Chapter 2

Hexanitrohexaazaisowurtzitane
(HNIW, CL-20)

Abstract Hexanitrohexaazaisowurtzitane, a nitroamine compound, has emerged as
an important insensitive energetic material. This caged compound offers several
interesting properties. This chapter discusses the properties and more importantly
the formulations using CL-20.

2.1 Introduction

Hexanitrohexaazaisowurtzitane (HNIW), commonly known as CL-20, is
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazatetracyclododecane. It is a high-energy
explosive compound and a polyazapolycyclic caged polynitramine. Structurally, it
appears like two RDX molecules fused together. CL-20 is one of the most powerful
explosives known today. Tests indicate that the formulations containing CL-20
have excellent stability, belong to hazard class 1.3, and environmentally friendly. It
was first synthesized by Nielsen [1] in 1987 at the Naval Air Warfare Center, China
Lake, CA, U.S.A. The strained/caged structure and high oxygen balance gives
CL-20 a high density and high explosive power. The six N-NO, groups in CL-20
give a better oxidizer to fuel ratio and makes its performance better than RDX and
HMX in specific impulse, detonation velocity, enthalpy of formation, and other
parameters. It exists in five polymorphic forms, a, B, v, €, and , and the existence
of a polymorphic phase depends on the temperature and pressure. The (—form is
formed at higher pressures. A sixth § form has also been reported. Of these six
forms, e-polymorph has higher symmetry, thus morphologically more stable at
room temperature and has the highest density (2.04 g/cm®) than the other poly-
morphs. Of the six forms, only B, vy, and & have been prepared in the pure form.
CL-20 has many applications including in propulsion of strategic missiles, space
launchers and for high-lethality warheads for smart and light weapons, such as
Precision Guided Missiles, and Laser Guided Bombs. The cost of producing CL-20
is decreasing and is less than $800 per kg as reported by the USA Navy Mantech
Report of 2003 [2].
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2.2 Synthesis

The synthesis process may be divided into two steps. The first step involves the
construction of the hexanitrohexaazaisowurtzitane cage, which is hexabenzylhexa-
azaisowurtzitane (HBIW). The chemical formula of HBIW is 2,4,6,8,10,12-
hexabenzyl-2.,4,6,12-hexaazatetracyclo[5, 5, 0, 05.9, 03.11] dodecane. HBIW is
formed by the condensation reaction of glyoxal with benzylamine. Nielsen et al. [3]
and Crampton et al. [4] suggested several derivatives of benzylamine to form cage.
However, benzylamine provided the best yield for HBIW, about 80%. A number of
solvents including acetonitrile, methanol, ethanol, and isopropyl alcohol have been
tried to carry out the condensation reaction in the presence of an acid catalyst.
However, acetonitrile is found to be the best solvent. The reaction can proceed in
the temperature range of 0-25 °C [3]. Both organic and inorganic acids can be used
as catalysts.

The second step involves nitrolysis. However, direct conversion of HBIW to
CL-20 by nitrolysis cannot be carried out. The nitration of the phenyl rings is more
favorable compared to the nitration of HBIW. Therefore, debenzylation of HBIW
by catalytic hydrogenation prior to nitration is the preferred method. As a result, the
functional groups associated with nitrogen atoms are substituted by the nitro
groups.

The synthesis of CL-20 was first carried out by Nielsen and is described in the
US Patent 5693794 [1]. Later Nielsen and his co-workers used a direct conden-
sation of benzylamine with glyoxal. Crampton et al. [4] reported the synthesis of
HNIW using the same route, which was the reaction of aldehydes with amines
producing cage compounds. Both Nielsen et al. and Crampton et al. tried to find an
alternative to benzalmine, but noted that the yield of HBIW was much lower.
Debenzylation of HBIW is carried out in the presence of a catalyst. A variety of
catalysts and nitrating agents have been explored. Nielsen and his co-workers used
excess acetic anhydride for hydrogenation of HBIW forming 4,10-dibenzyl-
2,6,8,12-tetraacetyl-2,4,6,8,10,12-hexaazaisowurtzitane (TADBIW) derivative.
Several researchers employed Pd or Pd supported on carbon based catalyst in a
variety of solvents for synthesis of HBIW derivatives. These include: Pd and Pd in
formic acid as a solvent [5] H, and Pd/C in ethylbenzene [6], H,, Pd/C, and acetic
anhydride in the presence of N,N-dimethylacetamide [7]. However, the cost of
palladium is an issue and should be optimized to lower the overall cost of synthesis.
Other catalytic materials along with solvents used for synthesis are discussed
below. Ou et al. [8] have substituted ethanol for acetonitrile. This not only reduces
the cost but also the process is less toxic. In later papers, Ou et al. [9, 10] have
described the synthesis of CL-20 using benyzlamine and glyoxal. Their method
included the condensation with formic acid in acetonitrile to give CL-20. Methods
of synthesis and properties of CL-20 a highly energetic polycyclic nitramine are
surveyed (Figs. 2.1 and 2.2). Yet in another paper, Wang et al. [12] describe a
one-pot synthesis of HNIW. The starting material in this case is
tetraacetyldibenzylhexaaza-isowurtzitane (TADBIW).
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Nielson et al. [13] and Latypov et al. [14] synthesized CL-20 via TADBIW
conversion to tetraacetyldinitrosohexaazaisowurtzitane (TADNIW) using N,O,4 or
NOBF#4 as catalyst. The resulting TADNIW was nitrated using NO,BF,. A yield of
90% was reported. However, reagents NOBF, and NO,BF, are costly, which are
also not environmental friendly. A mixture of nitric and sulfuric acids was used by
Hamilton et al. [15] and Bellamy [16] to nitrate both TADAIW and TADFIW to
CL-20. Zhao et al. used 95-99% nitric acid for TADAIW nitration. The optimized
reaction parameters provided 85% yield of CL-20. Surapaneni et al. [17] also used
98% nitric acid in order to improve process economics for the synthesis of CL-20.

Qian et al. [18] developed a sono-chemical method for the synthesis of CL-20
starting with TADBIW. The described two synthesis schemes using ultrasound at
30-80 kHz frequency in their experiments and obtained yields varying from 40 to
90%. The experiments were carried out at 333.15 K, mostly at 60 kHz frequency,
and 10:5:1 ratio of HNO;3, N,O4, and TADBIW in ionic liquids. Their two reaction
schemes are shown in Figs. 2.3 and 2.4.

Qian et al. [19, 20] continued the use of N,O,4 as a nitrating agent in their
subsequent work and reported good yield of CL-20. Sung et al. [21] studied the
reaction mechanism of nitration/nitrolysis of tetraacetylhexaazaisowurtzitane
(TAIW) with the mixture of nitric acid and sulfuric acid. According to them, two
free secondary amines of TAIW are nitrated first and then four acetyl groups of
TAIW, which were dependent on temperature.
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Fig. 2.1 Synthesis mechanism for this reaction is in scheme [11]. Ar = Ph (a), C¢H4sMe-p (b),
CsHsMe-0 (¢), CsHsOMe-p (d), CsHisOMe-o (e), CeH3z(OMe)2.3,4 (), CeHyPri-p (g),
C5H4C1—p (h), C¢H,Cl-o (i), C¢H F-0 (j)a CeH4Br-o (k)
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Fig. 2.2 Synthesis of hexanitrohexaazaisowurtzitane (CL-20) [3] and CL-20-based formulations
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Fig. 2.3 Overall reaction scheme (Qian et al. [18, 20])

Gore et al. [22] described a method for synthesis of CL-20 from 2, 6, 8,
12-tetraacetyl-4, and 10-dibenzylhexaazaisowurtzitane using debenzylation followed
by nitration. Reaction of TADBIW with cerium (IV) ammonium nitrate produced the
debenzylated product, which on nitration with HNO3/H,SO, resulted in CL-20.
Acetylation of the debenzylated and further nitration also resulted in CL-20. Kawabe
et al. [23], and Cagnon et al. [24] patented their synthesis process for production of
CL-20. Cagnon et al. synthesized hexanitrohexaaza- isowurtzitane, in a single
reaction stage, by nitration of the substituted hexa- azaisowurtzitane derivative
formed by reaction of the o, B-dicarbonyl derivative with the primary amine. They
claimed that this route reduced the cost by eliminating the intermediate step of
making HBIW and eliminating the expensive stage of catalytic hydrogenolysis.
Kawabe et al. [23] used an expensive palladium catalyst.
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Fig. 2.4 Actual reaction scheme showing the intermediates [20]

In the one-pot synthesis process for HNIW described by Wang et al. [12] the
starting material was TADBIW. A yield up to 82% and a purity of CL-20 up to 98%
was claimed by the authors. This one pot method is based on the method described
earlier by Latpov et al. [25]. This is a two stage process involving nitrosation
followed by nitration in which 2,6,8,12-tetraacetyl-4,10-dibenzyl-2,4,6,8,10,12-
hexaazaisowurtzitane is converted to 2,4,6,8,10,12-hexanitro- 2,4,6,8,10,12-
hexaazaisowurtzitane, and it is claimed that the product is better than 95% pure.
Pang et al. [26] describe a synthesis route in which hexabenzylhexaazaisowurtzi-
tane is converted to HNIW and avoided the hydrogenolysis step. Although the route
of oxidative debenzylation and acetylation is less expensive, the yield is less than
the conventional process.

Chapman and Hollins [27] described the oxidation of hexa(1-pro-pentyl)hex-
aazaisowurtzitane [HPIW] by singlet oxygen. This synthesis route is a modified
procedure suggested by Herve et al. [28], although they did not synthesize CL-20.
They presented a general method for the synthesis of hexaazaisowurtzitane cages
avoiding the condensation of benzylamines. Some of the compounds synthesized
by these authors could act as precursors for the preparation of CL-20. The proce-
dure consists of the synthesis of hexaallylhexaazaiso-wurtzitane, followed by its
conversion to HPIW, and finally to HNIW. The authors present different routes to
the synthesis of HPIW and different photooxidation routes to convert HPIW to
HNIW.

The effect of several process variables and their optimization has been discussed
by Mandal et al. [29]. Their study noted that for approximate 85% yield, optimized
temperature range was 345-358 K, nitric acid concentration range from 98 to 92%,
reaction time of 1 h, and temperature during the addition of TAIW into the mixed
acid to be in the range of 298-313 K. To improve the particle size of CL-20, during
the recrystallization process, the authors have studied the effect of parameters like
addition rate of anti-solvent and rate of agitation and identified optimum conditions.
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Purification, recrystallization, and nano particle synthesis of CL-20 have
received a greater attention in recent years. The importance of different polymorphs
and particle size in the use of CL-20 as an insensitive explosive have been dis-
cussed by several authors [30-34].

In an unusual study of crystal transition, Song et al. [21] have looked at the effect
of solvents on crystal transformation. &-CL-20 was recrystallized from pure
(alcohol, dichloro-methane, acetone and ethyl acetate) and mixed (alcohol-acetone,
alcohol-ethylacetate, dichloromethane-acetone, dichloromethane-ethyl acetate and
acetone-ethyl acetate with different volume ratio) solvents. The resulting crystal
forms were characterized by Fourier Transform Infrared Spectroscopy (FTIR) and
Scanning Electron Microscope (SEM).

Several authors have reviewed the synthesis of CL-20. They are: Ou et al. [8, 9],
Sysolyatin [11], Agrawal [35], and Nair et al. [36]. Chapman et al. [37] investigated
the synthesis of CL-20 as a part of their work for SERDP. Their procedure does not
involve benzylamine glyoxal condensation, a procedure followed by many inves-
tigators. A synthesis method starting from tetracetyldi-formylhexaazaisowurtzitane
(TADFIW) has been described by Jin et al. [38] in which y-HNIW was first
produced and then was converted to €-CL-20 in the solution in which nitration
reaction occurred. The yield of e-CL-20 was 91%, and the purity close to 99.5%.
Duddu and Dave [39] proposed a method to transform all other polymorphs to
e-HNIW using acetic acid and ethyl acetate as mixed solvent, and n-hexane as
nonsolvent.

2.2.1 Characterization of Polymorphs of CL-20

The ¢-HNIW has the highest density among all other polymorphs and thermody-
namically most stable at ambient conditions. As a result, the focus is to synthesize
e-HNIW with a maximum yield. Various properties of Cl-20 polymorphs are given
in Table 2.1. As shown in Table 2.1, these polymorphs differ from each other in the
spatial orientation of the nitro groups relative to the five- and six-membered rings of
the cage, the type of the crystal packing and the number of molecules per unit cell
[11].

Wardle and Hinshaw [40] discussed the formation of o-, B-HNIW, which mainly
depended on the solution used for recrystallization or precipitation of HNIW. The
o-HNIW was formed upon precipitation of HNIW with chloroform from its solu-
tions in sulfolane. They noted the presence of B-HNIW when crude HNIW was
recrystalized from benzene solution. However, B-HNIW is very unstable and
coverts readily to y-HNIW at 185 °C. y-HNIW can also be synthesized by the
nitrolysis of the diformyl derivative with nitric acid. Direct synthesis of 8-HNIW is
not known. Although Wardle and Hinshaw initially reported that the heating of
v-HNIW at 230 °C changes it to d-HNIW. Later, based on IR spectroscopic data,
they suggested it was a structural modification rather than the formation of
O-HNIW, which is stable only at elevated pressures, and was detected during the
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Table 2.1 Property and CL-20 polymorphs [11]

Property Polymorph
o B Y €
Orientation of the NO, groups at | exo, exo exo, exo exo, exo exo, endo
the N(4) and N(10) Atoms
Number of molecules per unit cell |8 4 4 4
Space group Pbca Pb2,, P2, P2,
Symmetry Orthorhombic | Orthorhombic | Monoclinic | Monoclinic
Crystal habitus Prisms Needles Plates Prisms
Decomposition temperature, °C 260 260 260 260
Polymorphic transition - 185 (B—vy) 230 (y—9) |-
temperature (and type), °C
Density (g cm ™) 1.961 1.985 1.916 2.04
(2.001)*

# The value is given for the hemihydrate of the o Polymorph

equilibrium transformation of the y-phase. Russel et al. [41] reported the presence
of C-HNIW at a high pressure during a reversible phase transition of the
v-polymorph at a pressure of (0.7 & 0.05) GPa.

Ciezak et al. [42] examined the high pressure transition of € to y-CL-20 at room
temperature and at pressures up to 27 GPa. They obtained the vibrational spectra of
polycrystalline material and their recorded Raman spectra are shown in Fig. 2.5.

Raman profiles shown are vertically scaled for the sake of clarity. The main
region covered is from 200 to 1100 cm™, and the range between 1200 and
1400 cm ™" is omitted. The omission in this range is explained as dominance due to
strong first-order scattering from the diamond anvils. The authors apparently omitted
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Fig. 2.5 Typical Raman spectra of CL-20 in the frequency range of 200-1800 cm™ ' (a) and
3000-3300 cm ™" (b) [42]
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the spectral region between 1800 and 3000 cm ™' as the vibrational intensity in this
range was low. Based on their experimental data, they concluded that the ¢ — ¢
transition is purely conformational and that both the crystallographic space group
and number of molecules per unit cell are retained. They also suggest the existence
of y — ¢ transition at 18.7 GPa. It is clear that the spectra are pressure-induced, and
the pressure effect is prominent in the 200-400 frequency range

Gump and Peiris [43] also investigated the phase transition as a function of
pressure and temperature. They noted that e-HNIW was stable under ambient
pressure to a temperature of 120 °C. A phase transition to the y-HNIW was
observed at 125 °C and the y-HNIW remained stable until thermal decomposition
above 150 °C. The XRD measurements used to follow the phase transition are
shown in Fig. 2.6. They fitted the pressure-volume data for the e-HNIW phase at
ambient and 75 °C by the Birch—-Murnaghan formalism to obtain isothermal
equations of state.

Turcotte et al. [44] explored the phase transitions using a DSC system. The DSC
curve is shown in Fig. 2.7. They noticed the presence of two peaks. The peak at
Tp = 162 £ 1 °C was assigned to a solid—solid phase transition from ¢ — 7. The
peak at 141 &= 1 °C could not be assigned to any polymorph as there was no
reference of such a peak in the literature. Ghosh et al. [45] using raw CL-20
prepared e-CL-20 and provide density, X-ray diffraction patterns, FTIR and Raman
frequencies, DSC curve as a part of the characterization of ¢-CL-20.
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Fig. 2.6 Phase change from € to y upon heating at ambient pressure [43]
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2.2.2 Diffraction Studies

The XRD pattern is a valuable information for identifying a compound and its
polymorph. As discussed in the previous section (Fig. 2.8) the XRD was used to
understand the transition of e-HNIW to y-HNIW. Meents et al. [46] investigated
electron density of the e-polymorph of CL-20 based on high-resolution X-ray
single-crystal diffraction experiments at low temperature using synchrotron radia-
tion. The crystals were made by recrystallization from a solution in which e-HNIW
was dissolved in propanol. Based on their experimental studies and model fitting,
the authors discuss the chemical bonding and come to the conclusion that there is
no evidence to support that electron-density maxima near the C-NO, bonds
mapped on the electron-density isosurface can be correlated with impact sensitiv-
ities. The experimental results compared well with the DFT calculated
bond-topological properties.
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Chen et al. [47] studied in detail the XRD pattern of o-HNIW, B-HNIW,
v-HNIW, and e-HNIW. The data are shown in Fig. 2.8 that covered 20 from 10 to
50°. According to the authors, diffraction peaks for all four polymorph were not
observed above 50°. There are more than 20 diffraction peaks in each XRD pattern
of a-, B-, v-, and e-HNIW, respectively, some of which had overlapping peaks
(Table 2.2).

Table 2.2 Important Analytic | Crystallographic 20 D 1%
diffraction information of parameters © (hk)
z‘r}ﬁ;giﬁ]“ d e-HNIW &-HNIW | Crystal system: 126 |125 |94.0
Monoclinic 12.8 6.9 41.0
Space group: P21/a 13.8 6.4 94
a (nm) 1.3748 157 |5.6 40
b (nm) 1.2596 199 |44 20
¢ (nm) 0.8867 220 |40 46
a (°) 90 25.8 |35 52
B 1119 27.8 |32 61
v (°) 90 299 [3.0 47
o-HNIW | Crystal system:
Orthorhombic
Space group: Pbca 12.1 7.3 77.0
a (nm) 0.9478 13.8 |64 100
b (nm) 1.3206, 15.1 59 36.0
¢ (nm) 2.356 202 |44 40
a (°) 90 280 |[3.2 67.0
B-HNIW | Crystal system:
Orthorhombic
Space group: Pca2l 13.6 6.5 89.0
a (nm) 0.9652 13.7 |65 100
b (nm) 1.1644 242 |37 21.0
¢ (nm) 1.3002 28.3 32 28.0
v-HNIW | Crystal system: 13.9 6.3 43.8
Monoclinic 14.5 6.1 100
Space group: P21/n 15.2 5.8 41.5
a (nm) 1.3213 16.5 |53 64.1
b (nm) 0.8161 18.6 |4.8 22.6
¢ (nm) 1.4898 22.8 |39 19.1
a (°) 90 344 |26 379
B (°) 109.12 36.1 2.5 37.9
v (®) 90 42.1 2.1 40.0
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2.3 Detection

The main focus on the detection of CL-20 is from water and soil. One of the issues
related to its detection is the fragmentation and decomposition of CL-20 in the
liquid medium including water. Cabalo and Sausa [48], by using a surface laser
photo-fragmentation- fragment detection (SPF-FD) spectroscopy at ambient tem-
perature and pressure, were able to detect various explosives including CL-20 in the
concentration range of 1-15 ng/cm? at 1 atm and room temperature. They used a
low power, 248-nm laser photo-fragments the target molecule on the surface of a
substrate, and a low power, 226-nm laser ionizes the resulting nitric oxide fragment
by resonance-enhanced multi-photon ionization by means of its A-X (0,0) transi-
tions near 226 nm. The lower limit of detection for CL-20 was 7.1 ng/cm?® at
248 nm. A HPLC coupled with a UV detector is used frequently to identify and
quantify CL-20 in a solution. As noted by Larson et al. [49] the detection of CL-20
in a variety of environmental samples requires matrix-specific sample preparation,
separation by reverse-phase high performance liquid chromatography, and ultra-
violet detector. Also, most of these methods follow USEPA SW-846 Method 8330
for the determination of explosives in waters and soils. Using a chromatographic
column and UV-VIS detector, Larson et al. separated and detected CL-20 from the
solution [49]. The UV spectrum of CL-20 in acetonitrile is shown in Fig. 2.9.

A number of researchers have used a combination of HPLC and various other
detectors to detect CL-20 [50, 51]. Anthony et al. [52] used EPA 8330A method to
detect CL-20 in soil samples. The HPLC was equipped with a Supelcosil LC-CN
column for separation of CL-20 and a Diode Array Detector set at 230 nm (Imax)
was used for detection of CL-20. An ultra HPLC also appears to be promising for
separation of energetic materials including CI-20 [53]. Oehrle [54] used USEPA
SW-846 Method 8330 for analysis of CL-20 in the presence of 14 nitroaromatics
and nitramine. Along with HPLC, he used a photodiode array detection system for
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CL-20 peak identification. The analysis for CL-20 was accomplished in less than
30 min using an isocratic HPLC mobile phase of water and isopropanol.

Persson et al. [55] used a HPLC method for qualitative and quantitative analysis
of a mixture of RDX, 2,4,6-TNT, 2,4-DNT, HMX, PETN, Tetryl, HNS, TNAZ and
HNIW. A programmable multi-wavelength detector in the UVNIS range was used
for detection of these explosives in less than 10 min. The detection limit for HNIW
was was less than 5 ng.

NMR characterization has been carried out [56] and coupling constants have
been determined. Agilent Technologies prposed a APCI LC/MS/MS based methods
for deetction of TNT, RDX, and CL-20. According to them, CL-20 yields two
intense product ions. The major product ion is m/z 154 or a loss of 319 mass units
(CsHs50gNg). The mass spectrum is given in Fig. 2.10.

2.4 Physical and Thermal Properties

Physical, and thermal properties of CL-20 are given in Table 2.3. In addition to the
data presented in this table, other properties such as solubility, vapor pressure, ideal
gas heat capacity and entropy are also discussed in the following sections
(Tables 2.4 and 2.5)

Peak No. Expletive Amount (ng)
: | HMX 1.5
2 TNAZ 1.0
3 RDX 45
4 2,4,8-TNT 1.1
5 Tetryl 0.85
6 0 2,4-DNT 1.8

]

HNW 0.89

N 8 HNS 35
' p | 7 8 9 PETN 0.2

Fig. 2.10 HPLC chromatogram for a nine compound explosive mixture (measurement parameters
as in Table) [55]
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Table 2.3 Properties of CL-20
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CAS number

135285-90-4

IUPAC name

5,2,6-(Iminomethenimino)-1H-imidazo[4,5-b]pyrazine,

octahydro-1,3,4,7,8,10-hexanitro-

Other names

2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazatetracyclododecane;
2.,4,6,8,10,12-Hexanitrohexaazaisowurtzitane; CL 20; HNIW;
Hexanitrohexaazaisowurtzitane; LX 19; RX 39AB; RX 39AC

Chemical structure

NO, NO,

Sa

O,N NO
2 NO, 2

Molecular mass

438.23, Daltons

Density 2.04, g/lem® @ 298.15 K
Melting point 513 K [57]

Boiling point 862 K [57]

Acentric factor 2.347 [57]

Critical temperature 1058 K [57]

Critical pressure 48.9 bar [57]

Dipole moment

1.016 debye [58]

Enthalpy of fusion

13.7 [57] and 42.7 [59] kJ/mole

Enthalpy of formation
(gas phase)

141.0 kcal/mole

Enthalpy of sublimation

150-170 kJ/mole

Enthalpy of
vaporization

=311 kJ/mole

Aqueous solubility

3.867%2.917% g/l @ 298.15 K [60]

Log Kow

1.92 [51] 1.375 and 4.14 {Predicted values}

Table 2.4 Enthalpy of
combustion and formation
[61]

Material | AH ompusiion (10°3/ AHformation (10°)/
mol) mol)

B-CL-20 —3.649 +431.0 £+ 13

e-CL-20 —3.596 +377.4 + 13
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Table 2.5 Enthalpy of detonation of CL-20 [61]

Material p(g/em®) J/g® Jem® TMD®J/J/em?
g-CL-20 1.96 Expt. 6.234 + 63 12,219 + 123 12,717 £ 129
g-CL-20 1.96 Calc. 6.029 + 146 11,817 + 286 12,301 =+ 298

(a) 25 OC, Hzo(thid)
® TMD is the theoretical maximum density

2.4.1 Vapor Pressure

Only a few experimental vapor pressure data are reported in the literature. Greenlief
et al. [62] obtained the data at the low pressure range using the Knudsen effusion
method. The data are shown in Table 2.6.

Sinditskii et al. [63] while determining the kinetic parameters of combustion of
four solid rocket propellant oxidizers and other energetic compounds also obtained
the vapor pressure data including that of CL-20 above 600 K. Sinditskii et al.
compiled the vapor pressure data for CL-20 from the literature (see Fig. 2.11), and
noted significant differences in the reported values.

Both Greenlief et al. [62] and Sinditskii et al. [63] correlated the vapor pressure
data according to a Clausius-Clapeyron type equations. The equations along with
their best fit constants are given below:

Solid: énP = 25.328 —

17,715
—— (for 660775 K)

Liquid: {nP = 19.337 —

13,085
’T , (for 775-960 K)

The equation provided by Greenlief is given below:

o552 79

This equation provided a maximum deviation of 5% and an average absolute
deviation of 4%.

Boddu et al. [64] calculated the vapor pressure of CL-20 using an equation of
state approach. However, their predicted values are an order of magnitude lower
compared to our experimental data [62].

Table 2.6 Experimental vapor pressure data, P in Pascals. [62]

Temperature (K) 383.15 393.15 395.15 405.15 405.15
Vapor pressure (Pa) 7.0677% 1.2197% 1.52879¢ 2.4357% 26597
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2.4.2 Heat Capacity and Entropy Data

Table 2.7 lists the ideal gas heat capacity and entropy values evaluated by Osmont
et al. [65] based on Ab-Inito calculations.

2.5 Solubility

The aqueous solubility of CL-20 has been measured as a function of temperature by
Monteil-Rivera et al. [51], and by Karakaya et al. [66]. Tables 2.8 and 2.9 list their
data. The results from these two sets of data do not agree closely, and the difference
between the two sets of data increased with the increase in temperature. This could
be due to the analytical techniques used, the purity of the chemical, and the degree
of conversion of e-CL-20 to other phases, particularly the y-phase. Holtz et al. [67]

Table 2.7 Ideal gas heat capacity and entropy [65]

T (K) 300 400 500 600 800 1000 1500
CY (cal mol ™" K™  |91.1 1142|1326 1468 [166.1 [178.1 [193.4
T (K) 2000 2500  [3000  [3500 4000  [4500  |5000
C9(calmol™' K™') 2002 [203.7 |2057 [2069 |207.8 |208.3 [208.8
T (K) 300 400 500 600 800 1000 1500
S°(calmol ™' K™  |167.3 |196.8 |224.3 |249.8 (2950 [333.4 |409.0
T (K) 2000 2500  [3000 3500 4000  [4500  |5000
S°(cal mol™' K™) |4657 |5108 |5482 |580.0 [607.7 [6322 |654.2

Table 2.8 Aqueous Solubility of CL-20
;3Ltl€;éﬁyo¥i§;1;§gtisrea [68] Temperature (°C) (mg/L) Mole fraction
227 (£ 0.09) 9331078
19.5 3.11 (£ 0.06) 1411077
25 433 (+ 0.04) 178 1077
30 5.46 (+ 0.02) 2261077
35 6.69 (& 0.01) 2.86 1077
39 8.10 (& 0.06) 3331077
45 11.30 (£ 0.25) 4641077
50 14.16 (+ 0.47) 5821077
55 17.37 (£ 0.17) 7.14 1077
60 23.98 (£ 0.41) 9.851077
65 32.36 (£ 1.03) 133106
69 39.68 (£ 0.25) 1.63 10°°
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Table 2.9 Aqueous solubility (S) of CL-20 as a function of temperature [68]

t (°C) 5 10 15 20 30 40 50 60
S (mg/L) 1.97 2.12 2.48 3.16 4.89 7.39 11.62 18.48

observed a transition in the solubility for CL-20 in different solvents. The solubility
of CI-20 in thirteen solvents—acetone, bis(fluorodinitroethyl) formal, ethanol,
ethyldinitropentanoate, ethyl acetate, ethylene glycol, FM-1 (FM-1 is a liquid
explosive composedof 25% FEFO, 25% bis(dinitropropyl) formal, and 50%
fluorodinitroethyldinitropropylformal (by mole percent), methylene chloride,
nitroglyceridtriacetin75/25 (NG/TA), nitroplasticizer (NP), triethyleneglycol dini-
trate, trimethylolethane tri-nitrate, and water were measured. The solubility-
temperature relation for each solvent was provided by them.

The solubility data collected by Monteil-Rivera et al. [51] are shown in
Table 2.9 and graphically in Fig. 2.12. During measuremnets, the authors found
that CL-20 decomposed in non-acidified water upon contact with glass containers to
give NO, (2 equiv.), N,O (2 equiv.), and HCOO ™ (2 equiv.).

2.6 Decomposition and Destruction

Thermal Decomposition

Thermal decomposition of HNIW starts above 210 °C. Turcotte et al. [68]
studied thermal behavior of CL-20 under various conditions using different tech-
niques that included DSC, TG, Heat Flux Calorimetry, Accelerating Rate
Calorimetry, and simultaneous TG-DTA-FTIR-MS analysis. NO, is the most sig-
nificant product of the decomposition. Other compounds that are identified from
FTIR included N,0, CO,, HCOOH, HNCO, H,0O, HCN, CO and NO. The gaseous
products; CO,, N,O, NO,, HCN, NO and CO are result of secondary decompo-
sition reactions. They also noted that the heating rate and the purge gas used during
heating had no effect on the decomposition products or the mass loss, which was
between 80 and 98% of the initial mass. Korsounskii et al. [70] studied the thermal
decomposition characteristics along with the kinetics for HNIW. As expected, the
rate of mass loss of CL-20 was dependent on temperatures and found a final mass
loss of about 80% in air within 200 min in the temperature range of 183-211 °C. In
comparison, HMX did not show any decomposition at 220 °C within 200 min.
Based on the IR spectrum, the authors conclude that the hemolytic cleavage of the
N-NO, bond to be the primary cause of HNIW decomposition. The effect of
particle size on thermal decomposition of CL-20 has been discussed by Dong et al.
[71]. They compared the decomposition steps for isothermal and non-isothermal
decomposition for 40 and 230 um particles. The 230 pum particles decomposed in
two steps under non-isothermal conditions, where as it was a one step decompo-
sition for smaller particles. The main products identified using FTIR were NO,
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N,O, CO,, and a small amount of NO, and C,N,H,. During isothermal decom-
position, the decomposition products from larger HNIW particles at 204 °C were
same as that observed in the first step of the non-isothermal decomposition.

Several researchers focused on the decomposition kinetics and developed
expressions for the reaction rates. Korsounskii et al. [70] found that the solid state
decomposition follows first-order kinetics and that it is an autocatalytic decompo-
sition. The thermogravimetry analysis in a narrow temperature range of 458-477 K
resulted in an activation energy of 151.7 kJ/mol and a frequency factor of
10" 57!, The decomposition reaction rate is represented by:

d

Ef:kl(l — o) +kpo(l — o)
o moy—m
Comy — ma

where my is the weight of the starting sample, m is its weight at time ¢ and m, is the
weight of the sample at the end of experiment and k| and k, are given by:

53,400 + 1500
ky = 10%0-5+08 o ()

44,700 + 2900
ky = 10!73+14 o ()

Bohn [72] provides a general model for isothermal decomposition of solid
energetic materials, and verified his model with data on &-CL-20. Kinetic param-
eters and Arrhenius parameters are developed. The following expression was
suggested for approximation of the HNIW decomposition during which a mass loss
of 0-11% would occur.

ML(,T) = 0+ "C[1 — My, (1,T)] x 100%
ny

The parameter, O, stands for an offset not caused by the decomposition of
compound A.

Figure 2.13 shows some of the results of this study. The solid lines in Fig. 2.13
show the model calculations, and dots represent the experimental data over a range
of temperatures and time. Based on the model and experimental data Bohn con-
cludes that the thermal decomposition of HNIW is autocatalytic.

Qasim et al. [73] carried out theoretical computations using MOPAC [Molecular
Orbital PACkage] quantum mechanical and classical force field mechanics to assess
the type of bond degradation in CL-20. The FTIR and UV/FTIR were used to follow
the decomposition of HNIW and the data were used for theoretical calculations, and
concluded that the breakage of C—N bonds to be a plausible mechanism. In addition,
they computed the dipole moment and enthalpies of formation. The values of the
enthalpies of formation show that the PM3 model to be better than MNDO and AM1
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models [73]. Qasim et al. [73] also reviwed the research work carried out to
understand structural relationships and degradation mechanisms of current and a
number of emerging explosives, including nitroaromatics, cyclic and cage cyclic
nitramines, and a nitrocubane. The competitive degradation mechanisms by free
radical oxidative, reductive and alkali hydrolysis were studied, that included,
2,4,6-trinitrotoluene (TNT); 1,3,5-trinitrobenzene (TNB); 2.,4,6-trinitrophenol (TNP
or picric acid); hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX); octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX); 2,4,6,8,10,12-hexanitro- hexa-azoisowurtzitane
(CL-20); and 2.,4,6,8-tetranitrol,3,5,7-tetraaza-cubane (TNTAC), and octonitrocubane
(ONO).

The thermal decomposition study of CL-20 (hexanitrohexaazaisowurtzitane)
using pyrolysis GC/MS was carried out mainly by electron impact (EI) mode.
Chemical ionization (CI) mode was used for further confirmation of identified
species. Mass spectrum of CL-20 decomposition products predominantly revealed
fragments with m/z 81 and 96 corresponding to C4HsN," and C4H4N,O" ions,
respectively. The total ion chromatogram (TIC) of CL-20 pyrolysis shows a peak
within the first 2 min due to the presence of low molecular weight gases. Peaks
corresponding to several other products were also observed including the atmo-
spheric gases. Cyanogen formation (C,N,, m/z 52) observed to be enriched at the
scan number 300-500. The low molecular mass range decomposition products
formed by cleavage of C-N ring structure were found in majority. Additional
structural information was sought by employing chemical ionization mode. The
data generated during this study was instrumented in determining decomposition
pathways of CL-20, and it is shown in Fig. 2.14 [76].

2.7 Hydrolysis of Hexanitrohexaazaisowurtzitane

HNIW can also be degraded through a hydrolysis reaction. Pavlov et al. [74]
investigated the hydrolysis of the o, B, and & polymorphs of 2,4,6,8,10,12-
hexanitro-2,4,6,8,10,12-hexa azaiso-wurtzitane in dilute buffered aqueous solutions
over a pH range of 4-10 and at 35, 43, 50, 58 and 65 °C, with starting concen-
trations of CL-20 at one half the solubility limit for the respective temperature.
Figure 2.15 shows the hydrolysis rates at 50 °C at different pH values. In all cases,
an overall first-order kinetic behavior was observed. The rate constants, half-lives,
activation energies, and Arrhenius pre-exponential factors were determined. The
latter was found to vary linearly with pH [74]. Specifically for each polymorph, the
observed pseudo-first order hydrolytic rate constants at any pH and temperature in
sub-solubility regions are as follows:

d|C]
dt

= —k’[C,]
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Fig. 2.11 Vapor pressure as a function of reciprocal temperature: vapor pressure above solid (/)
and liquid CL-20 (2), and CL-20 surface temperatures [63]
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61530
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56276
! = (6.662 x 10* pH +4.875 x 10° T8314xT
ki = (6.662 x 10° pH +4.875 x 10°) exp| —g==ry

Santiago et al. [75] studied the chemical remediation of soils containing CL-20
by alkaline hydrolysis. Their study is confined to lower concentration of CL-20,
shorter time periods but at higher pH values compared to the study of Pavlov et al.
[74]. From their results, alkaline hydrolysis appears to be faster, and removal
greater than 90% was reported.

2.8 Biodegradation

Trott et al. [77] examined CL-20 in soil microcosms to determine its biodegrad-
ability. CL-20, after incubation with a variety of soils disappeared in all microcosms
except in the controls in which microbial activity had been inhibited. CL-20 was
degraded most rapidly in garden soil. After 2 days of incubation, about 80% of the



78 2 Hexanitrohexaazaisowurtzitane (HNIW, CL-20)

initial CL-20 had disappeared. A CL-20-degrading bacterial strain, Agrobacterium
sp. strain JS71, was isolated from enrichment cultures containing garden soil as an
inoculum, succinate as a carbon source, and CL-20 as a nitrogen source. Growth
experiments revealed that strain JS71 used 3 mol of nitrogen per mol of CL-20.

Jenkinks et al. [60] found that the half-life of CL-20 is dependent on the soil
type. The rate of loss and estimation of the half-lives of several explosives were
carried out by exposing them to three test soils. The mean concentrations obtained
at each time period were plotted as the ¢n (C/Co) versus time (f), where C is the
concentration at time ¢ and Co is the initial concentration at time zero. Assuming, a
first-order rate process, the half-life was determined using the following simple rate
equation

n(C/Co) = —kt

where k is the rate constant equal to the slope of the relationship. It may be noted
that when the rate is first order, the half-life is independent of the starting con-
centration. Their finding is given in Table 2.10.

Crocker et al. [78] hypothesized that the biodegradation of cyclic nitramines
such as CL-20 takes place by one or more of the mechanisms such as the formation
of a nitramine free radical and loss of nitro functional groups, by the reduction of
nitro functional groups, by direct enzymatic cleavage, by a-hydroxylation, and/or
by hydride ion transfer. The intermediates formed by one or more of the pathways
spontaneously decompose in water producing nitrite, nitrous oxide, formaldehyde,
or formic acid as common end products. They summarize in a table the degrading
bacteria and possible biochemical mechanisms for degradation of TNT, RDX,
HMX, and CL-20, and show the pathways of degradation mechanism.

Both aerobic and anaerobic bacteria have been used to study the degradation of
CL-20. Among the several bacteria used by the NRC Group of Canada,
Phanerochaete chrysosporium and Irpex lacteus were found to degrade CL-20 [79].
Both P. chrysosporium and L. lacteus were able to remove almost all the nitramine
after 25 days of incubation, and no CL-20 intermediates were detected. The pro-
posed degradation pathway based on several publications [80, 81] by this group is
shown in Fig. 2.16. They found that CL-20 transforms via an N-denitration
mechanism, and putative doubly denitrated CL-20 inter—-mediates and finally to the

Table 2.10 Half-life Analyte FG CG YTC
estimates (days) in three test VX 133 i3 2310
soils [60]
TNAZ <1 <1 <1
RDX 94 98 154
CL-20 69 267 144
NG 0.49 <1 <1
PETN 2.4 0.45 1.4

FG Fort Greely soil; CG Camp

Training Center soil

Guernsey soil;

YTC Yakima
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A: data at pH 8; B: data at pH 9; O: data at pH 10; —: exponential decay models) [74]

end products nitrous oxide (N,O), formate (HCOO ), ammonia (NH3), and glyoxal
(CHOCHO) as shown in Fig. 2.16 (Figs. 2.13, 2.14, and 2.15).

2.9 Spectroscopy

Kholod et al. [82] have carried out the B3ALYP/6-31+G(d,p) level of theory studies
to simulate IR and Raman spectra of different polymorphs of HNIW, and compared
the theoretical values with experimental data of both IR and Raman spectra. They
also found that the most stable conformers of CL-20, which correspond to exper-
imentally obtained polymorphs, the pattern B > o and y > &>( for relative stability.
Table 2.11 reproduced from their paper shows the assignments for IR and Raman,
and experimental values. Experimental FTIR spectrum of a standard CL-20 sample
obtained by Qasim et al. [83] as well as some characteristic bands in the experi-
mental FTIR [84] spectra. Goede et al. [85] used FT-Raman to characterize the four
stable phases of CL-20. They also report reported over the region from
0-4000 cm ™" and assigned the most predominant Raman. They use this method for
detecting polymorphic impurities in €-CL-20, and the detection level for poly-
morphic impurities was determined to be below 2%.
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Fig. 2.16 Structure of CL-20 NO,
(1) and CL-20 denitration NO,— _NO,
products (2a and 2b) observed Q'K\‘
during treatment with FeO NOZ—N—‘——L

[79, 80] or with

nitro-reductase [81] 1CI-20

NO,
N A
'
J
”|‘°2 rlloz NO, Toz NO,
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~ — N__ _N
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| — N ~N _ y —
NO, |
2a Doubly denitrated CI-20 2b Isomer of compound 22
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2.10 Formulations and Detonation Characteristics

According to Simpson et al. [61] the explosive performance of &-CL-20 is
approximately 14% greater than HMX making it the most powerful explosive ever
tested. They determined a number of detonation properties of CL-20 and compared
with other explosives. Various detonation and morphological properties are sum-
marized in Tables 2.12-2.17). They have also provided information on calorimetric
and thermal properties, Jones-Wilkins-Lee equation of state to correlate the deto-
nation parameters, and comparison with other explosive materials.
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Table 2.11 Experimental and spectra of pure CL-20 polymorphs and the FTIR spectrum of a

standard CL-20 sample [82]

FTIR Raman
€ o B v ¢ CL-20 |¢ o B Y
- 3038 | 3043 w | 3048 3058 s 3055 m |3062 m
Vs
3031 3016 w 3031 m |[3036 m |3045 m |3044 m
1603 [ 1605 s [3020 w |3028 m | 3035 m |3035 w
1568 | 1589 s 2924 w
1541 | 1566 s
1379 | 1381 w
1346
1332 | 1327 s
1284 | 1285
vs
1263 | 1265
vs
1229 | 1219
sh
1191.7 1184 1190 m | 1192 w [ 1188 w | 1080 w
1182.5 | 1169.6 | 1178.6 | 1180.4 1180 w (1180 m | 1170 m | 1175 m
1168.1 | 1171.8
11544 | 1153 1161 1150 m | 1155 m | 1048 m
1139.2 1138 1135 m 1130 w
sh
1125.1 | 1121.1 1106.1 1126 m |1125s |1120 1125 w | 1020 w
sh
1087.2 | 1119.8 | 1094.7 | 1080.4 1115 w 1105 m
1118.3 1088 m | 1085 m | 1095 1090 1083 m
vs Vs
1094.9
1082
1078.3
1072.8 1060 s
1051.6 | 1052.4 |1052.3 | 1043.8 | 1038 |1045s |1055 1054 s [ 1055 s
vs
1022.1 1010 1020 w
998.7 1990.7 |991.8 1000 s | 1000 s
980.9 |989.2 970.6 |970 |980 m
953 959.2 |958.8
951.7
949.1
947.7

(continued)
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Table 2.11 (continued)

2 Hexanitrohexaazaisowurtzitane (HNIW, CL-20)

FTIR Raman
€ o B v 4 CL-20 |¢ o B Y
9444 [9452 9449 946 |941s
938.3 938.1
9132 [904.3 |907.7 |909.4 |904 |910 sh
W
900.3 938.1
883.8 |881.7 [8829 (8792 875 |883s
855.4 |860.2 |[8354 |858.3 856m [857w [86lw 854w |86l w
831.6 |8354 8344 (833 [829m [832m [842m (835m [849m
820.2 |825.3 831.7 818m [820s [825w 836 w
800 791w (895w [805w [895w
7649 |766.8 |764.1 |770 |764.9 792 w
7582 | 1757.7 7558 |755 |756s |755w |762w |763w |762w
7514 | 751.1
7445 7465 | 7464 | 741 745 | 741s
738.2
7239 |718 7189 |719.5 721 s
705.1 706 sh
660 sh
283w (284w (287w
267 w 270 w
Table 2.12 Small scale safety test results
Material Impact® (cm) Friction® (kg) Spark® CRT (cm?/g)
B-CL-20 14 6.4 no rxn 0.24
e-CL-20 12-16 6.4-7.2 no rxn 0.16
g-CL-20® 17 6.4 no rxn 0.10
&-CL-20™ 21 6.2 no rxn na

@ 2.5 kg Type 12 tool with 35 mg pressed samples
® Julius-Peters-Berlin 21 friction machine. One reaction in ten tries
© Ten tries at 1 J with 510 R in line resistance
@22 hat 120 ”C under 1 atm He
© LLNL synthesized CL-20

™ Aerojet synthesized CL-20. The median value is approximately 15 cm
@ Thiokol synthesized CL-20

™ Thiokol synthesized CL-20. Ground by NAWC, China Lake, to 3-5 pm

Table 2.13 Heats of combustion and formation [61]

Material AH_ombusimn (106 J/mo1) AHiomaton (10° J/mol)
B-CL-20 —3.649 +431.0 £+ 13
e-CL-20 -3.596 +377.4 + 13
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Table 2.14 Calorimetric heat of detonation of CL-20 [61]
Materials p (g/ J/g® Jem® Jem® at

cm?) TMD®
e-CL-20 experimental 1.96 6.234 + 63 12,219 £+ 123 12,717 £ 129
&-CL-20 experimental 1.96 6.029 + 146 11,817 + 286 123,013 + 298
estimated from products

Table 2.15 Performance characteristics of explosive components [86]

Substance AH; Q (g/ Deate P AE at V/Vy = 6.5 Vo at 1 bar
(kcal/ cm?) (m/s) (GPa) (kj/cm3) (cm3/g)
kg)

TNT =70.5 1.654 6881 19.53 —5.53 738

RDX 72.0 1.816 8977 35.14 -8.91 903

HMX 60.5 1.910 9520 39.63 -9.57 886

PETN -407.4 1.778 8564 31.39 -8.43 852

TATB —129.38 1.937 8114 31.15 —6.94 737

HNS 41.53 1.745 7241 23.40 —6.30 709

NTO —237.8 1.930 8558 31.12 —6.63 768

TNAZ 45.29 1.840 9006 36.37 -9.39 877

CL-20 220.0 2.044 10065 48.23 -11.22 827

Table 2.16 Insensitive munitions properties of and new energetic materials [86]

Substance Friction sensitivity (N) Impact sensitivity (Nm) Deflagration point (°C)
TNT 353 15 300
RDX 120 7.4 230
HMX 120 7.4 287
CL-20 54 4 228

The materials data sheet from Société nationale des poudres et explosifs, France (SNPE) lists the
following properties for CL-20:
Deflagration temperate: 220-225 °C

Decomposition temperate: 213 °C

Maximum Decomposition temperate: 249 °C
Heat of Decomposition: 2300 J/g
Detonation velocity: 9650 m/s (experimental value)
Vacuum test, 193 h at 100 °C: 0.4 cm3/g

2.11 CL-20 Based Formulations

Various CL-20 based formulations are available for use in both propellants and
explosives. A large number of CL-20-based plastic bonded explosives (PBXs) are
developed to enhance the explosive powers, and the burning rate in the case of
propellants. Nair et al. [87] carried out thermal and sensitivity studies on CL-20
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Table 2.17 Properties of CL-20 Polymorphs [86]

Property v-CL-20 a-CL-20 B-CL-20 &-CL-20 HMX
Density (g/cm’) 1.92 1.97 1.99 2.04 1.91
Detonation velocity (m/s) 9380 9380 9380 9660 9100
Phase transition temperate (°C) 260 170 163 177 280

Table 2.18 Density and velocity of detonation of selected CL-20-based PBXs [87-90]

Composition Density (g/ Detonation
cm?) velocity [mm/(p
sec)]
96% CL-20; 1% Hy Temp; 3% DOA 1.901 9.018
96% HMX; 1% Hy Temp; 3% DOA 1.792 8.748
RX-39-AA&AB: 95.5-95.8% CL-20; estane 1.942 £ 0.001 9.208
PBXC-19: 95% CL-20; EVA 1.896 £+ 0.002 |9.083
PATHX-1: 88-95% CL-20; estane 1.868-1.944 8.89-9.37
PATHX-2: 92-95% CL-20; estane 1.869-1.923 8.85-9.22
PATHX-3: 85-94% CL-20; estane 1.871-1.958 8.91-9.50
LX-19: 95% CL-20; estane 1.959 9.44
LX-14: 95% HMX; estane 1.835 8.79
PBXCLT-1:49-70% CL-20; 48-27% energetic 1.906 8.384-9.102
material HNJ and 3% polymeric binder PVB
PBXCL-1: 97% CL-20; 3% PVB 1.921 9.102
66.8-72.1% CL-20; HTPB 1.648-1.710 8.325-8.470
66.8-72.1% HMX; HTPB 1.575-1.618 8.030-8.107
32% CL-20; 48% TEX; 20% HTPB 1.595
32% HMX; 48% TEX; 20% HTPB 1.560

coated with several polymers—Ethylene vinyl acetate (EVA), copolymer of poly-
butylene terephthalate polyether glycol (hytrel), polyurethane-ester-MDI (Estane),
hexafluoropropylene vinylidine fluoride copolymer (Viton) and polyurethane (PU).
Their results are given in Table 2.18 [87-90].

As shown in Table 2.18, CL-20 based formulations have 12-15% higher
velocity of detonation compared to the corresponding HMX based formulations.
CL-20 is also found to be a superior alternative to RDX and HMX for applications
in low signature rocket propellants. CL-20 based propellants showed a 35-110%
higher burning rates than those of HMX-based propellants. Golfier et al. [91] noted
that the Isp of CL-20—glycidyl azide polymer (GAP) propellants is 251 s, compared
to 242 s for the corresponding RDX-based propellant.

Li and Brill [92] discuss nanostructured energetic compounds of CL-20. They
found that the cryogel method enabled them to load up to 90% of CL-20 (by mass)
in energetic polymer matrices composed of single precursors of GAP polyol, NC,
and THMNM and their mixed precursors. One of the objectives for development of
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Fig. 2.17 Drop weight impact test data of energetie polymer gels and composite energetie gels
CL-20 in the 50-70% by weight rang appear to have a notable reduction in scnsitivy [92]

Table 2.19 Burning rates of CL-20-incorporating rocket propellants [69, 91-93]

Composition Burning rate (mm/sec) n
60% CL-20; 40% PGA 11.5-23 (7-15 MPa) 0.92
60% HMX; 40% PGA 6-11 (7-15 MPa) 0.89
60% CL-20; 40% GAP 1 3.4-27.2 (7-15 MPa) 0.94
60% HMX; 40% GAP 7.2-13.6 (7-15 MPa) 0.91
60% CL-20; 40% GAP 20.0-32.4 0.48
(catalyzed) (7-20 MPa)

60% RDX; 40% GAP 14.6-21.4 0.37
(catalyzed) (7-20 MPa)

70% CL-20; 20% GAP; 15 0.57
10% BDNPF/A (7 MPa)

Note n is the exponent in the power law of the burning rate, PGA is polyglycol adipate, and GAP is
a glycidyl azide polymer

this product was to reduce the sensitivity of the formulations. The sensitivity
determine by the drop test is shown in Fig. 2.17 (Table 2.19).

Mueller [94] has studied several formulations of CL-20 and RDX with nitro-
cellulose, BDNPA/F, EPX, and a stabilizer, and compared the properties of these
two explosives. Mueller has presented thermodynamic and chemical stability data
along with 40-mm gun simulation data as a function of temperature.

Besides using CL-20 as an explosive, it is also used as a propellant. It is being
tested as an alternative to ammonium perchlorate in missile and space applications.
Golfier et al. [89] found that CL-20 propellants offer 7% superior I, (251 s)
compared to RDX-based formulations. Weiser et al. [95] found that the CL-20/
glycidylazide polymer-(GAP) propellants exhibit burning rates twice those of
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HMX/GAP propellants. Attempts have been made to ballistically modify CL-20
formulations, but specific information about the modifiers is not available. Nair
et al. [96] have studied CL-20 based composites as double-based propellants. With
corporate 17.5% aluminum based on their theoretical evaluation of Iy,. In another
paper, Thepenier and Fanblanc [97] compare the characteristics of several com-
pounds and show the superiority of CL-20 with respect to density, enthalpy of
formation, and oxygen balance. In addition this paper provides information on a
wide variety of fields from new raw materials (energetic binders, plasticizers,
oxidizers) through new propellants and new processes to new tools for designing
grains. Unlike many other propellants, the CL-20 propellant exhaust is free of lead,
acids, and aluminum oxide emissions. The absence of halogens like in ammonium
perchlorate makes CL-20 products of combustion more environmentally friendly.

2.12 Toxicity

Kuperman et al. [98, 99] have reported the Enchytraeid Reproduction Test, and
found that toxicities for E. crypticus adult survival and juvenile production sig-
nificantly increased in weathered and aged treatments compared with toxicity in
freshly amended soil, based on 95% confidence intervals. The EC50 and EC20
values for juvenile production were 0.3 and 0.1 mg kg™ for CL-20 freshly amended
into soil, and 0.1 and 0.035 mg kg™, respectively, for weathered and aged CL-20
treatments.

2.13 Conclusion

CL-20 has attracted a great deal of attention in the recent years as a powerful
insensitive explosive. Current literature search revealed that several countries are
working on this explosive mainly on the synthesis, scale-up, and cost reduction.
There is little work on properties, detection, toxicity, and remediation of contam-
inated sites should this be made in large quantities.
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