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Abstract

CL-20 is an attractive HEM having density (>2 g cm™) and velocity of detonation (9400 m s™') supe-
rior to HMX (1.9 g cm™ and 9100 m s™'). During this study, CL-20 was synthesized to establish via-
bility of efficient synthesis method. The compound synthesized at HEMRL was characterized by
FTIR, '"H NMR and elemental analysis. Thermal studies (dynamic DSC and isothermal TG) were
undertaken to determine kinetic parameters and understand the decomposition patterns. An attempt
is made to explain the mechanism of decomposition of CL-20 on the basis of the data obtained by the
authors and findings of other researchers. The activation energy values obtained during this work by
adopting various approaches are close to the values reported for N-NO, bond cleavage suggesting
that it is global rate determining process rather than the collapse of cage structure. Mass spectra also
provides evidences in this regard. Monitoring of decomposition products at high temperature sup-
ports these findings and brings out that NO, initiates secondary decomposition processes because of
entrapment in cage structure.
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Introduction

2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazatetracyclo [5,5,0,03 N ‘9] dodecane or
hexanitro hexaazaisowurtzitane (HNIW or CL-20) — a high energy material (HEM) with
cage structure, is considered the most powerful explosive today. It is popularly known as
CL-20. In view of its superior performance, CL-20 is emerging as the next generation
HEM. Its attributes of great interest are high density (>2 g cm™), due to cage structure,
and positive heat of formation of the order of ~419 kJ mol ' because of typical structure
features including ring strain [1]. CL-20 is envisaged to deliver 14 to 20% higher perfor-
mance than HMX [2]. Its superior performance potential than HMX emanates not only
from much higher AH;but also relatively superior oxygen balance. It was a laboratory cu-
riosity for a long time. However, production technology breakthrough by Thiokol corpo-
ration, USA and SNPE, France [3] resulted in its emergence as a commercially viable su-
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perior alternative to HMX. During this study, CL-20 synthesized and characterized in the
laboratory was subjected to exhaustive thermal studies to get an insight of the decompo-
sition processes and determine kinetic parameters. An attempt is made to compile the in-
formation available in literature and discuss the results obtained during this work in the
light of the findings of other researchers.

Experimental

Starting materials

Glyoxal, benzyl amine, acetic anhydride, sulfolane used for synthesis were of Merk
(98-99% purity). 10% Pd/C, nitronium tetrafluoroborate and nitrosonium tetra-
fluoroborate were obtained from Lancaster.

Characterization

IR spectra were recorded on Perkin Elmer FTIR Model-1605 using KBr pellets.
"H NMR was recorded on Bruker-300 MHz with pulsed Fourier Transform system.
Elemental analysis was carried out on elemental analyzer (CE Instrument model
CHNO-1110). Mass spectra was recorded with JEOL — DS double focusing mass
spectrometer at 70 eV applying Electron Impact [El] technique. HPLC was carried
out on the Perkin Elmer Instrument.

Thermal decomposition

Thermal analysis at different heating rates was carried out using DSC (Perkin Elmer)
and STA (Mettler Toledo) in N, atmosphere.

Results and discussion

Synthesis

The first step in HNIW synthesis [4] involves creation of basic cage structure through
condensation of glyoxal with benzylamine leading to the formation of 2,4,6,8,10,12-
hexabenzyl-2,4,6,8,10,12-hexaazatetracyclo  [5,5,0,0%°0*''] dodecane (HBIW)
(Scheme 1). Conversion of HBIW to CL-20 poses major challenge.

HOOOH Cgll CH;- ‘cn,ceﬂ,,
CHCHNH, + (CHO), _ _  CeHsCHy CHCgHy
CHCN CeHls CH; N —CH,CH;

HBIW

Scheme 1 Synthesis of HBIW
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Direct debenzylation of HBIW by nitrolysis is unsuccessful due to competing
nitration of phenyl rings [5]. Thereby, debenzylation precedes the nitration as a nec-
essary step. The removal of N-benzyl groups is usually achieved by catalytic hydro-
genation. However hexaaza isowurtzitane itself being unstable, it is necessary that six
secondary amine groups be protected during the transformations. The reductive
debenzylation of HBIW under a wide variety of hydrogenation conditions to get
tetraacetyl derivative of isowurtzitane (Scheme 2) with palladium catalyst has been
investigated by various researchers [6—8]. Intermediates are converted to CL-20 by
reacting with nitrosonium salt (NOBF,) [9] followed by nitronium salt [NO,BF,].
98% HNO; also produces CL-20 at high temperature [10].

—COCH,
—COCH,
CH, CHy —CH,CH, |-|2 Pd/C 02N
CgH, CHy - CH,C.Hy CH,OO)ZO CgHs CH;— N ) —cH,c Hy
(2a
CeHs CH~ N —CH,CeH, \ CcH,CO —COCH, ON—N —No,
Pd(OH), cHCo- —COCH,
HBIW CL-20
RN R
R=H (2b)

= CHO (2¢)

Scheme 2 Debenzylation of HBIW followed by nitration

The synthesis work carried out in this lab also suggests that reductive [9]
debenzylation in conjunction with acetylation is a viable method to obtain an inter-
mediate akin to nitration. NOBF, and NO,BF, combination was used for the nitration
of the precursor in preference to 98% HNO; during this work, because the require-
ment of high temperature renders the later process hazard prone. It was observed that
high purity compound could be obtained by this method. The purity of the compound
was found to be >95% with HPLC. A mixture of acetonitrite, water and phosphoric
acid was selected as eluent as recommended by Jacob et al. [11]. Relatively cost ef-
fective N,O4 based nitrating agent combination was also investigated [9].

Characterization

FTIR gives peaks at 1600 and 1330 cm ™' for N-NO, and 3020 c¢m ' for (-CH-str).
"H NMR gives two signals at 8.48 (corresponding to 4H) and 8.28 (corresponding to
2H). >C NMR shows singlets at 3:75.0 and 72.1 respectively. Mass spectrum exhib-
its M'-NO, as fragment with highest m/e value. The M'—3NO, and M"—6NO, frag-
ments were also observed in the EI model [12]. FTIR, 'H NMR and mass spectral pat-
terns (Figs 1-3) of the CL-20 synthesized are concurrent with the reported values. C,
H and N contents obtained by elemental analysis were close to theoretical values.
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Fig. 3 Mass spectrum of CL-20 by (70 eV, EI)
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Thermal analysis

DSC

In DSC, single stage exothermic decomposition was observed at 233—-246°C with the
heat evolution of 883-945 J ¢! at the heating rates of 10-25°C min"'. These tempera-
tures are close to those reported by Wardle et al. for € CL-20. The activation energy
for exothermic decomposition computed by using ASTM standard method [13]
(based on Kissinger correlation) was found to be 199.45 kJ mol ™' (Table 1).

Table 1 DSC data on CL-20 at various heating rates (Kissinger method)

Heating rate, 3/ Decomposition —InB/T> - Activation
°C min™! T/K np/T, k Almin energy/kJ mol ™
10 511.5 10.176 1.0391
15 512.5 9.766 0.9483 20
1.21500 199.45
20 517 9.5003 1.5614
25 519 9.284 1.8667

TG data: Isothermal kinetics

The kinetics of the decomposition of CL-20 were determined under isothermal condi-
tions in the temperature range of 210-220°C (in nitrogen atmosphere). Collected data
was analyzed by following ways.

(i) The plot of a vs. ¢ is sigmoid (Fig. 4) suggesting the Avrami—Erofeev rate ex-
pression. All the experimental O vs. ¢ curves were converted to reduced-time scale
(ted/th 5) Where £, 5 is the time at each temperature at which 0=0.5 [14]. Comparison of
this experimental curve at 220°C with the theoretical reduced time curves per the
Avrami-Erofeev model a=1-exp(—ko stea)” Where ko s=[-In(0.5)""™], (Fig. 5) confirms
that accelerating period is close to n=2, while decelerating period best fitted when
n=2 and 3. Accordingly rate constants ki, kyp.5 for each temperature were evaluated
for 0.05<0<0.5 (for acceleratory) and 0.5<0<0.95 (for deacceleratory ) respectively.
Arrhenius plot then gave the apparent £, and frequency factor 4 (Table 2).

Table 2 Apparent Arrhenius parameters for the thermal decomposition of CL-20 (483—493 K)

Activation energy/

. 1 In4/min”’
kJ mol” kcal mol”
Acceleratory period
=2 (0.05<0<0.5) 22493 53.55 22.25
Deacceleratory period
n=2.5 (0.5<0<0.95) 247.13 58.84 25.15
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Fig. 5 Experimental (- - -) and theoretical (Avrami—Erofeev) reduced time curve of
CL-20

Table 3 Correlation coefficient R obtained for various F(0) by isothermal TG

Isothermal temperatures/°C

No. F(a)
210 215 218 210
1 a 0.9529 0.9278 0.9306 0.9320
2 ~In(1-0) 0.9899 0.9909 0.9949 0.9847
3 32[1(1-0) %3 0.9821 0.9913 0.9880 0.9735
4 12[1-(1-0) "3 0.9766 0.9848 0.9797 0.9656
5 13[1-(1-a)*? 0.9699 0.9724 0.9676 0.9561
6 —1-(1-0) Y 0.8738 0.7328 0.7580 0.8264
7 [1-(1-a)¥3 0.9766 0.9848 0.9797 0.9656
8 [1-(1-a)] 0.9699 0.9724 0.9676 0.9561
9 [~In(1-0)*? 0.9927 0.9848 0.9901 0.9838
10 [~In(1-0)*9| 0.9943 0.9956 0.9971 0.9938
11 [-In(1-0) ™4 0.9918 0.9972 0.9964 0.9969
12 [1-a][ In(1—0)]+a 0.9058 0.9508 0.6247 0.8963
13 [1-2/30]-[1-0]*? 0.8942 0.9368 0.9073 0.8821
14 [1-(1-a)"3? 0.8698 0.9015 0.8681 0.8522

(i1) Best linearization is achieved by plotting f{Q) vs. # using various expressions
(Table 3) with the aid of a computer program. The best linearity with a correlation co-
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efficient of 0.9972 was obtained for Avrami-Erofeev equation [-In(1-0)"*] up to
70% fraction. Close correlation was also observed with the Avrami—Erofeev equation
[-In(1—a)']. The rate constants obtained from the slope of the plots of these equa-
tions were substituted in Arrhenius relationship. The activation energy computed
from slope of this plot was 225-234 kJ mol ' and 4 was 7.69100% s

(ii1)) An alternative method for finding the activation energy of the reactions
without fitting the results to a kinetic equation was also attempted as it is reported to
be a valuable means for obtaining the activation energy for a reaction when the order

1.5
iy 3 /
[=)]
o
= 0.5
o+ v v v v ———
0.002 0.002 0.002 0.002 0.002 0.002 0.002

1T
Fig. 6 Plot of log? vs. 1/T at o range 20-60%

is unknown over a finite range of decomposition [15]. Let the rate equation be of the
general form F(0=kt, where £ is the rate constant. The relation obtained from experi-
ments i8 F(0lp+1)—F(0,)=k(ty+1—t,) [0y, Oyrq are the values of the fractional decomposi-
tion (Q) at time #,, #,1]. At different temperatures F(0 ) )—F(0,)=k" (¢ 11—t n)=con-
stant. It follows that the plot of log(fy:1—t,) vs. T is linear with a slope of £/2.303R
(Fig. 6). With this approximation, the activation energy for thermal decomposition in
a range of 20-60% was found to be 209 kJ mol '

Xingzhong et al. [16] carried out studies on thermal stability of e-CL-20 using
accelerating rate calorimeter (ARC) and obtained activation energy of decomposition
(E,) of 189 kJ mol ™. Patil and Brill [17] reported activation energy of 153.6 kJ mol ™
for global decomposition while Lobbecke et al. [18] reported E, of 17146 kJ mol ™
for the non-catalytic processes and 184+8 kJ mol ™' for catalytic process and observed
that the commencement of heat release depends upon various factors like amount of
sample, heating rate and composition of gaseous decomposition products. The treat-
ment of DSC and TG data obtained during this work corresponds to £ of
209+25 kJ mol .

It can be inferred from activation energy values that the decomposition of CL-20
is basically dominated by hemolysis of N-NO, bond. Patil and Brill [17] have also
proposed that N-N bond cleavage determines the global rate constant for decomposi-
tion at [R00°C. Bouma et al. [19] also reached to similar conclusion. The supporting
evidences are provided by mass spectral pattern obtained during this studies, where
peaks corresponding to M'—NO,, M'—3NO, and M"—6NO, were observed (Fig. 3).

Korsounskii et al. [20] carried out the analysis of the residue formed during de-
composition at the heating rate of 4°C min"' and proposed that it results from the
elimination of SNO, and undergoes exothermic decomposition beyond 300°C. Patil
and Brill [17] have also reported the formation of residue containing left out NO,
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groups after main decomposition process. They found that it undergoes complete de-
composition at temperatures greater than 700°C.

In order to get additional information, the sample was subjected to heating at el-
evated temperatures (180 to 240°C) and both the residue and the decomposition gases
were subjected to FTIR study. No major change in IR spectra was observed for the
samples up to 230°C and major decomposition appears to take place at 240°C. The
selected frequencies and tentative assignments for FTIR of collected gaseous prod-
ucts of decomposition at 220°C show presence of NO and HCN, whereas FTIR of
residue indicates presence of carbonyl, -NH and amide group. This brings out the
possibility of rapid cleavage of N-NO, followed by secondary reactions. This aspect
needs to be investigated in detail.

Patil and Brill [17] have proposed the formation of NO by the following path-
way suggesting the relative importance of secondary reactions involving NO,.

N-NO, - N+NO,
N+NO; - N-O+NO
HC+NO, - HC-O+NO'

It is opined that in case of HNIW, cage structure hinders the escape of decompo-
sition products resulting in radical recombination in the backbone of CL-20. Stabili-
zation of the C—N bond, subsequent to homolysis of N-NO, bond may be leading to
residue formation unlike in case of RDX and HMX having two dimensional cyclic
structure [21]. Possibilities of such recombination are also suggested by the presence
of NH bond (3422 cm ') in IR spectra of residue obtained during this work.

7
8 6 /]\
o,N NO, o, NO, O,NI NO,
. . "
ON N .o N —> ON \\\l
IR —N o !
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Scheme 3 Decomposition pathways [17] of CL-20

Patil and Brill [17] have proposed a general reaction pathway on the basis of the
data generated by them (Scheme 3). They assumed that the homolysis at N(2) results
in the weakening of C(3) and N(4) bond (91) facilitating the insertion of NO, unit
with the creation of C—O—N bond (91I). The intermediate product could react in sev-
eral ways leading the formation of N,O as well as carbonyl residue (9111). Parallelly,
C(1)-C(7) bond could cleave resulting in adjacent radical sites which may recombine
to form C=N(9IV-V). HCN and CO are the common decomposition products of ni-
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tramines, which may be formed by the decomposition of amide residue in the con-
densed phase, while HO-NO may result due to radical scavenging by NO,.

Conclusions

The present study re-establishes that the debenzylation via nitration is the most viable
route for the synthesis of CL-20. However, attempts need to be continued to econo-
mize the production cost. Thermal studies suggest that N-NO, homolysis is the
global rate determining step in decomposition of CL-20. However, cage structure ap-
pears to offer opportunities for rapid secondary reactions. The process of single stage
rapid decomposition brings out efficient energy release capability of CL-20. In order
to get direct visual evidence, the physical changes were closely monitored by hot
stage microscopy and rapid decomposition processes accompanied with gasification
were observed at 235°C in contrast to its precursors (devoid of N-NO, group). More-
over, the results obtained by the authors are more or les on the lines of those reported
by other researchers despite different experimental condition/setup, are indicative of
the overall validity of the proposed reaction pathways. However, exhaustive studies
are needed to pin-point the mechanism of energy release of CL-20. Hyphenated ther-
mal-spectral techniques and Coherent Antistroke Raman Spectra (CARS) may offer
valuable information in this regard.
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