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The thermal behavior, mechanism and kinetic parameters of
the exothermic first-stage decomposition reaction of the title
compound in a temperature-programmed mode have been in-
vestigated by means of DSC, TG-DTG and IR. The reaction
mechanism was proposed. The empirical kinetic model func-
tions in differential form, apparent activation energy ( E,) and

pre-exponential factor (A) of this reaction are (1 - @) ~11°,
211.3 kJ/mol and 10°- 5=, respectively. The critical temper- -

ature of thermal explosion of the compound is 202.2 C. The
values of AS™, AH” and AG™ of this reaction are 143.8
J-mol~1-K~!, 208.7 kJ/mol and 141.7 kJ/mol, respectively.
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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.
1,5-Dimethyl-2,6-bis(2, 2, 2-trinitroethyl ) glycoluril (1)
is a typical cyclourea nitramine. The crystal density is
1.74 g/cm’® and the detonation velocity corresponding to
p=1.74 g/cn® is about 8066 m/s. Therefore, it is very
possible that the compound is used as high explosive. Its
hydrolytic behavior' has been reported. In this paper, its

kinetic parameters and mechanism of the exothermic first-
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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.

Experimental

1,5-Dimethyl-2, 6-bis(2, 2, 2-trinitroethyl ) glycoluril
(1) was prepared in our institute. Its purity is more than
99.5% . The sample was kept in a vacuum desiccator.

TG-DTG curve was obtained using a Perkin-Elmer
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 working in
static air with heating rates 1—20 C/min. a-Al,0; was
used as reference material. The infrared spectra of solid
intermediate products were recorded on a Perkin Elmer
Model 180 IR spectrophotometer. The gaseous intermedi-
ate 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 purplish-
red in appearance.
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Results and discussion

Thermal behavior and decompo.?ition mechanism

Typical TG-DTG and DSC curves for compound 1
are shown in Figs. 1 and 2. DSC curve shows only one
exothermic peak, while TG curve shows two-stage mass
loss without any stable intermediate product formed in
which the first stage began at about 172 °C and completed
at 235 °C accompanied with 66% mass loss. It is in
agreement with the theoretical value of the mass loss of
66% , corresponding to the loss of two-trinitroethyl group
attached to nitrogen atom on two sides of carbonyl to ob-
tain 1,5-dimethyl-glycoluril .
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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/

min.

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-
composion-interuption tests were conducted. By the end
of the first-stage, the characteristic absorption peaks for
trinitroethyl group of compound 1 disappear at 1600 and
1300 cm™!. However the characteristic absorption peak
for the N—H group is at 3240 cm ™! and those of the C—
N group are at 1160 and 1050 cm™!. The characteristic
absorption peaks of the CH; group at 2930, 2860 and
1435 cm™! do not disappear. The characteristic absorp-
tion peaks of C = O widen. These observations show that
the parent ring of compound 1 indeed exists. The ab-
sorbed solution containing the gaseous intermediate prod-
uct is purplish-red in appearance, indicating that nitrogen
dioxide gas is liberated at the beginning of the decomposi-
tion of compound 1.

On the, basis of the above-mentioned experiments and
the calculated result, the mechanism of the exothermic
first-stage decomposition reaction for compound 1 could be
shown as Scheme 1.

Scheme 1
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Analysis of kinetic data

In order to obtain the kinetic parameters [ apparent
activation energy (E,) and pre-exponential factor (A) ]
of the exothermic ﬁrst—sbage' 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 208.7 kJ/mol and A 10%-
s~!. The linear correlation coefficient (rg) is 0.9969.
The values of E, and r, obtained by Ozawa’s method® are
206.1 kJ/mol and 0.9971, respectively.

Table 1 Maximum peak temperature (T,) of the exothermic first-
stage decomposition reaction for compound 1 determined
by the DSC curves at various heating rates (3)

B (C/min) 1.156 2.000 5.250 10.60 22.75
T, (C) 197.5 203.5 211.2 218.8 224.0

The integral Eq. (1), differential Eq. (2) and
exothermic rate Eq. (3) are cited to obtain the values of
E,, A and the most probable kinetic model function

[f(a)] from a singlé non-isothermal DSC curve.*

n 7257) =(4) - 5 M
da/dT A E,

1n[f(vl)[l’-'?.;(T-T(,)/RT2+1]] 1“‘3 EZ—’ (2)

(50), = ol 1+ 3 (1- ) [ ool - 22

(3)
where f(a) and G(a) are the differential and integral
model function, respectively, T the initial point at which
DSC curve deviates from the baseline, R the gas con-
stant, dH,/d¢ the exothermic heat flow at time ¢, Hy the
total heat effect ( corresponding to the global area under
the DSC curve), H, the reaction heat at a certain time
(corresponding to the partial area under the DSC curve) ,
T; the temperature (K) at time ¢, o the conversion de-

1 dH
HoBdt -

Forty-one types of kinetic model function® and the
data in Table 2 are put into Eqs. (1) and (2) for calcu-
lation, respectively. The values of E,, A, linear correla-
tion coefficient (), standard mean square deviation ( Q)

(a—H/Ho), dT

and believable factor (d) (where d = Q/r) are obtained
by the linear least-squares and iterative methods.*

The probable kinetic model functions of the integral
and differential ‘methods selected by the minimal value of
d and satisfying ordinary range of the thermal decomposi-
tion kinetic parameters for energetic materials ( E = 80—
250 kJ/mol, log A=7—30s"!, r>0.99 and @ <0.1)

aref(a):%(l—a)'l andf(a):%(l-—a)'z, re-

spectively. Their general expression is f(a) = (1 - a)".
Substituting f(a) = (1-a)" into Eq. (3) and taking loga-
rithm on both sides of Eq. (3), the following relation is
obtained

i,
ln( ds

=h{AH0{(1—ai)"[1+R£i(l'%)]}}_If;i

then the mean-square procedure is applied by taking min-
imal values of evaluation functions (E,, A and n)

{ (dd_ftft) - In{ AHo(1 - &;)".
[1+R;,(1 P} ) @

Eq. (4) is satisfied under condition that

aN/oA=0 (5)
{ao/an=o (6)
aN/OE, =0 (7)
or
) E,
mlnA+an=b+Fc—mlnHo—d (8)
! E,
alnA+en=f+fg—alnHo—h (9)
E,
~p—(h1A+]nH0)g—nr—s+7{-W=0 (10)
where
a= >l - q) (11)
i=1
L
b= Eln( i )i (12)
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m 1 En
¢ = 27 - (13) (b-d)a+(h-f)m+ ' (ac - gm)
i=1 *i n= ) (26)
- a’ - me
n E.(, To N
d = .Zln[l-"RT-(l_T)] (14) The values of p, In A, g, n, r, s and W in Eq.
= ' ' (10) are correlated with the value of E,. Once the value
m of E, has been calculated from Eq. (10), the corre-
e = Zlnz(l - ;) (15)  sponding values of A and n can be obtained from Egs.
= (25) and (26).
m dH By substituting the original data tabulated in Table 2
f= Zln(—d—t‘).ln(l - a;) (16) into above-mentioned Eqs. (11)—(24), the value of E,
=t ' of 211.3 kJ/mol is obtained by Eq. (10), and the val-
m (1 - ) ues of A of 10°2s ! and n of —1.119 are obtained by
g= 2 ——i——' (17)  Egs. (25) and (26), respectively. The kinetic parame-

p= 214 If;.i(l —%)]ln(l —a)} (8

Ty
1 T
Qi=%r - : (19)
RT; RT,+E,(1-—§%’)
n dH,
p= Do) (20)
q = Zm)(),- (21)
r= i Q:In(1 - ;) (22)
s=zm:Q,-ln[l+%(l—%)] (23)
w3 (24)
Solving Eqs. (8) and (9), it could be obtained
E,
(b—d)e+(h—f)a+§(ce—ga)
In A= ; ~In Hy
- (a* - me)
(25)
and

ters obtained by the data in Table 2 are summarized in
Table 3. The values of E, and A obtained by Eq. (4)
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 ( Tpo) of the peak temperature ( Tp) cor-
responding to 3—>0 obtained by Eq. (27) taken from
Ref. [6] is 193.1 <C.

Ty=To+ b8+ % +df, i=1,2,3,4,5 (27)

Table 2 Data of compound 1 determined by DSC*

Data point  T; (K) o (dH;/dt); (m)/s)
1 470.15  0.0419 0.9707
2 471.65  0.0637 1.251
3 472.65  0.0826 1.577
4 413.65  0.1059 1.925
5 474.65  0.1349 2.431
6 475.35  0.1612 2.720
7 476.15  0.1921 3.226
8 476.85  0.2283 3.770
9 477.35  0.2556 4.092
10 477.85  0.2856 4.510
11 478.35  0.3187 4.954
12 478.85  0.3558 5.661
13 479.35  0.3990 6.740
14 479.85  0.4535 8.339
15 480.15  0.4880 10.31
16 480.35  0.5278 11.13
17 480.65  0.5704 11.78

“Ty=461.65 K; Hy=820.4 mJ; 3=0.08333 C/s.
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Table 3 Kinetic parameters obtained by the data in Table 2
No. Equation f(a) E (kJ/mol) log (A/s™1) R Q D
1 1) - %(1-— a)~? 215.5 19.3 o 0.9926 0.0326 0.0002
2 2) 7 %(1— a)? 225.2 22.1 0.9933 0.0325 0.0002
3 (3) (1-¢q)-11® 211.3 20.2 — "~ 0.0300 —

where b, ¢ and d are coefficients.

The critical temperature of thermal explosion ( T},)
obtained from Eq. (28) taken from Ref. [6] is 202.2
.

Eo— v/ E}-4EyRTy

2R

T, = (28)
where R is the gas constant (8.314 Jomol~1-K"1), 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™) cor-
responding to T= Ty, E = Ey and A = A, obtained by
Eqs. (29), (30) and (31) are 143.8 Jemol 'K},
208.7 kJ/mol and 141.7 kJ/mol, respectively.

=TeAs /R (29)
ksT (AS* AH*
Aexp( - E/RT) = 2=exp( 23" e - )

(30)

AG* = AH* - TAS* (31)

where, kg is the Boltzmann constant (1.3807 x 10-2 J/

K) and h the Planck constant (6.626 x 10~* J/s).

Conclusions

The mechanism of the exothermic first-stage decom-
position reaction for the title compound 1 could be ex-
pressed as Scheme 1. The empirical kinetic model func-
tion in differential form, apparent activation energy and
pre-exponential factor of this reaction are (1 — «) ~11,
211.3 kJ/mol and 102 5!, respectively. The critical
temperature of thermal explosion of the compound is
202.2 C. The values of AS™, AH* and AG™ of the
reaction at T are 143.8 Jomol™'-K~!, 208.7 kJ/mol
and 141.7 kJ/mol, respectively.
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