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Abstract: The thermal behavior, mechanism and kinetic parameters of the first-stage exothermic decomposition reac-

tion of the title compound in a temperature-programmed mode were investigated by means of DSC,TG-DTG and IR. The re-

action mechanism has been proposed. The empirical kinetic model functions in differential forms,the apparent activation en-

ergy (E,) and the pre-exponential factor(A) of this reaction are 1/3(1 - a)[ - In(1 - ) ] 2 166.6 kJ - mol ™'

13.29 -1
10 s,

AH” and AG™ of the reaction are 50.8 J - mol ™'

and

respectively. The critical temperature of thermal explosion of the compound is 191. 16 °C. The values of AS™ |

- K™',162.9 kJ - mol " and 139.9 kJ - mol ', respectively.
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1 Introduction

Cyclourea nitramines with N-trinitroethyl groups have
a greater density and a higher detonation velocity. Some
of the compounds could be used as high explosives. 2,6,
8 ,12-tetranitro-4 ,10-bis(2, 2, 2-trinitroethyl) -2, 4, 6,
8, 10,12-hexaazatricyc-lo[7 + 3 + 0 - 0’7 ]-dodecane-5,
11-dione (1) is a typical cyclourea nitramine. The crys-
>, The detonation velocity cor-

~* is about 9 042 m

tal density is 1.94 g - ¢cm

g
*S

responding to p =1.931 g - cm
Therefore , this compound may be used as high explosive.
Its thermal behavior has been reported''’. In this paper,
its kinetic parameters and mechanism of the exothermic
first-stage decomposition reaction are described. This is
quite useful in the evaluation of its thermal stability under
non-isothermal condition and in the study of its thermal

changes at high temperature.
2 Experimental

2,6,8,12-tetranitro-4, 10-bis(2, 2, 2-trinitroethyl) -
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2,4,6,8,10, 12-hexaazatricyclo[7 + 3 + 0 0" ]-dode-
cane-5,11-dione (1) was prepared in Xi’an Modern
Chemistry Research Institute. Its purity was more than
99.5% . The sample was kept in a vacuum desiccator.
TG-DTG curve was obtained by using a Perkin-El-
mer Model TGS-2 thermobalance. The heating rate was
10 °C - min~". The flow rate of N, gas was 40 ml + min ',
DSC experiments were carried out with MODEL CDR-1
thermal analyzer made in Shanghai Balance Instrument
Factory, using Ni/Cr-Ni/Si thermocouple plate and work-

-1
B

ing in static air with heating rates 1 ~20 °C - min
Al O, was used as reference material. The infrared spec-
tra of solid intermediate products were recorded on a Per-
kin Elmer Model 180 IR spectrophotometer. The gaseous
intermediate products of the TG experiments were blown
under high-purity N, gas and absorbed in an acetic acid
solution of a-naphthylamine and p-aminobenzenearsonic

acid. This solution, containing nitrogen dioxide, was pur-

plish-red in appearance.
3 Results and discussion

3.1 Thermal behavior and decomposition mechanism
Typical TG-DTG and DSC curves for compound 1

are shown in Figs . 1 and 2 . DSC curve shows two exo -
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thermic peaks,while TG curve shows two-stage mass loss
without any stable intermediate product formed in which
the first stage began at about 120 °C and completed at
212 C accompanied with 47. 1% mass loss. It is in a-
greement with the theoretical value of the mass loss of
46.3% ,corresponding to the loss of the two trinitroethyl
groups attached to nitrogen atom on two sides of carbonyl
to obtain 2,6,8 ,12-tetranitro-2, 4, 6, 8,10,12-hexaaza-
tricyclo[7 3 - 0 - 0’7 J-dodecane-5,11-dione.
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Fig.1 TG-DTG curve for compound 1 at a heating rate of 10 °C + min ™'
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Fig.2 DSC curve for compound 1 at a heating rate of 5 °C

In order to understand the first-stage decomposition
process of compound 1, decomposition-interruption tests
were conducted with DSC experiments. Thermal degrada-
tion of compound 1 was performed by heating the sample
to a certain temperature in the first-stage decomposition
and then cooling down to the room temperature. The in-
frared analyses of compound 1 before thermal decomposi-
tion and intermediate product after above-mentioned de-
composition-interruption tests were conducted. By the
end of the first-stage, the characteristic absorption peaks
for trinitroethyl group of compound 1 disappear at 1 605
and 1 305 em~'. The characteristic absorption peak for
the N—H group appears at 3 300 ¢m ™' and those of the
N—NO, group at 1 585 and 1 270 em ' do not disap-
pear. The characteristic absorption peaks of C=0 at
1 820 and 1 800 cm ™' widen. These observations show
that the parent ring of compound 1 does indeed exist. The
absorbed solution, containing the gaseous intermediate
product is purplish-red in appearance, indicating that ni-
trogen dioxide gas is liberated at the beginning of the de-
composition of compound 1.

On the basis of the above-mentioned experiments
and the calculated result, the mechanism of the exother-

mic first-stage decomposition reaction for compound 1

could be shown as follows.
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3.2 Analysis of kinetic data

In order to obtain the kinetic parameters [ apparent
activation energy (K, ) and pre-exponential factor (A) ]
of the exothemic first-stage decomposition reaction for
compound 1, a multiple heating method>' ( Kissinger’ s
method) was employed. From the original data in Table 1,
E, is determined to be 162.9 kJ + mol "' and A 10" s
The linear correlation coefficient (r, ) is 0. 998 1. The
values of E, and r, obtained by Ozawa's method"’’ are

162.4 kJ + mol " and 0.998 3, respectively.

Table 1 Maximum peak temperature (7,) of the
exothermic first-stage decomposition reaction for
compound 1 determined by the DSC curves

at various heating rates (8)

B/°C + min~' 0.500 1.053 1.842 5.362 10.07 22.67
T,/C 182 188 195 205 213 224

The integral Eq. (1) and differential Eq. (2) are
cited to obtain the values of £ ,A and the most probable

kinetic model function [ f(«) ] from a single non-isother-
[4]

Eu
WS ) o

mal DSC curve

da/dT A

ln[ . ] . P
fla)[E (T - T))/RT" + 1] B
where f(a) and G(a) are the differential and integral

E, 5
“zr @

model function, respectively, T, the initial point at which
DSC curve deviates from the baseline, R the gas constant,

a the conversion degree (a =H,/H,) ,dH, /d¢ the exo-

thermic heat flow at time 7, H, the total heat effect ( corre-
sponding to the global area under the DSC curve) ,H, the
reaction heat at a certain time (corresponding to the par-
tial area under the DSC curve) , T the temperature (K) at
time .

Thirty types of kinetic model function'’’ and the data
in Table 2 are put into Eqs. (1) and (2) for calcula-
tion, respectively. The values of E, , A, linear correlation
coefficient (r) and standard mean square deviation ( Q)
were obtained by the linear least-squares and iterative

methods'*’ .

Table 2 Data of compound 1 determined by DSC®

Data point T./K a; (dH,/dt) /m] - s
1 436.2 0.0283 2.6778
2 448.2 0.0468 3.1798
3 458.2 0.0682 4.0166
4 470.2 0.0916 5.0208
5 483.2 0.1345 8.3680
6 491.2 0.1667 13.724
7 497.2 0.2164 19.916

Note: a) T, =400.2 K; H, =5151.3 mJ; 8=0.3333 C - s"'

The probable kinetic model functions of the integral
and differential methods selected by the logical choice
method"*’ and satisfying ordinary range of the thermal de-
composition kinetic parameters for energetic materials
(E=80~250 kJ - mol ™' ,logAd =7 ~30s™") are f(a) =
(1-a)[ -In(1-a)] ?and G(a) =] -In(1 -a) .
The corresponding kinetic parameters are summarized in

Table 3.

Table 3 Kinetic parameters obtained by the data in Table 2

Equation fla) E/kJ - mol ™' log(A/s’]) r Q
(1) %(l—a)[—ln(l—a)]_z 152.1 11.58 0.9970 0.1327
1 _
(2) ?(] —a)[ -1 —a)]? 166.6 13.29 0.9901 0.5289

The values of E, and A obtaind by Eqgs. (1) and
(2) are in good agreement with the calculated values by
Kissinger’s method and Ozawa's method. The value of E,
approached the dissociation energy of the C—NO, bond,
indicating that the activated complex a as shown in

Scheme 1 could be formed during the decomposition.

The value (T,,) of the peak temperature (T, ) cor-

po
responding to B—0 obtained by Eq. (3) taken from Ref.
[6] is 180.12 C.

T, =T, +bB +eBl +dB i =1,23,45,6

b (3)

where b,c and d are coefficients.

The critical temperature of thermal explosion (7))
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obtained from Eq. (4) taken from Ref. [6] is 191.16 °C.
E, - \JE; - 4E,RT
T, = r 4
b 2R ( )
where R is the gas constant (8.314 J - mol™' - K™") JE,
is the value of E obtained by Ozawa’'s method.

The entropy of activation (AS™ ) ,enthalpy of activation
(AH™) and free energy of activation (AG™ ) corresponding
to T=T, ,E=E and A=A, obtained by Egs. (5),(6) and
(7) are 50.8 J » mol™" + K™',162.9 kJ - mol™' and
139.9 kJ - mol ', respectively.

ET ...
A — %EAS /R (5)

E kyT AS” AH™
A o) = - 6
eXp( RT) h eXp( R )exp( RT) ( )
AG” = AH” — TAS” (7)

where, k is the Boltzmann constant (1.380 7 x 102)J-K™"
and h the Planck constant (6.626 x10™* J « s).

4 Conclusions

The mechanism of the exothermic first-stage decom-
position reaction for compound 1 could be expressed as
scheme 1. The empirical kinetic model function in differ-
ential form, apparent activation energy and pre-exponen-

tial constant of this reaction are (1 —a[ —In(1 -a)]7?),

166.6 kJ - mol ' and 1 013.29 s~' respectively. The
critical temperature of thermal explosion of the compound
is 191. 16 °C. The values of (AS” ), (AH”) and
(AG™) of the reaction at T, are 50.8 ] - mol '+ K",
162.9 kJ + mol ' and 139.9 kJ - mol ™', respectively.

REFERENCES:;

[1] DONGHS, HUR Z, YAO P, et al. Collection of Ther-
mospectrum of Energetic Materials[ M ]. Beijing: National
Defence Industry Press, 2001, P.35.

[2] Kissinger H E. Reaction kinetics on differential thermal a-
nalysis[ J]. Anal. Chem., 1957, 29(11) . 1702 - 1706.

[3] Ozawa T. A new method of analyzing thermogravimatric
data[ J]. Bull . Chem. Soc. Jpn., 1965, 38(1): 1881
- 1886.

[4] HURZ, YANG Z Q, LIANG Y J. The determination of
the most probable mechanism function and three kinetic
parameters of exothermic decomposition reaction of ener-
getic materials by a single non-isothermal DSC curve [ J].
Thermochim. acta, 1988 ,123; 135 - 151.

[5] HUR Z, Shi Q Z. Thermal Analysis Kinetics[ M]. Bei-
jing: Science Press, 2001, p.67.

[6] ZHANGTL, HU R Z, XIE Y, et al. The estimation of
critical temperature of thermal explosion for energetic ma-
terials using non-isothermal DSC[J]. Thermochim. Acta,

1994, 244. 171 - 176.

2,6,8,12-MRSE4,10-—(2,2,2- =& Z5)2,4,6,8,10,12-
ABEZIR[7 300" 1+ =F-5,11
R SR — B B 57 R R BL B9 Bh 1 S FR AL IR

v 1 y2 o o 1 Lol SN
HRA, BT, aEA, REZ, LB
(1. BHAWEEN N FEL LB E/TILAFLER, EH WL 710069;
2. EHXEFEAFAIR, kB =4 721007)

TE: fERFIHIREMT M DSC.TG-DTG 1 IR, WF5E T #5 AL1L & 1 19 84T O R 5E — B B 43 il B i 1) 8l ) 2
L, SR T SO LB, 3% S Y A T i Bl ) e R R A R TR AL RE (E,) R AT - (A) 3 5 R
173(1 =) [ =In(1 —a)] ?,166.6 kJ + mol ' F1 10" s ™', Frfifk & ¥ i) #E 4F I LR 2 191,16 C, B
i AS™ AH™ F1 AG™ 43524 50.8 J - mol ™' + K™' 162.9 kJ - mol ' H1139.9 kJ - mol ',

XKW : Jff: TBHTDD; g 5% HLA
HESHES: 0643; TQ564.2

EKARIRAD: A



