&

B3 1
2005 42 A

ok
He

ENERGETIC MATERIALS

7 ® Vol. 13, No. 1

February, 2005

X E 4S5 :1006-9941(2005)01-0029-04

Kinetic Study on the Exothermic Decomposition Reaction of 2,4,6,8,10,12-Hexanitro-
2,4,6,8,10,12-hexaazatricyclo[7 + 3 - 0 - 0*” ] dodecane-5,11-dione

ZHAO Feng-gi' , HU Rong-zu'”, YANG De-suo’ , GAO Hong-xu',
LUO Yang', SONG Ji-rong™*, GAO Sheng-li*, SHI Qi-zhen

(1. Xi'an Modern Chemisiry Research Institute, Xi'an 710065, China;

2. Shaanxi Key Laboratory of Physico-inorganic Chemistry, Department of Chemistry,
Northwest University, Xi'an 710069, China;
3. Depariment of Chem. and Chem. Eng. Baoji College of Arts and Science, Baoji 721007, China;
4. College of Chemical Engineering, Northwest University, Xi'an 710069, China)

Abstract; Under linear temperature increase condition the thermal behavior and kinetic parameters of the exothermic de-

composition reaction of the title compound were studied by means of DSC. The results show that the empirical kinetic model

-0.506

function in differential form, apparent activation energy and pre-exponential constant of this reaction are (1 - a) s

155.5 kJ « mol " and 10”7 s ™' | respectively. The critical temperature of thermal explosion of the compound is 205.0 °C.
The values of AS™, AH” and AG” of this reaction are 6.0 J » mol ™' - K™', 146.5 kJ - mol ™" and 143.7 kJ * mol ™',

respectively.
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1 Introduction

2,4,6,8,10,12-hexanitro-2 ,4,6,8,10,12-hexaazatri-
eyclo[7 +3 -0 - 0"7] dodecane-5,11-dione is a typical
cyclourea nitramine. Tts crystal density is 2.07 g + cm ™

The detonation velocity corresponding to p =2.07 g + cm ™’

is about 9700 m - s~ '.
[1]

So it is the potential high explo-
sive. lis preparation''’ | properties >7*! and hydrolytic
behavior °**) have been reported. In the present work,
we report its kinetic parameters of the exothermic decom-
position reaction studied with DSC, which is quite useful
in the evaluation of its thermal stability under non-isother-
mal condition and in the study of its thermal changes at

high temperature.
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2 Experimental

2.1 Materials

The purified 2,4,6,8,10, 12-hexanitro-2,4,6,8,
10, 12-hexaazatricyclo[7 + 3 - 0 « 0*7 ] dodecane -5,11-
dione was prepared by Xi’an Modern Chemistry Research
Institute. Its purity determined by HPLC was more than
99.5% . Sample was kept in a vacuum desiccator.
2.2 Equipment and conditions

DSC experiments were carried out with a model
CDR-1 thermal analyzer made in Shanghai Balance In-
strument Factory, using Ni/Cr-Ni/Si thermocouple plate
and working under static air condition with five different
The a-

Al O, was used as reference material in the DSC meas-

heating rates ranging from 1 to 20 °C + min "'

urements. DSC curves obtained under the same condi-
tions overlapped with each other, indicating that the re-

producibility of tests was satisfactory.

3 Results and discussion

3.1 Analysis of kinetic data

Typical DSC curve for the compound is shown in
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Fig. 1. DSC curve shows that only one exothermic peak. ! (dH,)
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In order to obtain the kinetic parameters ( the apparent
activation energy (E,) and pre-exponential constant (A)
of the exothermic first-stage decomposition reaction for the
compound, a multiple heating method "' ( Kissinger’ s
method) was employed. From the original data in Table 1,
the apparent activation energy ( E, ) is determined to be
146.5 kJ + mol ™"
1077 s
0.9812. The value of E, obtained by Ozawa's method '*
is 147.0 kJ - mol . The value of r, is 0.9830.

The pre-exponential constant (4, ) is

The linear correlation coefficient (r, ) is

27.01
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Fig. 1 DSC curve for the title compound

at a heating rate of 5 °C + min ™'

Table 1 The peak temperature (T,) of the exothermic
first-stage decomposition reaction for the title compound

determined by the DSC curves at different heating rates (8)

B/°C + min~! T,/C
0.9224 195
1.0345 204
2.1429 212
5.6000 221
10. 427 228
20.830 239

In order to obtain the values of E,, A and the most
probable kinetic model function from a single non-isother-
mal DSC curve, the integral Eq. (1) differential Eq.
(2)"" and exothermic rate Eq. (3)" were employed.
Gla) ] _ Ay - L
T_TO]—1n<B> o (1)

da/dT A, _E,
1 =In(=) - 2
n[f(a)[Ea(T ~T,)/RT" + 1]] nCg) “gp

In

E
1n{AH(,%f(ai)[1 +If}_(1 —%)]}}_ﬁ <)

where f( o) and G(«) are the differential and integral
model function, respectively, dH,/dt is the exothermic
heat flow at time ¢, H, is the total heat effect ( corre-
sponding to the global area under the DSC curve ), H, is
the reaction heat at a certain time ( corresponding to the
partial area under the DSC curve) , T, is the temperature
(K) at time ¢, is the conversion degree (o =H,/H, ),
T, is the initial point at which DSC curve deviates from
do _ 1 di
dT HyB di
Thirty types of kinetic model function in Ref. [ 9 ]
and the data in Table 2 are put into Eqs. (1) and (2)

for calculation, respectively. The values of E,, A, linear

the baseline, R is the gas constant

correlation coefficient (r) and standard mean square de-
viation ( () are obtained by the linear least-squares and
iterative methods'®'. The values of E, and A, correspond-
ing to the probable kinetic model functions ( No. 7 and
27) selected by the maximal value of r (0.9934) and the
minimal value of ( (0.0276) with the integral method are
399.1 kJ » mol ™" and 10®*'s™", and -8.07 kJ + mol '
and 10 % s7' | respectively. The values of E, and A,
corresponding to the probable kinetic model functions
(No. 7 and 27) selected by the maximal value of
r (0.9920)and Q (0.1862) with the differential method
are 400.9 kJ - mol " and 10®* s, and 37.0 kJ + mol ™'
and 10"" s™', respectively. These values of E, and A are not
in the ordinary range of the thermal decomposition kinetic pa-
rameters for energetic materials (E, = 80 ~250 kJ « mol ™'
and log A = 7 ~30s~"), belonging to reasonless kinet-
ic parameters.

In order to obtain the reasonable kinetic parameters
by the exothermic rate Eq. (3), we took the minimal
values of the evaluation function Q (E, A, ...)
(obtained from Eq. (4)).

Once the value of E has been calculated from
(Y 0F =0, the corresponding values of A, and n, m and
k in the forms of f ( o ) listed in Ref . [ 6 ] can then be
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obtained from the normal equations, d£2/94 =0,942 on =
0,0029m =0 and 942/ 9k =0. In the iterative computa-
tion process of combined dichotomous and least-squares
methods, we take A4 = 107", BB = 10", H =50.0,
E, =107" and E, =10, where E is the root of the e-
quation 9f2/9FE =0, AA and BB is the root interval of the
equation , /9K =0,H is the step size, and E, and E,
are two constants of the control precision. When the value
of a certain point on the left side of the equation
(Y oE =0 is less than E; or half of the small interval
length is less than E,, this point or the intermediate point

of the small interval is the solution of the equation

S d
Q= ;{m fff)i — In{AHf(a,)[1 +

d

Table 2 Data of the title compound determined by DSC"

(dH/dt); (da/dT),;
data point T./K o

/m]-s”! /K™!
1 468.2 0.0249 0. 8368 0.4535
2 470.2 0.0386 1.1213 0.6077
3 473.2 0.0522 1.5062 0.8163
4 477.2 0.0726 1.8744 1.016
5 478.2 0.0975 2.3932 1.297
6 480.2 0. 1451 3.3137 1.796
7 483.2 0. 1950 4.6861 2.540
8 487.2 0.2721 6.8618 3.719
9 490.2 0.3878 10.209 5.533
10 491.2 0.5669 16.267 8.816
11 494.2 0.8390 27.330 14.81

Note: 1) T, =452.2 K; H, =2214.2 mJ; $=0.08333 K - s~

The value (T, ) of the peak temperature (T, ) cor-
responding to 8—0 obtained by Eq. (5) taken from Ref.
(117 is 192.1 C.

T, =Ty +b8 +cB +dBl,i=1~6 (5)
where b, ¢ and d are coefficients.

The critical temperature of thermal explosion (T )

obtained from Eq. (6) taken from Ref. [11] is 205.0 °C.
E,- \JE. -4E RT,
Tl) Y 2R (6)
where R is the gas constant (8.314 J - mol ™' - K™'),
E is the value of E obtained by Ozawa’s method.

The entropy of activation (AS™ ), enthalpy of acti-
vation ( AH” ) and free energy of activation ( AG™)

corresponding to =T |, E =E, and A =A, obtained by

po

Y oE =0. By substitution the original data in Table 2, and
fifteen forms of in Ref. [10], into all the normal equations,
the corresponding values of E of 155.5 kJ + mol ™" and A of
10" s and the probable empirical mechanism function
(1 —a) " are obtained by the method of logical
choices''. These values of E, and A obtained from a sin-
gle non-isothermal DSC curve are in good agreement with
the calculated values obtained by Kissinger’s method and
Ozawa’'s method. Therefore, it was concluded that the

kinetic equation of thermal decomposition of the title
. _ _ 104
compound is da/dT =10"°(1 =) ~* e "7*107T,

E, T,

0 Ea
grt )l +RTL} 4)

i

Egs. (7), (8) and (9) are 6.0 J - mol™" - K",
146.5 kJ » mol ' and 143.7 kJ - mol ', respectively.

kT .
A = %CAb /R (7)
kT AS7 AH™
Aexp( - E,/RT) = A exp ( Yexp( — RT ) (8)
AG” = AH” - TAS™ (9)

Where, kj is the Boltzmann constant and h is the Planck

constant.
4 Conclusions

The thermal

[ apparent activation energy ( E, ) and pre-exponential

behavior and kinetic parameters

constant (A) ] of the exothermic decomposition reaction

of the title compound was investigated. The kinetic model

function in differential from of this reaction is (1 —a) ~*™.

The values of E, and A are 155.5 kJ » mol ' and 10”7 s ™",
respectively. The critical temperature of thermal explosion
of the compound is 205.0 °C. The values of AS™ ,AH”
and AG™ of the reaction at T, are 6.0 ] - mol '+ K",
146.5 kJ - mol " and 143.7 kJ - mol ™' respectively.
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