kg) and DHg 170 cm (2.0 kg wt).

OO

NO,
HoN NH>
0N NO2
1. DMF/ 90°C /5 hr NH
2. HNO3 / OLEUM )\
3.NH3/50°C /13 hr NQN
N/kN/KNH No2
HaN NH,
NO, OoN
OoN
2 NH2 NH2 NOZ
PL-1

Makhov et al.[54] studied the explosion characteristic of
super high energy of 44linitro-3,3-diazenofuroxan (DDF)
of an empirical formula of ¢NgQg. It is connected with the
presence of two active oxygen atoms inside of a furoxan cy-
cle as well as with positive enthalpy of formatioA ¥; =
1596 kcal/mol). At any density DDF has highest detonation

2.6. 1,2,4-Tetrazines

Chavez and Hiskej55] have continued the research on
1,2,4,5-tetrazine based explosives and synthesized a num-
ber of derivatives which are interesting as propellants or
smoke-free pyrotechnic ingredients because of their low
carbon content and high heat of formation. Treatment of
1,2-dihydro-3,6-bis (3,5-dimethyl pyrazolyl)-1,2,4,5-tetra-
zine with hydrazine hydrate (2 eq. in acetonitrile) yielded
3,6-dihydrazino-1,2,4,5-tetrazinéA {; = +128 kcal/mol),
an energetic fuel with a density of 1.61 gRii56].

NHNH,

o -
1

N_ _N

Y ey
NHNH, NQN N=N N=N

3

This compound was converted to 3,6-dichloro-1,2,4,5-
tetrazine by treatment with €I(in CH3CN) which then
reacted with the sodium salt of 5-aminotetrazole to yield
3,6-bis (1H-1,2,3,4-tetrazol-5-yl-amino)-1,2,4,5-tetrazine, 3
(mp 264°C and a measuraH; = 211 kcal/mol).

High nitrogen system extensively studied is the 1,2,4,5-
tetrazine ring and also to some extent of oxadiazole. It has
been found that 327 kJ/mot of energy is gained in the

velocity that reaches 10 km/s (measured experimentally) attransformation of 4,4hydrazobis-(1,2,5-oxadiazol-3-amine),

the density of single crystal of 2.02 g/énvery high calcu-

4 to 4,4-azobis (1,2,5-oxadiazol-3-amine), 5. The latter

lated values are obtained for the heat of explosion hazardmaterial is a thermally stable, insensitive explogie].

with respect to detonation capacity, sensitivity to thermal and

mechanical actions. The high density value is connected with
both high molecular packing rearrangement and high pack- HxN

ing coefficient of this compound. There are ‘herring-bone’
motifs which are favourable from point of view of van der
Waals as well as electrostatic interaction.

The compound was obtained using the step-wise trans-

formation of functional groups in 4-amino-3-azido carbonyl
furoxan as given further.

T

HoN CONj

KMnog4,H,0O/ HCI

N N - >
\O/ \O acetone,18-20 C/ 2.5hrs
O O
Dioxan / water
NzOC & ﬁ -
\ﬁ——\\/ CON;  80°C/15min
/ N /
O O
Conc. HLO, / H,SO,
5 ﬁ NagW04, 3¢C /1.5 hr
,/ N / 00
/ \ /
DDF

HoN

WNH NHf )—VN Nf

4 AH; =209 KJ/ mole 5 AH;=536 KJ/ mole

Extrapolating from these data, 3&zobis (6-amino-1,2,
4,5-tetrazine), 6 would give an even higher heat of forma-
tion due to the intrinsically large heat of formation of the
1,2,4,5-tetrazine ring. Chavez et &.7] recently reported
the synthesis of 6 by treatment of readily available 3,6-bis
(3,5-dimethyl pyrazol-1-yl)-1,2,4,5-tetrazine with 0.5 eq. of
hydrazine to yield hydrazo compound which on oxidation
afforded azo compound. Treatment of azo compound with
ammonia in dimethyl sulfoxide (DMSO) followed by treat-
ment of the reaction mixture with 2-propanol, a red brown
precipitate was isolated with 44% yield. The pure material
is thermally stable to 252C and heat of formation is mea-
sured to bet-862 kJ/mol. Some sensitivity properties include
a drop weight impact value of 70 cm (HMX, 21 cm) despite
the fact that there are no oxygen atoms in the molecule.
The compound is insensitive to initiation by spark (>0.36 J)
or friction (BAM >36 kg) [58] and the measured density is
1.84 g/cni. The compound is now being evaluated for the
oxidation of NH group with oxygen transfer reagents to
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categorize as high performance (high VOD and high detona- The synthesis of NTO is straightforward. Semicarbazide
tion pressure) explosives. The calculated density of the cor- hydrochloride condenses directly with formic acid at 200
responding nitro compounds appears to be 2.263/end to give 1,2,4-triazol-5-one. Nitration of NTO occurs readily
that of detonation velocity and pressure are 10131 m/s andwith a range of nitration media and conditions, best yields

580 kbar, respectively. are obtained using those shown below.
The crystal density of NTO-1.93 g/cnd, and VOD and
CH; CH; detonation pressure are equal to those of RDX. At the same
) N N-N — time, it is far less sensitive than RDX and HMX. It is more
N{/ \>*N\ stable than TNT and RDX, but its sensitivity to ignition is
— N=N N— slightly higher than TNT.
CH; l 0.5 NH2NH2 CH;
/PrOH
NN NN - HaNCNHNH,NH,.HC N
\N{/ \}NH_NH {/ \>_N 2 ] 2NHo. + HCOOH HkN/]\O
= N=N SEMICARBAZIDE FORMIC ACID N
CHj l NBS HYDROCHLORIC ACID TRIAZOLONE
s N - ; - N\ Fuming HNO 3 N——N—H
_ N_</ \>_NH_NH4< _ >¥N\ 24hrs. 40°C )kN/K
Br N=N N=N o,N | ©O
CH{ NH; H
DMSO NTO
N—N N—N
HzN{/ \>7N: N{/ \>‘NH2 A comparison of PBXs based on TATB and NTO further
N=N N=N confirms the same sensitivity levels, while the VOD of the
TETRAZINE 6 NTO based PBX is slightly higher. The salient feature of
NTO as a raw material for PBX is that it may be obtained
in particle sizes much larger than TATB i.e. 300—%00 as
against 9-3@m for TATB, which implies that NTO is suit-
3. Insensitive high explosives based on heterocyclic able for processing by the casting technique also, whereas
nuclei TATB has to be processed by the coating and pressing tech-

niques[65].

The conventional NC-NG based propellants are more sen- The US AF compositon, AFX644 a low vulnerability GP
sitive than high explosive warheds, especially when they bomb filling, is one example of this class. Itis based on TNT
stored inside battle-tanks or other fighting vehicles. So in and NTO with a performance matching that of TNT. The
modern ordance there is strong requirement for explosivescomposition is based on poly-nitratomonomethyl-oxetane
having both good thermal stability impact and shock insensi- (NIMMO)/HMX/NTO/plasticizer, matched the performance
tivity and better explosive performance. The requirement is goal of equaling composition B, while passing the UN series
to reduce the hazards to personnel and material on acciden? Transport Test, ranking it as an extremely insensitive deto-
tal initiation of a weapon due to environmental stimuli such nating substance (EIDS). The composition was not optimal
as rough handling, fragment impact and thermal cook-off. but should prove a suitable candidate for further research
One of the foremost objectives at the stage of the synthesis[66].
of new explosives consist in finding the molecules having a  The synthesis and structural characterization of metal salts
good energy capability of optimal safety. of NTO i.e. K, Cu and Pb-NTO, reveal that they have special

The synthesis of nitrotriazoles as energetic materials andcharacteristics and may find applications in several fields
as intermediates to energetic materials has received a greaf67].

deal of attention in the past 10 ye4B®]. The most studied Lee et al.[68] reported the preparation of 3-amino-5-
nitrotriazole explosives, 3-nitro-1,2,4-triazole-5-one (NTO) nitro-1,2,4-triazole by an improved sequence where the dini-
was reported by Becuwe and Delcl§@0]. NTO is cur- trotriazole salt was reduced with hydrazine, giving an al-

rently being widely investigated in main charge warhead most quantitative conversion. The general interest in ANTA
fillings for insensitive munition. First openly reported as an is because of amino-nitroheterocyclic compound as insen-
explosive in 198561,62] it had obviously been discov- sitive energetic material. The substituent combination of
ered earlier by the French and developed into insensitive amino and nitro groups provides the inter and intramolec-
PBXs using NTO in conjunction with HMX63]. A useful ular hydrogen bonding that may stabilize the molecule and
summary of the structural aspects, chemical and explosivesincrease in density. The heterocyclic substrate is included to
properties and thermal behaviour, has been publi§ééHd add density compared to the corresponding carbocyclic ma-
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terials and in many cases contribute more to positive heatHMX, and has a positive heat of formation (78 kcal/mol).
of formation. These molecules offer unique features which are suitable
for both explosives and propellants applications.

OuN NO,
NO, N
H >:N e N—=( H
7/ Ne. N N M N
N—N A N N—N N—N
/ZL )\NH ‘ Y /[L )/‘*N:N‘ZL )\
0N N 2 NHy NN NH, N

DNAT

ANTA DANTNP
] ) ] Polyamino-polynitro-pyridine-1-oxide is one such com-
ANTA has as potential a more energetic alternative 10 5,nq among several classes of heterocyclic compounds
NTO, density (crystals) 1.82 g/&m_‘ positive heat of for-  \yhich have been investigated as potential new insensitive
mation (AHy) of 21.0kcal/mol and is thermally stable (Mp  explosives. These compounds take the inherent stability of
238°C). The detonation velocity of ANTA (8460 m/s) cal- e aromatic hetrocyclic ring system and combine it with
culated at a crystal density higher than that of TATB (per- e insensitivity and stability associated with alternating
formance 7% higher than TATB).. The sodium salt of ANTA  5mino and nitro groups, and supplement the performance
has been shown to be a versatile synthon to a range of exyjth an energy contribution from th-oxide functionality.
plosives[68]. The most studied compound in this class is pjissan and Wilsor{71] prepared 2,6-diamino-3,5-dinitro
4,6-bis (5—amino-3-nitro—1,2,4—triaz_o|y|)—5—nitropyrimidine pyridine-1-oxide, 7 by nitrating 2,6-diaminopyridine fol-
(DANTNP) reported by Laval and Vignarig9]. DANTNP lowed by its oxidiation. It has a density of 1.88 g&nmp
was synthes_lzed by reacting t'he sodium sglt of 5—arnmo-3- >340°C, oxygen balance-2.33% and its impact sensitiv-
nitro-1,2,4-triazole (ANTA) with commercially available i is petter than TNT. The predicted detonation velocity
4,6-dichloro-5-nitropyridine (in EtOH). DANTNP (Mp 4 pressure (7840m/s and 275kbar) do not match the
330°C) is an insensitive explosive with a density of performance desired and anticipated in the target com-
1.865 g/cmi and is slightly more powerful while its impact pounds, but they do match those of TATB. In addition,

insensitivity is of the order of that of TATE70]. the cost of 2,6-diamino pyridine is comparable with that

e NC o HoN of 1,3,5-trichlorobenzene from which TATB is prepared

2 \( >]/ 2 ozN):N 7:N indicating that manufacture of 2,6-diamino 3,5-dinitro-
N—N NaON. N N )—NOZ pyridine-1-oxide may be a viable commercial possibility.

[‘\l NH, 0O,

\
No N N _N__NO,
NYN he O2N NO,  O,N I I
. O s S
N—N ) ,
NH N
OZN/ZLN)/ > o N>/ HoN ’T‘e NH, H NO, é
2 0 7 2,4-DNI LLM - 105

5-Amino-3-nitro-1,2,4-triazole (ANTA) based energetic compounds . .
Simpson et al.[72] prepared another new shock in-

Lee et al. [68] synthesized 3,6-bis (5-amino-3-nitro- sensitive explosive 2,4-dinitroimidazole (2,4-DNI), mp
1,2,4-triazolyl)-1,2,4,5-tetrazine and 2,4,6-tris (5-amino-3- 264—-267C that has moderate performance expected to be
nitro-1,2,4-triazoyl)-1,3,5-triazine by reacting the sodium 60% greater than TNT and thus, can be a realistic alternative
salt of ANTA with 3,6-dichlorotetrazine and cyanuric chlo- to TNT for mass use bombs. Lawrence Livermore National
ride in refluxing CHCN. They have densities of 1.78 and Laboratory (LLNL) is working together with the Army
1.71 glcnd. Although all these ANTA derivatives are ther- at ARDEC and Los Alamos National Laboratory (LANL)
mally stable, insensitive energetic compounds they seem tofor optimizing the synthesis of this material and making
hold no advantages over the current industry standard TATB. it available at low cost. TNT is less expensive, HMX has

Another energetic triazole investigated has been the higher performance, PETN has hotter detonation products,
5,5-dinitro-3,3-azobis-(1,2,4-triazole) (DNAT) prepared and TATB is less sensitive than 2,4-DNI. However, 2,4-DNI
conveniently by the oxidation of K-salt of ANTA with potas- appears to beat them all in terms of a property compromise
sium permanganate. However, when ANTA was oxidized for real world applications.
with ammonium persulfate in agueous medium one of the  The evaluation of the utility of 2,4-DNI in the joint
reaction product obtained was the azoxy molecule (RNA LLNL-Air force Hard Structure Munition, high explosive
of ANTA. DNA2T is a dense molecule/(= 1.885 g/cn?) programme is under progreg&2].
with a calculated heat of formation is 100 kcal/mole and the  Another novel insensitive high explosive 2,6-diamino-
specific impulse was calculated to be 244.8 s—while DNAT 3,5-dinitropyrazine-1-oxide (LLM-105) reported recently
has a density 1.88g/cmburns without smoke and solid Pagoria and Trang3] from Lawrence Livermore National
residues, less sensitive to impact (69 cm, Type 12) thanLaboratory. The compound has performance and sensitivity
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between those of HMX and TATB. lIts calculated energy =~ On the other hand, TATB has excellent thermal stabil-
content is~85% that of HMX and 15% more than that of ity in the range 260-290C. TATB is an explosive with
TATB. It is thermally stable, has a mp. 348 (decom.), unusual insensitivity and heat resistance, and respectable
insensitive to shock, spark and friction, and has an impact performance, which places it first on the list of thermally
sensitivity level approaching to that of TATB. These com- stable and safe explosives. The structural features of TATB
bined properties makes it a realistic high performance high are (i) extremely long C-C bonds in the benzene ring (ii)
explosive material, attractive for application that require very short C—-N (amino) bands and (iii) six furcated hydro-
moderate performance and insensitiify]. gen bonds. In addition, there is a evidence of strong inter

and intramolecules hydrogen bonds in TATES8]. The

net result is that TATB lacks an observable mp and has
4. Thermally stable explosives a low solubility in all solvents except 40y [79]. TATB

is the current industry standard and is used extensively in

Warhead fillings of modern weapons are expected to Military applications and in nuclear weapons. However, it

function under various environmental conditions. The re- has received limited use in civilian applications because
quirements of an ideal high explosive composition for of the cost of the materials. Recently a synthesis of TATB
modern warheads are thus highly demanding,76] Im- from picramide orl,3,5-trinitrobenzene was reported in
proved thermal stability generally simplify production pro- three patents by Mitchell et a[80-82] at LLNL which
cedures, increases shelf life of munition and weapons, andmay significantly reduce the cost of TATB. The treatment
decrease their vulnerability to incidental initiation. They of picramide, with 4-amino-1,2,4-triazole (ATAB3] or
have benefited from the development of space programmeswith 1,1,1-trimethyl hydrazinium iodide (TMHI), as nu-
and down hole applications in oil-well exploration. Trans- cleophilic aminating agents, in DMSO in the presence of
portation of munitions by supersonic aircrafts etc. have excess NaOMe yielded TATB also in excellent yig¢&#].
resulted in the need for heat resistant or thermally stable TATB with polymers compositions such as TATB/KeLF800
explosive, that is explosives with improved high temper- and TATB/Viton-A appear to be attractive for long term use.
ature properties. Thus, research of thermostable high en-

ergetic density material (HEDM) has extensively attracted INHz NH,

world wide attention with the aim of producing explosive ©zN NO ?HS O:N NO;

composition which are safe, reliable and stable at high + CHy—NONHP _ CHioNa

temperatures. &, DMSO HyN NH,
In this area, nitro compounds have received special NO, NO,

attention because of their ability to withstand the high TATB

temperature and low pressure encountered in space en- (High Yield)

vironments. Structural analysis shows that there are four
general approaches to impact thermal stability of explosive
molecules (i) introduction of an amino groups (ii) con-
densation with a triazole ring (iii) salt formation and (iv)

Higher molecular weight aromatics readily built by cou-
pling of halobenzenes, exhibit increased thermal stability,
while amine substitution decreases sensitivity. Molecules
) . . . , containing these features were very actively pursued over
mtrodgcﬂop of conjugation. Some'of the pqtentlal e>§plo- the 1960s and 1970s, but have received much reduced at-
sives in this class that have received special attention t0tantion over the 1980s. One energetic material of this type

service applications are mentioned below. It is worth men- i\ 3 2 jiamino-2.24 4.6 6-hexanitrobipheny[85]
tioning that octahydro-1,3,5,9-tetranitro-1,3,5,7-tetrazocine ' e '

(HMX), with a melting point of 29FPC, is also con- OCHs
sidered as a heat resistant explosive in some countries
[75]. PNitration

cl i)W'man Reaction
4.1. Polynitrophenyls and stilbenes iii) Amination /Solvent

. . . . 3-CHLOROANISOLE
The introduction of an amino group into a benzene

ring having a nitro group is one of the simplest ap- HoN NO> O,N NH,
proaches to enhance the thermal stability of explosives.

This is evident from the study on mono-amino-2,4,6-trinitro O2N @ @ NO,
benzene (MATB), 1,3-diamino-2,4,6-trinitrobenzene and

1,3,5-triamino-2,4,6-trinitrobenzene (TATB), where the or- NO, OuN

der of thermal stability is MATB< DATB < TATB. DATB

is fairly stable with a mp of 286C and has been quali-
fied as heat resistant explosive and is of practical value in  The density is high at 1.82 g/chand the predicted per-
various space applicatiofig7]. formance is significantly better. In addition to the ability of

DIPAM
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the explosive to withstand high temperature (mp ca. ¥}
it is extremely insensitive to electrostatic discharge, requir-
ing more than 3200 J for initiation. DIPAM has been used

to achieve stage separation in space rockets and for seismit

experiments on the modB6].

The concept of enhancing thermal stability by introduc-
tion of amino groups between two phenyl rings is further
supported by Chinese workers C.X. Lu et[8[/]. And ther-
mal stability is further enhanced by salt formation which
may be illustrated by the following example.

cl NH,
O:N i
.
cl o
NO,

NO, OoN
mp. 232-237°C

Reflx in solvent : i : ji:(

NO, 02N

1. Condensation

2. HNOg / HpSO4

3.NH3

mp. 333-334°C

The best example of imparting higher thermal stabil-
ity through the introduction of conjungation in explosive
molecules is 2,24,4,6,6-hexanitrostilbene (HNS) (mp
316°C) synthesized by Ship[88] of American Naval Or-
dance Laboratory (NOL) in 1964. HNS is used increasingly
in a wide range of explosives applications. Plants for full
scale production exist in the UK and China based on the
method of Shipp. HNS is in use for achieving stage sepa-
ration in space rockets and for seismic experiments on the
moon[89].

NO:
)NaOCl/ CH;0H
ON o aOCl/ CH;0
i)Cu (NH3)SO, / THF
NO,

TNT
No,  ON

OgN@CH‘:CH@NO
NO,  OoN

German workers Redecker and Higgl0] prepared
polynitropolyphenylene (PNP) polymers by copper induced
self coupling of 1,3-dichloro-2,4,6-trinitrobenzene.

11
OH
OoN OoN
2 NO> ) Pyridine 2 NO,
HPOCH
OH iii)Cu powder
NO, /Nitrobenzene NO,
L —In
STYPHNIC ACID PNP
(n=11to 19)

The properties of the compound are deflagration tem-
perature 286-294C, explosion energy 3300J/g, density
1.8-2.2 g/crd, VOD 7300 m/s. PNP is exceptionally ther-
mally stable and is considered as high temperature resis-
tance binders together with inert binders and/or softeners.
Some pyrotechnic formulations which use PNP as a binder
have been reported recenfBA1].

Another potential heat resistant explosives is,2,24,4,
4”,6,66” nona nitro terphenyl (NONA), resulted by the con-
densation reaction of picryl chloride with 1,3-dichloro-2,4,
6-trinitrobenzene in presence of Cu-dust at 2C0The com-
pound has density of 1.78 g/énand exceptional heat sta-
bility, melting at 440-450C with decomposition, together
with a low volume of split off gases rendered it an interest-
ing material for booster explosion in space technolf8#}.

Cl Cl
OoN NG, OuN NO,
+
Cl
NO, NO,
STYPHNYL CHLORIDE
NOs
0
Cu Dust 2100C OzN NO,
B — e
NITROBENZENE @ NO,
REACTION N
ULLMAN OsN 02
O2N @
N
NONA ©:

4.2. Thermally stable explosives of heterocyclic ring

Heterocyclic compounds have received a great amount of
interest over the decades than their carboxylic analogues for
the best combination of thermal stability, oxygen balance,
heat of formation and predicted performance. The major
approaches made in the recent years in the field of high
temperature explosives in this class are reviewed further.

A special example was 3-picryl amino 1,2,4-triazole
(PATO), which was reported by Coburn and Jackson in 1968
[93,94] based on thermal stability and impact sensitivity.
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Its crystal density is 1.94 g/cincalculated VOD 7850 m/s,  amination of 2,4,6-tris (3,5-dichloro-2,4,6-trinitropheny!
detonation pressure 307 kbar, and impact sensitivity with amino)-1,3,5-triazine which, in turn, was prepared from con-
2.5kg weight is >320cm. It was considered as one of the densation of cyanuric chloride and 3,5-dichloroaniline fol-
potentially useful thermally stable (Thermolytic tempera- lowed by nitration with mixed acid. PL-1 has considerably
ture up to 310C) explosives. Recently, PATO has been low hydrogen and high nitrogen content, and has good heat
synthesized by a Chinese team with a modified route start-resistance with decomposition temperature I35DTA

ing from Tetryl with 3-amino, 1,2,4-triazole in methanol 10°C/min). The compound has a density of 2.02glem
under reflux in presence of sodium carbonate as catalystdetonation velocity, 7861 m/s and has the promising level
with high yield [95]. PATO is relatively inexpensive and is Of insensitiveness to friction (36kg) and impact (height
at the same time, as insensitive as TATB. It was initially for 50% explosion 170cm). The overall comprehensive
thought that it would replace TATB in future applications Properties of PL-1 are equivalent to that of TATB.

but its performance is inferior to TATED6].

NH, Cl
NO, .
J\ 1. DMF/ 90°C /5 hr
CHy HN—C—N N N 2. HNO3 / OLEUM
o) - ML
NO. AN 3.NH3/50°C/ 13 hr
2 '\\l cl Cl CI N" ¢
TETRYL H
NO,
NO, HoN NH;
_ NaeCOs N NH—C—N
CHSE)H N. CH OuN NO;
Reflux NO, N, NH

PATO /'\Lé\'\‘
NO2 N/kNH NO,

Another example of pyridine based heat resistant

explosive is 2,6-bis (picrylamine)-3,5-dinitropyridine HeN NH;
(PYX), prepared in high yields from relatively inexpensive No, ©2N

starting materials. The compound has the properties like OoN NH NH; NO,
crystal-density of 1.75g/ctn mp 460°C, VOD 7450 m/s, 2 PL-1

detonation pressure 242 k bar and impact sensitivity 63 cm.
PYX has been commercialized in America and Chemtron- Carboni and Castld99] synthesized a powerful ex-
ics Inc. is currently producing it under licence from Los |,qjes; tetranitrodibenzo-1,3a,4,4a-tetrazapentalene (TA-
Alamos for use in thermally stable perforations for oil and COT) with unusual and outstanding high temperature
gas wellg97]. Itis increasing being used as a substitute for g piliny TACOT possesses several isomers depending on
HNS and is gradually replacing HNS for most commercially o hosition of the nitro groups (ortho, meta or para) in each
thermally stable explosive applications. individual benzene ring. But these isomers have found to
0N have similar explosive and thermal properties. Therefore,
the product which is a mixture of three isomers is used as
@ + CI©N02 such in explosive compositions. Its ignition temperature
HN© N7 NH; o (ca. 494C) is the highest ever registered for explosives.
¢ However, its DTA curve shows that it is stable up to 364
NO, O O aftgr Which a slight gxothermic .reaction occurs, which
- builds into a very rapid deflagration exotherm at 361
— OzN_<: :?—HN N NH—%Z :>—N02 Its explosive power is equal to 96% and 80—85% to that of
N02 OzN

TNT and RDX respectively. It is highly insensitive to im-

pact and electrostatic charge, but can be easily initiated by
0N NO, lead azide primer containing as little as 0.02—0.03 g grain

NOzj@IOzN of lead azide. TACOT continues to function effectively ever

Nitration OzN@HN N N|.|4§<:>>,NO2 after long exposure to high temperature. TACOT is available
- in the form of high density charges, as a polymer bonded

NO, 0N . . . : X

oYX explosn{e (PBX) or core_lead.m explosive cords like mild
detonating fuze and flexible linear shaped charge (FLSC).

A triazine based insensitive compound 2,4,6-tris (3,5-dia- A comparison of properties between TACOT and PYX indi-
mino-2,4,6-trinitrophenylamino)-1,3,5-triazine (PL-1) was cates that both have thermal stability, the former is slightly
prepared in 50% vyield in the author's laboratd88] by impact insensitive, whereas the latter is slightly impact
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sensitive. Quality control of PYX during manufacture is
much easier than TACOT as it consists of several mixtures.

o @
NH, N; N?@

A

i)PbO ,,0 xida tion
i)NaN3 /HNO,

N N
N NITRATION N
-——
N A
+ \N T \N

(02N)2 (NO2),
TACOT

Two more insensitive energetic materials with struc-
tures similar to TACOT were synthesized by reacting
1,2,3-triazolo pyridine with 2-chloro-3-nitropyridine to
yield 1-(3-nitro-2-pyridyl)-1,2,3-triazolo pyridine which
was cyclized with triethyl phosphite to yield the dipyri-
dotetraazapentalene. Subsequently this was nitrated (with
HNO3/H2SOy) at 60°C to yield compounds. The com-
pounds have decomposition temperature point of 340 and
396°C respectively and both have a crystal density of
1.88g/cni. They are significantly more energetic than
TACOT while retaining excellent thermal stabilif00].

N02 N02
SN NS
|
F NO2 % N N02
O,N N O,N N

N=N_ \ Vi N=N_

@ N @ g

© NO, NO,

Pyridine- based TACOT analogues

5. Future options

The future of propulsion and ordnance technology holds
many possibilities. Chemical explosives and propellants are
likely to enjoy continued incremental improvements in den-
sity, energy and stability to the point where future materials
are safer and superior.

The future agenda of energetic materials research will al-
most certainly pose four challenges: (1) to development of
truly insensitive energetic oxidizer (2) an energetic fluorine
containing oxidizer (3) an insensitive high energy explosive
with a density >2 g/cfhand (4) high energy fuel technol-
ogy. The first three goals are being promoted world wide,
the fourth is largely a Russian endeavour which has so far
yielded an unprecedented morphology of Aluminium hy-
dride as a fuel for propellant applications.

The development of fluorine-laden oxidizers will enable
the use of boron-laden fuels. Even in the realm of explo-
sives, there is no reason why a formulation of appropriately
encapsulated fuel and oxidizer can not surpass conventional
nitro organics in both performance and economy.
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The development of CPX 413 has demonstrated the po-
tential in the binder system has proved to be successful.
The aim of designing a formulation to meet a specific per-
formance goal while being insensitive has been met. The
composition based on an energetic binder, in combination
with nitramine, insensitive high explosive and plasticizers,
matched the performance goal of equaling composition B,
while passing the UN series 7 transport tests, ranking it as
an extremely insensitive detonating substance (EIDS). The
composition was not optimal but should prove a suitable
candidate for further research.

Attempts to match Octol performance are under way and
early results are up to expectation. The combination of a
higher energy binder and the range of energetic fillers now
available should make it possible to go even further in de-
signing for function. Whatever impact future technologies
may have on the design of rocket motors and ordnance,
chemical propellants and explosives will always have a place

in the science of controlled kinetic energy release.
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