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Abstract

Under linear temperature increase condition the thermal behavior, mechanism and kinetic parameters of the exothermic first-stage decom-
position reaction of the title compound have been studied by means of DSC, TG-DTG and IR. The reaction mechanism was proposed.
The kinetic model function in differential form, apparent activation energy and pre-exponential constant of this reaction aye®,
194.7 kI mot* and 13845s~1, respectively. The critical temperature of thermal explosion of the compound is“ZR0T8e values oA S,
AH* and AG* of this reaction are 133.3 JmdIK 2, 203.9 kJ mot! and 142.0 kJ mot, respectively.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction rity was more than 99.5%. Sample was kept in a vacuum
desiccator.

Cyclourea nitramines withN-trinitroethyl groups have )
a greater density and a higher detonation velocity. Some 2-2. Experimental
of the compounds could be used as high explosives.
1,5-Dimethyl-2,6-bis(2,2,2-trinitroethyl)-4,8-dinitroglycoluril
is a typical cyclourea nitramine. Its crystal density is
1.84 g cnr3. The detonation velocity correspondingdc=
1.84gcnT? is about 8773msL. It has the potential for
possible use as high explosive from the point of view of the
above-mentioned high performance. Its preparaidrand
properties[1] have been reported. In the present work, we
report its kinetic parameters and mechanism of the exother-
mic first-stage decomposition reaction studied with DSC,
TG-DTG and IR. 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.

TG-DTG curve was obtained using a Perkin-Elmer Model
TGS-2 thermobalance. The heating rate wasQfin=?.
The flow rate of N gas was 40 ml/min. DSC experiments
were carried out with MODEL CDR-1 thermal analyzer
made in the Shanghai Balance Instrument Factory, using
Ni/Cr—Ni/Si thermocouple plate and working under static
air condition with five different heating rates ranging from
1 to 20°C min~L. The a-Al,03 was used as reference ma-
terial in the DSC measurements. The infrared spectra of
solid intermediate products were recorded using a Perkin
Elmer Model 180 IR spectrophotometer. The gaseous inter-
mediate products of the TG experiments were blown with
high-purity N> gas and absorbed in an acetic acid solution
of a-naphthylamine ang-aminobenzenearsonic acid. This
2. Experimental solution, containing nitrogen dioxide, was purplish red in

appearance.

2.1. Materials

The purified 1,5-dimethyl-2,6-bis(2,2,2-trinitroethyl)- 3 Resultsand discussion
4,8-dinitroglycoluril was prepared by our institute. Its pu- 3.1. Thermal behavior and decomposition mechanism
* Corresponding author. Typical TG-DTG and DSC curves for the title compound
E-mail address: hurongzu@public.xa.sn.cn (H. Rongzu). are shown inFigs. 1 and 2. The appearance of two peaks

0040-6031/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2003.11.036



2 Z. Hongan et al./ Thermochimica Acta 416 (2004) 1-4

On the basis of above-mentioned experiments and cal-

0 DT ; o f
G culated result, the mechanism of the exothermic first-stage
20 decomposition reaction for the title compound could be ex-
8 pressed by the following scheme:
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Fig. 1. TG-DTG curve for the title compound at a heating rate of 10'hin

3.2. Analysis of kinetic data
in the DSC curve suggested that the thermal decomposition
process of the title compound occurs in two steps. The TG |n order to obtain the kinetic parameters (the appar-
curve consisted also of two-stage mass loss process. ent activation energy (f and pre-exponential constant
The first-stage began at about TTand completed at  (A)) of the exothermic first-stage decomposition reaction
240°C accompanied with 56% mass loss. It is in agreement for the title compound, a multiple heating methda]
with the theoretical value of the mass loss of 55.7%, cor- (Kissinger’s method) was emp|oyed_ From the 0rigina| data
responding to the loss of two trinitroethyl group attached in Table 1, the apparent activation energy )& determined
to nitrogen atom on two sides of carbonyl to obtain 1,5- to be 203.9kJmoil. The pre-exponential constantAs
dimethyl-4,8-dinitroglycoluril. In order to understand the 10199551 The linear correlation coefficienty and vari-
first-stage decomposition process of the title compound, ance (Q) is 0.9950 and 0.0560, respectively. The value of
decomposition-interruption tests were conducted with DSC g, obtained by Ozawa’s methdd] is 201.5 kJmot?. The
experiments. Thermal degradation of the title compound was value ofrg andQ is 0.9954 and 0.0106, respectively.
performed by heating the sample to a certain temperature in  |n order to obtain the values &,, A and reaction order
the first-stage decomposition and then cooling down to the (n) from a single non-isothermal DSC curve, the integral
room temperature. rate equation (1)4] and differential equation (2¢#] were
The infrared analyses of the title compound before and employed:
after thermal decomposition were conducted. By the end of

the first-stage, the characteristic absorption peaks for trini- | [&] —1In (é) _Ea (1)

troethyl group of the title compound disappeared at 1600 and L7 — 7o B RT

1300 cnt!. However, the characteristic absorption peaks for da/dT A E

the N-NQ group at 1580 and 1270 cmh and the —CH In[ } = (—) -2 (2)
f@)[Ea(T — To)/RT? 4 1] B RT

group at 2930, 2860 and 1435 cidid not disappear. The
characteristic absorption peaks>C=0 widen. These ob-  \yheref(e) andG(«) are the differential and integral model
servations show that the parent ring of titte compound did fynctions, respectively, fdT = (1/Hop)(dH/df), dH/dt
indeed exist. The absorbed solution, containing the gaseoughe exothermic heat flow at time Ho the total heat effect
intermediate product was purplish red in appearance, indi- (corresponding to the global area under the DSC curve),
cating that nitrogen dioxide gas was liberated at the begin- H, the reaction heat at a certain time (corresponding to the
ning of the decomposition of the title compound. partial area under the DSC curv@)the temperature (K) at
timet, « the conversion degree (@ H;/Hp), To the initial
point at which DSC curve deviates from the baseline,Rnd

the gas constant.
. 60 u%
@ Table 1
§ ‘ The maximum peak temperatur,J of the exothermic first-stage decom-
% position reaction for the title compound determined by the DSC curves
20- 3 at various heating rates X3
&
= B (°Cmin~1) Tp (°C)
L L L L ] 1.146 196.5
100 200 300 400 1.906 203.5
5.188 2115
T/C 11.13 217.2
23.00 225.2

Fig. 2. DSC curve for the title compound at a heating rate o &in—1.
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Table 2
Data of the title compound determined by DSC

Forty-one types of kinetic model functions in REf] and
the original data tabulated ifable 2are put intoEgs. (1)

and (2). The probable kinetic model function selected by the Data point T; (K) e (dH;/dt); (mIst)

minimal \{a]ue ofd and the values ofE,, A, Iinea}r gorrela- 1 46165 0.0436 0.7029

tion coefficient (r), standard mean square deviation (Q) and » 463.65 0.0632 0.9540
believable factor (d, wheré = Q/r) obtained byEq. (1) 3 465.65 0.0892 1.234
with the linear least-squares methddl (program IM) on the 4 467.15 0.1137 1.473
computer aref(a) = (1 — O[)O‘5, Gl =2[1-1- ()[)0'5], 5 468.65 0.1418 1.665
191.1kJmot?, 1016351, 0.9992, 0.0095, and 756106 6 47015 01738 1862
- ' ' ' ' , ’ 7 471.65 0.2104 2.151
respectively. The values @&, A, r, Q andd obtained by 8 473.15 0.2530 2519
Eq. (2) with iterative method[4] (program DM) on the 9 474.15 0.2856 2.841
computer, which corresponds tfa) = (1 — a)%° are 10 474.65 0.3033 3.008
194.7 kdmot?, 10'85s1,0.9893, 0.1359 and 1.6 1073, E f{;ng ggggg gggg
respectively. Their values d are v.ery.close to_ each other. 476.85 0.3988 4.063
Therefore, we conclude that the kinetic equation of exother- 14 477.65 0.4375 4.481
mic first-stage decomposition reaction of the title compound 15 478.35 0.4802 4.920
is 16 479.15 0.5268 5.293
£ 17 479.85 0.5768 5.678
18 480.65 0.6292 5.832

de _[A E(,_E _E _ 705
ﬁ_{ﬂ[“RT(l RT)] ex'“( RT>}(1 ©

The values ofE; and A obtained from a single non-
isothermal DSC curve are in good agreement with the cal-
culated values obtained by Kissinger's method and Ozawa'’s
method. The value dt; approached the dissociation energy
of the C—NQ bond, indicating that the activated complex
(a) as shown in the following scheme could be formed dur-
ing decomposition:

a Ty = 447.15K; Hy = 988.85mJ;8 = 0.08333°Cs 1.

The entropy of activation (A%, enthalpy of activation
(AH*) and free energy of activation (Xcorresponding to
T = Tpo, E = Ex and A = Ag obtained by Egs. (28)—(30)
are 133.3Jmol* K1, 203.9 kI mot! and 142.0 kJ mot*,

302
(N02>3CH2f Clly Toz ( (Nog)gé—ngT cll, TOQ )
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A II\IOZ 4
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= .
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0=C =0 —29% o =0
AN AN e
N—%—N l_ |_ |
N0, M ¢ LOINO )y oA
The value (o) of the peak temperature {Jlcorresponding respectively:
to 8 — 0 obtained by Eq. (26) db] is 191.51°C:
Tpi = Too+ bp; + B +dB}. i=1,2,3,45 @) k8T astr 5)
where b, ¢ and d are coefficientsh = 6.16786,c = h
—0.48181, and/ = 0.01206. ” ”
The critical temperature of thermal explosion,)Tob- Aexp(—é> _ keT exp(AS > exp<_AH ) (6)
tained from Eq. (4) of6] is 200.8°C: RT h R RT
_ Fo— {E5 — 4EoRTpo AG* = AH? — T AS* ©)

Ty

R (4)

whereR is the gas constant (8.314JmbK 1), E, the
value of E obtained by Ozawa’s method.

wherekg is the Boltzmann’s constant arfdthe Planck’s
constant.
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