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Abstract: Four types of nitrogen-rich heterocycles substituted with —NO,,
—NHNO, and —C(NO,); explosophoric groups were explored as potential exp-
losives and propellants materials. The calculated crystal density (o) and the
condensed phase entalpy change (heat) of formation (A¢H) for each of the
twelve structures investigated shows that all these derivatives possess high p,
(1.834-1.980 g cm™) and A:H (6052130 kJ kg™) values. Interesting properties
such as detonation velocity (D), pressure (p) and specific impulse (/sp) were
calculated using the Kamlet—Jacobs method and ISPBKW thermochemical
code. Detonation velocity and pressure in excess of 8.44 km s and 32.87 GPa
was obtained in all cases. Furthermore, trinitromethyl substituted derivatives
show performance exceeding that of HMX with an estimated D and p in the
ranges of 9.32-9.72 km s and 40.61-43.82 GPa, respectively. Some -NO, and
—NHNO, substituted derivatives were shown to be impact-insensitive while
retaining good detonation performance and thus are regarded as potential
replacement for current RDX-based explosives. Finally, the calculated specific
impulse (/sp between 248 and 270 s) of all investigated derivatives indicate that
these energetic materials can be considered as possible ingredient in future
rocket propellant compositions.

Keywords: energetic materials; detonation performance; specific impulse; Gur-
ney velocity.

INTRODUCTION

The search for new energetic materials (explosives, propellants and pyro-
technics) is an ongoing task all over the world.'” Traditional explosive and pro-
pellant formulations relied on carbonaceous backbone (aliphatic and aromatic)
based molecules bearing explosophoric groups like nitro (-NO,), nitrate ester
(-ONO,) and nitramine (-NHNO,). However, in recent years, much attention has
been devoted toward the synthesis of high nitrogen content molecules.’ For
example, high heat of formation (Ag7) and crystal density ( o) has been obtained
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688 FREM

by the incorporation of nitrogen rich moiety (e.g., 1,2,4-triazole, tetrazole,
1,2,4,5-tetrazine, etc.).7 One interesting energetic material is TKX-50 which has
been recently synthesized by a research team in Germany.® TKX-50 displays
excellent detonation performance (D = 9.70 km s ', p = 42.40 GPa) which is the
direct result of TKX-50 high crystal density (py=1.88 g cm ) and positive heat
of formation (AgH = 447 kJ mol "). Furthermore, TKX-50 possess lower impact
sensitivity (20 J) compared to common nitramine based explosives (RDX, HMX
and CL-20) which are in the range of 4-7.5 J. Moreover, high-nitrogen molecules
are also expected to be promising propellant candidates. In 2010, Zhang et al.’
synthesized a series of 3,4,5-trinitropyrazole-based energetic salts and showed
using CHEETAH 5.0" thermochemical code that 4-amino-4H-1,2,4-triazolium
3,4,5-trinitropyrazolate possess very high specific impulse (/gp = 270 s) a value
in line with those found in high performance solid rocket propellant formulations.
It is a common practice, however, to perform theoretical studies in order to
screen out interesting energetic molecules and this before attempting any syn-
thesis. By this strategy, both time and cost can be reduced significantly and only
those structures that show good detonation/propellant performance should be
considered for synthesis and further characterization.

The goal of this study is to present a series of energetic molecules based on
high-nitrogen heterocycles for which the physicochemical, thermodynamic and
detonation/propellant properties were predicted. Four types of heterocycles (see
Fig. 1) were investigated, namely tetrasubstituted 12H-pyrimido[4',5":4,5][1,2,3]-
triazolo[2,1-a]benzotriazol-5-ium (series A), tetrasubstituted 5SH,10H-bis[1,2,4]-
triazolo[1,5-a:1',5'-d|pyrazine (series B), trisubstituted 5H-imidazo[1,2-b:3,4-
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Fig. 1. Structures of the proposed heterocycles as new energetic materials.

Available on line at www.shd.org.rs/JSCS/

(CC) 2016 SCS. All rights reserved.



NITROGEN-RICH HETEROCYCLES DERIVATIVES AS EXPLOSIVES AND PROPELLANTS 689

-b'bis[1,2,4]triazole (series C) and disubstituted 2-amino-2H-1,2,3-triazole,
1-oxide (series D).
METHODS OF CALCULATION

Crystal density (py) and heat of formation (ArH)

Crystal density is of paramount importance in designing energetic materials. It can be
shown experimentally'' that for most powerful high explosive detonation velocity (D) is a
linear function of p, while p varies with p2. In the present study, the simple but reliable
group additivity method of Ye and Shreeve'” was used for the prediction of the crystal density.
For 261 explosives containing the elements C-H-N-O-F-S, this approach gives a mean abso-
lute deviation of 0.026 g cm™ and a mean relative absolute error of 1.5 %. As for AcH , Kesh-
avarz"” devised correlations, Egs. (1) and (2), based on stoichiometry for the calculation of
condensed heat of formation for C-H-N-O containing energetic materials:

A¢H = AHQ. +105.0AH . —106.6AHY (1)
AHY. =32.33a~39.49b +92.41c - 63.85d @)

where A¢H is in kJ mol’, AH{ and AH§ are increasing and decreasing energy correct-
ive terms, respectively, while AH{.is the predicted energy content on the basis of elemental
composition, and a, b, ¢ and d are the number of carbon, hydrogen, nitrogen and oxygen atom,
respectively. Equation (1) can be used to predict the heat of formation of a large set of ener-
getic molecules including but not limited to polynitro arenes and polynitro heteroarenes.

Detonation velocity (D) and pressure (p)

When an explosive detonates a propagating detonation wave is established inside the
charge which travel at a constant velocity (D) determined by a number of factors: crystal
density of the explosive, charge diameter, quantity and rate at which the chemical energy is
liberated.'* Another important performance parameter is the detonation pressure (p) which
represents the brisance or the shattering power of an explosive material."” The well-known
Kamlet—Jacobs method'® was used for the prediction of D and p:

D=1.01¢"5(1+1.30p,) 3)
p=1558p3¢ @)
¢=NMQ (5)

where D is in km s ' and p in GPa, while N and M are the number and molecular weight of
gaseous detonation products, respectively, and Q is the heat of detonation in J g .

Impact sensitivities

In order to be useful in real world applications, an energetic material should possess cer-
tain degree of insensitivity toward external stimuli such as electric spark, friction and shock
impact. An inexpensive test called the drop weight impact test is performed routinely to mea-
sure explosives sensitivity. A 2.5 kg weight is released vertically from a predetermined height
onto a sample sandwiched between a striker and an anvil. The value generally reported is a
mean height for 50 % probability of causing an initiation (4sy) or “go”. The values of (/sq)
for all proposed structures shown in Fig. 1 are estimated here following Eqs. (6) and (7):"
O+44.4167n_cne- +102.2749n_cnne-—

MW (6)

log sy =
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0 =46.2923a +35.6305b —7.7005¢ + 7.9425d @)

where /5 is in cm; a, b, ¢ and d are the number of C-H-N-O in a given composition, 7_cnc—
and n_cyne- are the number of —CNC-—and —CNNC-—moieties, MW is the molecular
weight in g mol ™.

Specific impulse (I1gp)

Under right conditions, high explosives can be made to burn (or deflagrate) rather than
detonate. The gases generated, produce thrust, the force that propel gun projectiles and mis-
siles. The specific impulse (/gp) is used to characterize the energy efficiency of propellant
combustion.'® It has the unit of seconds. The ISPBKW code" is used for the calculation of
Isp . For a given propellant, the equilibrium composition product is obtained at 6.895 MPa
chamber pressure (p.) then the combustion gases are permitted to expand isentropically
through the rocket motor nozzle to 0.101 MPa ambient pressure (p,) . As inputs, ISPBKW
needs the chemical composition of the propellant and the heat of formation obtained at 0 K.

RESULTS AND DISCUSSION
The results of calculations for the twelve structures of interest (series A, B, C
and D) are shown in Table 1.

TABLE I. Calculated physiochemical and detonation performance for series A, B, C and D

Cmpd Po AcH  AfH! 0B D P Isp* hso
' gem®  kImol'  klkg' % km s GPa s cm
Al 1.950 716 1826 -32.6 8.44 33.12 256 21
A2 1.906 941 2081 =354 8.50 33.17 248 25
A3 1.980 788 975 0 9.32 40.68 260 9
Bl 1.881 560 1637 -23.4 8.67 34.24 265 69
B2 1.845 613 1524 -27.8 8.55 32.88 255 69
B3 1.949 459 605 6.3 9.39 40.93 255 14
C1 1.888 603 2130 -25.4 8.65 34.13 265 80
C2 1.854 634 1932 -29.3 8.53 32.87 255 79
C3 1.949 540 907 4.0 9.35 40.61 258 17
DI 1.863 220 1157 0 9.17 38.08 267 7
D2 1.834 262 1190 -73 9.00 36.37 270 9
D3 1.942 295 741 16.1 9.72 43.82 250 5
RDX" 1.800 62 279 -21.6 8.75 34.70 266° 24¢
HMX" 1.900 74 250 -21.6 9.10 39.30 266° 26°
PETN" 1.770 —508 —1607 —10.1 8.30 33.50 265 12¢

A1l values were calculated using the ISPBK code'”, otherwise stated; *experimental detonation velocity (D)

and pressure (p) of RDX, HMX and PETN were obtained from Mader;'® ‘the values were obtained from Kuo

and Acharya;* “impact sensitivities are obtained from Storm?'

Tetrasubstituted 12H-pyrimido[4',5":4,5][1,2,3]triazolo[2, 1-a]benzotriazol-5-ium
(series A)

The tetraazapentalene ring system represents an interesting building block
for insensitive, thermally stable explosive. One such example is the well-known
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TACOT molecule which possesses decomposition temperature of 410°C one of
the highest value recorded for an explosive material.”*

Series A depicted in Fig. 1 exploit the tetraazapentalene system in con-
junction with two substituted pyrimidine rings which result in structure having
both high nitrogen content (N, 35-50 %) and p, values (1.906-1.980 g cm).
The highest and lowest density was obtained with structure bearing trinitromethyl
—C(NO»); and nitramino —-NHNO, groups, respectively. It is clear that structure
A3 possess the lowest AgH (975 kJ kg ') in its series, however, A3 with a zero
oxygen balance (OB) and apy= 1.980 g cm” has the highest calculated
detonation performance (D = 9.32 km s ', p = 40.68 GPa) and also the highest
specific impulse (Igp= 260 s). The impact sensitivity of A3 (h5= 9 cm) is
higher than that of RDX ( 455 = 24 cm) and HMX (/53 = 26 cm) but is still close
to that of PETN*' (h50= 12 cm) keeping in mind that detonation performance of
A3 greatly outperform that of PETN" ( po= 177 ¢g cm”, D = 830 km s,
p =33.50 GPa).

On the other hand, A1 and A2 possess detonation performance and impact
sensitivity similar to RDX; however, Al and A2 are denser ( py=1.95 and 1.906
g cm™ for Al and A2, respectively, vs 1.80 g cm™ for RDX) and, as a conse-
quence, Al and A2 can be advantageous in size limiting warheads.

It is worth noting that p, and AgH for structure Al have been investigated
in an old study using quantum chemical method® which gives a Po=1940¢g cm”>
and a A¢H = 719 kJ mol " in close agreement with the result shown in Table 1.
Furthermore a comparison between the obtained p, and detonation performance
for A1 (1.950 g cm™, 8.44 km s and 33.12 GPa) to that of TACOT** (1.820 g
cm >, 7.06 km s~ and 20.30 GPa) obviously shows that the presence of a pyri-
midine is advantageous over a phenyl ring for obtaining powerful tetraazapenta-
lene based energetic materials.

Tetrasubstituted SH, 10H-bis[1,2,4]-triazolo-[1,5-a:1'5"-d]pyrazine (series B) and
trisubstituted SH-imidazo[1,2-b.3,4-b']bis[1,2,4]triazole derivatives (series C)

Unlike the tetraazapentalene nucleus none of the heterocycles of series B and
C had been used or investigated as precursors for energetic material preparation.
To the best knowledge of the author, SH-imidazo[1,2-b:3,4-b']bis[1,2,4]triazole
heterocycle is unknown while non-energetic 5H,10H-bis[1,2,4]triazolo[1,5-
-a:1',5'-d]pyrazine derivatives can be synthesized by dimerization of 3-phenyl-
1H-1,2,4-triazole-5-carboxaldehydes (1) giving the semiaminals (2) or the
aminals (3) by the reaction of (2) with secondary amines as shown in Scheme 1.7

Back to the results in Table I, one can notice the increased heat of formation
when going from series B to series C and this amounts to 300-500 kJ kg '. This
is not the case when it comes to density as little can be gained in p, (less than
0.1 g cm ) with series C being slightly denser than series B. The same trend is
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seen when analyzing detonation performance and specific impulse. Like Al and
A2 the detonation performance of —NO, and -NHNO, substituted members of
series B and C is almost equal to that of RDX (D, 8.53-8.67 km s ' and p, 32.87—
—34.24 GPa); however, B1, B2, C1 and C2 are far less impact sensitive than
RDX and HMX. Both C1 and C2 have a calculated /5, of 80 and 79 cm, res-
pectively, and thus nitro and nitramine substituted B and C series can be con-
sidered as potential replacement for current RDX based formulations. The trinit-
romethyl derivatives B3 and C3 are denser and more efficient (D > 9.30 km s
and p > 40 GPa) than HMX (D = 9.10 km s™' and p = 39.30 GPa). Despite, their
high performance, B3 and C3 impact sensitivity is still acceptable ( /5y, 14-17
cm) for future applications.

H OH
N

N —.
Ph % Dimerization Ph%\ 1 ><L \>—Ph -2H,0 Ph—<\ >2N\ \>—Ph

N NH Base

R'= morpholino, piperidino

O] (0] ©)]
Scheme 1. Synthesis of non-energetic derivatives based on series B heterocycle.”

Disubstituted 2-amino-2H-1,2,3-triazole, 1-oxide derivatives (series D)

Energetic materials based on the 1,2,3-triazole, 1-oxide moiety have been
rarely investigated in the literature. One such example is 2-methyl-4,5-dinitro-
-2H-1,2,3-triazole, 1-oxide (MDNTO) an explosive compound with a moderate
crystal density p,=1.730 g cm° and a decomposition temperature of 256 °C.*
In order to gain density, the —CH; group at position 2 in MDNTO was replaced
by —NH, which results in 7.7 % increase in p, (structure D1, p,=1.863 g cm™).
A further increase in density can be accomplished by replacing the two —NO, in
D1 by a —C(NO,); group (structure D3, py= 1.942 g cm ). All structures
investigated in this series have detonation velocity in excess of 9.00 km s with
D3 being the most energetic (D =9.72 km s and p = 43.82 GPa). Furthermore, a
remarkable specific impulse value is seen for D2 (Igp= 270 s) outperforming
RDX and HMX by 4 s. The impact sensitivity of series D is high ranging from
5-9 cm so members of this series can be exploited as lead-free environmentally
benign primary explosives or mixed with a polymeric matrix in order to decrease
their sensitivity.

HTPB-based plastic-bonded explosives (PBXs)

Explosive materials are seldom used in their pure state. Therefore, in most
practical applications, a given explosive is made in formulations where the ener-
getic component is dispersed in an inert/energetic binder (polymeric matrix), so
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as to form what is called a plastic-bonded explosive (PBX). PBXs possess low
levels of vulnerability and are characterized by high mechanical strength.”’ Here,
the most impact sensitive members of series A, B, C and D are investigated as
ingredient in HTPB based PBXs. Their detonation performance as well as their
Gurney velocities (metal acceleration ability,/2E5 ) was calculated and the
results are shown in Table II.

For comparison, PBXs made of HMX, RDX, and PETN were included. All
PBXs investigated are made with 95/5 explosive/HTPB mass ratio.

TABLE II. Detonation performance as well as acceleration ability of HTBP-based PBXs

. 2o AcH D TN
Composition gem™  kI(100g)" kms' GPa kms'
A3/HTPB®, C, 766Ho.541N2.35605 805 1.88 91 8.77 35.04 2.88
B3/HTPB, C; s0sHo.791N2.26103.014 1.85 74 8.90 35.68 293
C3/HTPB, Cl.632H0.700N2,40002,880 185 85 880 3493 290
D3/HTPB, C1.3|0H1.018N2_39203v|09 185 69 917 3788 302
HMX/HTPB, C, ¢39H3.107N3.57202.573 1.82 22 8.63 3324 2.86
RDX/HTPB, C 6390H3.107N2.57202.573 1.73 25 8.34 30.09 2.81
PETN/HTPB, C; g5sH 944N1 20703612 1.71 —163 8.28 29.46 2.80

*Gurney velocity is calculated by following formula:® \[2Eq =0.887¢%3p0% ; Sfor HTPB.” atomic com-
position is: C7_1102H10_313N0_107100_1375, pO =0.960 g cm’3, AIH =-31.55kJ 1’1’1017I at 298.15 K

As Table II shows, formulations based on trinitromethyl substituted deri-
vatives are all superior to current nitramine and nitrate ester compositions.
Moreover, interesting high Gurney velocities (/2E; >2.88 km s ') are obtained
with the theoretically proposed composition which makes them candidates for
high performance fragmentation warheads.

It is hoped that the addition of HTPB will decrease the impact sensitivity of
A3 and D3 to a level of safe handling in future applications.

CONCLUSION

The results shown in Tables I and II prove that the proposed energetic
heterocycles are interesting energetic derivatives and several conclusions can be
drawn:

1. Four structures, namely B1, B2, C1 and C2 are equally performant to
RDX, but on the other hand, their /5, values are far more greater (69-80 cm) than
that of RDX (550 =24 cm); thus, -NO, and -NHNO; substituted B and C series
can be considered as potential replacement for current RDX-based explosives.

2. All investigated heterocycles substituted with —C(NO,); group possess the
highest calculated crystal density and the lowest heat of formation on a weight
basis. Moreover, the —C(NO,); shows to be the best substitute offering the high-
est detonation performance (D >9.10 km s ™', p > 40.60 GPa) but also the high-
est impact sensitivity in their series. Structure B3 and C3 are more efficient than
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HMX while retaining acceptable impact sensitivity (5o, 14-17 cm). Further-
more, trinitromethyl substituted structures of all the series studied were inves-
tigated in PBX formulations. The PBXs are of 95/5 explosive/HTPB mass ratio
and the calculation shows that the detonation performance of all these formul-
ations are superior to similar PBXs based on HMX, RDX and PETN. Finally,
these HTPB-based formulations can find their way in future high performance
warheads due to their high Gurney velocities (/2EG , 2.88-3.02 km s).

3. All derivatives investigated in this study show high calculated Igp values,
ranging from 248 to 270 s.

NOMENCLATURE

CL-20  2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazatetracyclo[5.5.0.0°°.0*' Jdodecane
HMX  Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine

HTPB Hydroxy-terminated polybutadiene

PETN  Pentaerythritol tetranitrate

RDX  Hexahydro-1,3,5-trinitro-1,3,5-triazine

TACOT 1,3,7,9-tetranitro-6 H-benzotriazolo[2,1-a]-benzotriazole-5-ium, inner salt
TKX-50 Dihydroxylammonium 5,5’-bi-1H-tetrazole-1,1’-diolate

U3BOJ
HEKH A30TOM BOT'ATH XETEPOLIMK/IMYHU JEPUBATHU KAO ITOTEHIWMJAJIHHU
EKCIIJIO3UBU Y TOPUBA: TEOPUJCKA AHAJIU3A

DANY FREM
FREM Co., Beirut, Lebanon

HcruTrBaHa Cy YETHPH THUIA a30TOM DOraTHX XeTepPOLMKINYHUX JepHUBaTa CYNCTUTYH-
canux ca —NOz, -NHNO: u —C(NO2); excrnino3odopHUM Irpynama Kao MOTeHLIHjaHH eKCIIOo-
3MBU W TOPUBHHU Marepujand. M3pauyHaBawa Cy nokasana fa CBUX 12 MCIUTHBaHUX CTPYK-
Typa UMajy BUCOKe BPeJHOCTH IrycTuHe kpucTana (1,834-1,980 ¢ cm) IPOMEHY eHTasnuje
(TomoTy) hopmupama KoHIeH3oBaHe (dase (605-2130 kJ kg'). BaxHa cBojcTBa, Kao IITO Cy
OpsuHa meroHanwuje (D), nputHcak (p) U creuudUYHA UMITYJIC CYy U3payyHaTa KOpUIIhemeM
Kamlet—Jacobs merone u ISPBKW TepMoxeMHjcKor Koza. BpenHoctu Op3uHe JeToHAUHje Cy
oune sehe ox 8,44 km s, a mputucka on 32,87 GPa. IlepdopmaHce TPUHHUTPOMETHI
CYNICTUTYHUCAHUX JiepuBaTa MpeBasunase neppopmance HMX, ca Bpennoctuma D op 9,32 mo
9,72km s ' u p on 40,61 mo 43,82 GPa. Hexu —NOz 1 -NHNO: cyncTutyrcanu nepuBaTti Cy
ce II0Ka3aI¥ Kao HEOCET/bUBH Ha yhap, ali Cy 3afpajau fodpe JeToHAaTOpcke neppopMaHce,
na IOTeHUWjallHO MOTy 3aMeHUTH mnocrtojehe excruiosuBe Ha 0asu RDH. H3pauyHarte
BpegHocTH cnenuduuHor umnynca (usmehy 248 u 270 s) 3a cBe WCHUTHBAHE HepuBaTe
yKa3yjy a OBU eHEepreTCKH MaTepHjalu MOTY DUTH cacTojiu dymyhux pakeTHUX ropuBa.

(ITpumsseno 18. centemdpa, pesuauparo 13. genemdpa, npuxsaheno 21. genemdpa 2015)
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