
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 16 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Energetic Materials
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713770432

Thermal behaviour of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaaza-tricyclo
(7,3,0,03,7) dodecane-5,11-dione
Hu Rongzua; Lu Xingsena; Fang Yingaoa

a Xian Modern Chemistry Research Institute, Shaanxi, People's Republic of China

To cite this Article Rongzu, Hu , Xingsen, Lu and Yingao, Fang(1993) 'Thermal behaviour of 2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaaza-tricyclo (7,3,0,03,7) dodecane-5,11-dione', Journal of Energetic Materials, 11: 3, 219 — 241
To link to this Article: DOI: 10.1080/07370659308227812
URL: http://dx.doi.org/10.1080/07370659308227812

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713770432
http://dx.doi.org/10.1080/07370659308227812
http://www.informaworld.com/terms-and-conditions-of-access.pdf


THERMAL BEHAVIOUR OF 2,4,6,8,10,12-HEXANITRO-- 
-2,4,6,8,10,12-HEXAAZA-TRI CY CLO C 7,3,0,03”1 

DODECANE-5,ll-DIONE 

Hu Rongzu. Lu Xingsen and Fang Yingao 
Xian Modern Chemistry Research Institute. Xian 710061 

Shaanxi (People’s Republic of China) 

Abstract 

The thermal decomposition process of the title compound (HHTDD) un- 
der the conditions of vacuum and water vapour has been studied by using a 
highly sensitive Bourdon manometer. This process can be divided into induc- 
tion period, acceleration period and deceleration period. All the decomposition 
curves exhibit the typical sigmoid shape. The relationship between the induction 
period (ti,, ) and the temperature (T) of the thermal decomposition of HHTDD 
in the temperature range 60 - 120C can be expressed by the following equa- 
tions: 

In f ,  = 12586/ T - 32.9503, r = 0.9987 (1) 
and 

lag 1 ,  = 15.967 - 4.1854 - 10-’T, r = 0.9988 (2) 

Acid and water are the principal factors affecting the stability of HHTDD. 
Water, especially has a devastating influence on HHTDD. Under linear tem- 
perature increase condition, the apparent activation energy of the thermal de- 
composition reaction of HHTDD is about 160 kJ mol-’ . The neutral 
hydrolytic reaction equation and ion dissociation process of HHTDD are pro- 
posed. 

Journal of Energetic Materials Vol. 11,219-244 (1993) 
Published in 1993 by Dowden, Brodman & Devine, Inc. 
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1. Introduction 

2,4,6,8,10,12-Hexanitro-2,4,G,8,10,12-hexaaza-tricyclo[7,3,0,03~7 ] 
dodecane-5,l I-dione (HHTDD) is a new high explosive with zero oxygen bal- 
ance. Its crystal density is 2.07 g.crn” . Theoretical detonation velocity of 
HHTDD is about 9700 m.s-’ . It was first synthesizeain 1972 at  our Institute. 
It has the potential for possible use as a high explosive from the point of view of 
the above-mentioned high performance. The aim of this work is to study the 
thermal behaviour under the conditions of vacuum and water vapour, the neu- 
tral hydrolytic reaction, the kinetic parameters and the degradation process of 
HHTDD by using a highly-sensitive Bourdon manometer, GC and chemical 
analysis method, DSC, and MS respectively. 

2. Experimental 

2.1 Materials 

HHTDD with the acidity of 0.49, 0.43, 0.015 and 0.01 1% and the purified 
HHTDD used in this work are prepared at  out Institute. The structure of the 
purified HHTDD is charactcrized by elemental analysis, molecular weight, I R  
spectrometry, mass spectrometry and N M R  spectrometry. Its purity is more 
than 99.8%. And it is kept in a vacuum desiccator before use. 

2.2 Experimental equipment and conditions: 

The experimcnts of determining the thermal decomposition of HHTDD 
under isothermal conditions with a highly-sensitive Bourdon glass membrane 
manomcter are carried out according to reported mcthod I’ . The volume of 
reaction vessel of the manometer is about 15 ml for the complete decomposition 
and about 5 ml for the partial decomposition of HHTDD. Their loading densi- 
ties are 1 

The experiments of the thermal decompostion of HHTDD under linear 
temperature increase conditions are carried out with a model CDR-1 thermal 
analyzer made in the Shanghai Balance Instrument Factory, using a 
Ni / Cr-Ni / Si thermocouple plate and working under static air conditions 

and 1 * lo-’ g nil-’ respectively. 

220 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
9
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



with six different heating rates ranging from 0.5 to 20C min-' . Aluminum ox- 

ide is used as a reference material. Heating rate is calculated according to the 
actual rate of temperature rise from 50C to the temperature at the end of de- 
composition. The amount of sample used is about 0.5 mg. 

The ion dissociation process of HHTDD is analyzed by using a 
MAT312/ 200 MS spectrometer (MAT Co., Germany). The conditions of MS 
are as follows: accelerating voltage of EI source, 3 kV; electron energy of EI 
source, 70 eV, emission current of EI source, 1 mA; vapourization temperature, 
210%. 

3. Thermal decomposition of HHTDD 

Under vacuum the complete decomposition of HHTDD at  five tempera- 
ture points from l55C to 195C, and its partial decomposition a t  eight temper- 
ature points from 60% to 120C are carried out by using a highly-sensitive 
Bourdon glass membrane manometer. 

(dec.). Its X-ray 
diffraction shows that there are two crystal forms, a and p. Form a is a white 
flashing crystalline substance, while Form is a white powder. Because the sta- 
bility of Form a is greater than that of Form b, HHTDD used in this study is of 
the former kind. 

The melting point of HHTDD used here is 205% 

3.1 Complete decomposition of HHTIID 

The V, vs. t curves in Fig.1 represent the relationship between the stand- 
ard volume of gas evolved (V,) under standard condition (at OC and 760 mm 
Hg) during the course of the sample decomposition and the time (t) of the com- 
plete thermal decomposition of HHTDD at 155C, 165%, 175%, 185% and 
195% with the loading density of the reactor m / V, as I 0 lo-' g ml-' (m, 
sample weight; V, the volume of the reactor). All the decomposition curves ex- 
hibit the typical sigmoid shape. The maximum V, , V, is about 600ml.g-' . 
The thermal decomposition process of HHTDD can be divided into three 
stages: induction period, acceleration period and deceleration period. The 
amounts decomposed within the induction period, the acceleration period and 
deceleration period are I / 8, 5 / 8, and 2 / 8 of the total amount decomposed 
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respectively. 
The curves of decomposition rate (dV, / dt) vs. t are shown in Fig.2. The 

typical characteristic data of the thermal decomposition of HPTDD obtained 
from the V, vs. t curves, the initial decomposition rate (W, ), the maximum de- 
composition rate w,,, ), the induction period (t,,, ), the half decomposition pe- 
riod (t,,2 ), the time to maximum decomposition rate (t,,, ), the initial rate 
constant (k, ), the maximum rate constant (k,,, ) and the average overlap 
coefficient (k,,,,) are listed in Table 1. The relationships of the logarithm of the 
characteristic values in Table 1 versus the reciprocal of absolute temperature are 
shown in Fig.3. I t  can be seen from Fig.3 that under our conditions, the thermal 
decomposition process of HHTDD obeys the Arrhenius law. And the values of 
W, , W,,, , k, , k,,, and k,, increase, whereas those of tin , tl,2 and t,,, 
decrease, with the increase of thermal decomposition temperature of HHTDD. 
The values of the apparent activation energy (E) and the pre-exponential con- 
stant (A) obtained from Fig.3 are listed in Tables 2 and 3 respectively. Its 
deceleration period does not agree with the first order reaction law (see Fig. 4). 

3.2 Partial decomposition of HHTDD 

The curves of V, vs. t and dV, / d t  vs. t of the partial thermal decomposi- 
tion of HHTDD at 60%, 6 5 % ,  70C, 80C, 90C, loo%, I10%, and 120C with 
the loading density of 0.1 g.ml-' are shown in Figs. 5 - 7 respectively. It can 
be seen from Fig.5 that all the standard volumes of gas evolved within the in- 
duction period (ti,) are about 1.25 ml.g-' . If the gaseous products of the 
thermal decomposition of HHTDD reach the thermodynamic end-state, the 
maximum standard volume of gas evolved during the thermal decomposition 
process of HHTDD, V, , would be 670 m1.g-' in theory. At  this time, their de- 
composition extent is 0.18%. The values of tin corresponding to the value of 
0.18% a t  different temperatures are listed in Table 4. The relationship between 
the values of tin and the temperatures of thermal decomposition of HHTDD in 
the temperature range of 60- 120 C (shown in Table 4) can be expressed by the 
following equations 
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In t,. = 12586/ T - 32.9503, r = 0.9981 (1) 

(2) 
The values of the apparent activation energy, the pre-exponential constant 

(day)-’ and about 55 years respectively. 

and 

10s t r  = 15.967 - 4.1854 * 10-*T, r = 0.9988 

and the safe lifetime of HHTDD at 20C obtained from eqn. I are 105 
lcJ.mo1-’ , 

4. The influence of acid on the thermal decomposition of HHTDD 

Acid has a great influence on the thermal stability of HHTDD. As shown 
in Table 5, if acidity is reduced by a factor of I / 5, the thermal stability will 
accordingly increase by 100%. 

5. The influence of water vapour on the thermal stability of HHTDD. 

HHTDD is extremely sensitive to water. The results (see Fig.8) of the 
thermal deocmposition of HHTDD in vacuum and in the presence of water va- 
pour pressure of 24 mm Hg indicate that the decomposition rate of the later is 
about two times as great as the former and that the reaction of the later is 
strongly accelerated by water vapour. 

The hydrolytic reaction of HHTDD is zero order reaction in the tempera- 
ture range of 35 - 55C. The hydrolytic rate constants at 35%, 45C and 55% 
are 1.85 - lo-’ , 9.59 lo-’ , and 28.3 mol(day)-’ respectively. The val- 
ues of E and A of this reaction is 114.6 kJ.mol-’ and 10’4.8 (day)-’ 
respectively. The linear correlation coefficient is 0.9950. The time required for a 
1% mass-loss of HHTDD at a temperature of 18C and relative humidity of 
66% is only 10 days. 

The neutral hydrolytic products of 1 rnol HHTDD in the temperature 
range 20-60C determined by using GC and chemical analysis method are 2 
mol water, 5.8 rnol nitrous oxide, 1.9 mol carbon dioxide and 1.9 rnol acetic 
dialdehyde. On the basis of above-mentioned experiments and calculated re- 
sults, the possible mechanisms and equation of the neutral hydrolytic reaction 
of HHTDD are deduced to be as follows: 
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yo1 yo1 yo1 yo2 yo1 yo1 
fast 0,H NH-CH-N-CH-N, /p 2C0, t HN-CH-N-CH-NH 

o" , pI' -CH-v-CH-yHOH HY-CH-N-CH-YH 
NO, NO, NO, NO, NO, NO, 

I 1  __c - c  I I c, - 
pox 

HO-CH-N-CH-OH 

HO-CH-f;l-CH-OH 
+4N@ ___r 2 ?'" + ZN,O + 2H,O (3) I 1  CHO 

NO, 

and 

C6H,0,,Nt2+2H,0= 2 2: + 6N,O +2CO, i 2HIO (4) 

6. The apparent activation encrgy of the thermal decomposition of HHTDD 
under linear temperature incrcase condition 

In order to obtain the apparent activation energy (E) of the thcrmal de- 
composition of HHTDD, a multiple heating method [21 was employed. From 
the original data in Table 6, the calculated value of E is determiiicd to be 166 kJ 
mol-' . The linear correlation coefficient is 0.9972. The values of E determined 
from the exothermic rate equation '31 by a single non-isothermal DSC curve 
obtained with a heating rate of 5% .mind' is 156 kJ mol-' . These values of E 
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are in fair agreement with the values of E of 157 (or 165) kJ.mol-' obtained 
from the relationship of log t,,,,, (or k,,, ) versus 1 / T in Table 2. Therefore, 
the value of E of about 160 kJ.mol-' for the thermal decomposition of 
HHTDD is acceptable. 

7. The ion dissociation process of HHTDD 

The mass spectroscopy studies are carried out on a MAT-312/ 200 mass 
spectrometer. Its mass spectrum under the condition of low resolution 
(R=lOOO) is shown in Fig.9. Under the condition of high resolution 
(R= IOOOO), the accurate mass and elemental composition of essential ions dur- 
ing the mass spectral fragmentation process of HHTDD are listed in Table 7. 
The relationship among the essential ions obtained by metastable scans is 
shown in Fig. 10. On the bases of the above-mentioned results the ion 
dissociation processes of HHTDD could be expressed by the scheme shown in 
Fig. I I .  

8. Conclusions 

( I )  The thermal decomposition process of HHTDD can be divided into in- 
duction period, acceleration period and deceleration period. All the decomposi- 
tion curves exhibit the typical sigmoid shape. 

(2) The relationship between the induction period and the temperature of 
the thermal decomposition of HHTDD in the temperature range 60-12O'c can 
be expressed by the equations 1 and 2 shown in the Text. Its values of the a p  
parent activation energy and the pre-exponential constant are 105 kJ.mol-' 
and lo'"' (day)-' respectively. 

(3) Acid and water vapour are the principal factors affecting the stability of 
HHTDD. Water vapour, especially, has a devastating influence on HHTDD. 

(4) The mechanisms and equations of the neutral hydrolytic reaction of 
HHTDD can be expressed by the equations 3 and 4 shown in the Text. 

(5) The value of the apparent energy of about 160 kJ mol-' for the therm- 
al decomposition of HHTDD is acceptable. 
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Table 1 
Characteristic data of  the complete thermal decomposition of  HHTDD at dif- 
ferent temperatures 

temp. Wo -- C ml/g.rnin 

155 0.074 
165 0.19 
175 0.37 
185 0.85 
195 1.80 

w m ~ x  t i n  t l / 2  tmax k, ’ kmaz * kdh - ~ - - -  
ml/g.rnin min min min s” 7 

~ 

0.78 180 750 900 0.2042 0.6854 0.1693 
2.54 90 306 376 0.5507 3.120 0.3910 
7.26 46 127 145 0.9788 6.368 1.000 

22.6 21 55 61 2.322 19.82 2.216 
44.9 10.1 20.2 21.2 4.862 35.89 5.830 

Table 2 
Data of the apparent activation energy (E) of the complete thermal decomposi- 
tion of  HHTDD in the temperature range 155- 195% 

Calculated method E, kJ mol-’ 

133 

I 3 3  

121 

148 

I48 

157 

I65 

177 

1 

1 l O g k ,  VS.  - T 
1 

[Ogt,,, VS. T 
1 l o g k ,  VS. - 
T 

1 I O g t , , ,  VS. - T 
I 
T 
1 

log wo vs. T 

log tmnr vs .  - 

log wmax vs. - 
log kmax vs. 

1 
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Table 3 
Data of the pre-exponential constant (A) of the thermal decomposition of 
HHTDD at different temperatures 

The value of A 
corresponding to k, 
A lo-'' , sec-' 

The value of A 
corresponding to k,,, 
A - lo-" , sec-' 

temp. 
c 

155 3.5 2.1 
165 4.2 3.9 
175 2.9 2.7 
185 3.5 3 .O 
I95 3.4 5.2 
155-195 ave. 3.5 ave. 3.5 

Table 4 
The induction period during the thermal decomposition of HHTDD at various 
temperatures 

Temp. 'C 60 65 70 80 90 100 110 120 

= 0.18%) ? days 115 71 40 13.4 5.2 2.56 0.94 0.32 
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Table 5 
The influence of acid on the thermal stability of HHTDD 

Loss of weight at lOOC for 8 days 
Acidity, % % 

0.49 55.4 
0.43 4.74 
0.01 5 1.12 
0.01 1 0.58 

Table 6 
The maximum peak temperature (T, ) of the thermal decomposition of 
HHTDD determined by the DSC curves at various heating rates (a) 

0.5224 
1.035 
2.143 
5.600 

10.43 
20.83 

195 
204 
212 
22 1 
228 
239 
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Table 7 

The accurate mass and elemental composition of essential ions during the mass 

spectral fragmentaton process of HHTDD under the condition of high resolu- 
tion (R = 10000) 

accurate mass elemental 
m / e  

experimental theoretical composition 

124 

137 

171 

192 

193 
209 

210 

21 6 
240 

261 

284 

285 

307 

330 

334 

376 

422 

468 

124.0380 

137.0464 

171.0393 

192.0397 

193.047 1 
209.042 5 

210.0502 

216.0246 

240.0061 

261.0095 

284.0251 

285.0332 

307.0020 

330.0 184 

334.0133 

376.01 12 

422.003 7 

467.996G 

124.0385 

137.0463 

171.0392 

192.0396 

193.0474 
209.0423 

2 10.0.5 13 

216.0243 

240.0058 

261.0093 

284.0254 

285.0332 

307.0023 

330.0183 

334.0132 

376.0112 

422.0041 

461.9970 

* PFK is used as a standard sample. 
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195C 

500 1000 1500 

time, min. 

Fig. 2 The curves of change in rate with timc during thc thermal 
dccornposition of HHTDD at various tempcraturcs. 
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t , min. 

2.2 

2.0 

1.8 

1.6 

1.4 

1000 1100 1200 1300 1400 

22 24 26 28 30 

I I I I 1 I ]  

I I I I 1 

' 0  

I t 

130 170 210 250 290 330 

t , min. 

2.2 

2.0 

1.8 

1.6 

1.4 

Fig. 4 Dcpcndcncc of log(V,-V,) on tcmpcrature . 
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2000 

1000 

80 C 
I 
0 

70C 

20 40 60 

time , days 

Fig. 6 Thc curvcs of changc in rate with time during the thermal 
dccornposition of HHTDD at various tcmpcraturcs. 
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yo1 yo, yo1 
N-CH-N-CH-N, 7 
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Fig. 1 I The ion dissociation proccss of HHTDD 

241 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
9
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1


