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Abstract

DNP, a nitramine, has been studied with regard to the kinetics and mechanism of thermal decomposition, using thermogravimetry (TG),
differential thermal analysis (DTA), infrared (IR) spectroscopy, and differential scanning calorimetry (DSC). The IR spectra of DNP have also been
recorded and the kinetics of thermolysis has been followed by non-isothermal TG. The activation energy of the solid-state process was determined
using Flynn—Wall-Ozawa method. The actual reaction mechanism obeyed nucleation and growth model, Avramie Erofeev function (n=1) with
integral form G(a) = —In(1 — &) (o =0.10-0.65). E, and A were determined to be 116.51 kJ/mol and 10'*2 s=!. The T/Jump FT-IR analysis showed
that CH,0, NO,, and NO are produced in larger amounts than CO, and HCN. The cleavage of the N-N and C-N bond appears to be the primary

step in the thermolysis of DNP.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Development of energetic materials with improved combus-
tion properties and low sensitivity is underway to meet superior
performance requirements, and they appear to be the future can-
didates to compete with the currently used high performance
high energy materials such as cyclotrimethylenetrinitramine
(RDX) and cyclotetramethylenetetranitramine (HMX) [1,2].
However, 1,4-dinitropiperazine (DNP) is an energy compound
of this kind [3-5].

Thermoanalysis is the best way of studying energetic materi-
als, so the investigation on decomposition of energetic materials
was vastly carried out by scientists all over the world. It is
reported that there is a strong dependence between pressure and
the thermal decomposition [6,7] and the heat of combustion of
DNP is 15.2kJ g~ !. It is also reported that the shock sensitiv-
ity of this kind of compound is related to the bond strength of
the nitramino group [8,9]. Yinon [10], using MS/MS collision
induced dissociation studies, was able to show the fragmenta-
tion process and paths in a series of commonly used energetic
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materials which included nitramines. Nikishev et al. [11] are of
the opinion that the reactivity of the nitramines in homolytic
thermoanalysis is governed by the closeness of the electronic
structure of the reaction centre in ground and transition states.
Sitonina et al. [12] did research on the kinetics of the thermal
decomposition of N,N'-dinitropiperazine and 1,3-dinitro-1,3-
diazacyclopentane. It is reported that the activation parameters
for the thermal decomposition of the cyclic nitroamines are only
weakly dependent on the number of nitroamine groups in the
molecule, and the size of the ring. However no data are available
regarding the kinetics and mechanism of the thermal decompo-
sition of this compound or its structural aspects, so the present
paper is an effort to increase our knowledge in this direction.

2. Experimental

DNP (99.8%) was synthesized by our work group, and it
was studied with regard to the kinetics and mechanism of ther-
mal decomposition, using thermogravimetry (TG), differential
thermal analysis (DTA), infrared (IR) spectroscopy, and differ-
ential scanning calorimetry (DSC). The IR series spectra of DNP
have also been recorded and the bands assigned. The kinetics of
thermolysis has been followed by isothermal TG.
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The original T/Jump FT-IR instrument was used with the
data collection rate of 1.8988cms™! and differentiating rate
is 4cm™'. The PDSC (TA910s, made in America) instrument
was introduced in the static nitrogen atmosphere, and the pres-
sure was 0.1 MPa, 2 MPa, 4 MPa, 6 MPa. The sample quantum
was about 1.5 mg, and the heating rate is about 10°C min~".
TG (TA2950) instrument provided by Nicolet Company worked
in a temperature range of 15-300 °C, and the heating rate was
2.5°Cmin~!, 5°Cmin~!, 10°C min~!, 20°C min~! when the
sample quantum was about 1.5 mg and with dynamic nitrogen
atmosphere.

3. Results and discussions
3.1. IR studies

The research of this aspect was also carried out by Peiris
et al. [13] and the IR spectra of DNP are in agreement with
their experiment result. The symmetric nitro stretching modes
are multiplets. The N-NO; band can easily be identified by its
characteristic stretching absorption at 1557 cm™!. The CH, scis-
soring modes are unusually weak at 1410-1460 cm™! although
the CH, wagging modes are fairly strong, and its wavenumber
was influenced by water and carbon dioxide in the air.

3.2. TG/DTG studies

TG curves of DNP (Fig. 1) were recorded under differ-
ent conditions. The TG of DNP in static air at a heating
rate of 2.5°Cmin~! showed a sharp change in mass of 75%
followed by a very slow change in mass of 17%. These
mass changes occurred in the temperature ranges 160-220°C
and 220-280 °C, respectively. The results obtained were sim-
ilar when the heating rate (8) was changed to 5°Cmin",
10°C min~! or20 °C min~—!. When the heating rate was changed
to 20 °C min~!, the initial mass loss was observed at the lower
temperature ranges of 150-205 °C. Respectively, DTG of DNP
(Fig. 2) showed a sharp maximum decomposition rate in the
temperature of 205.3 °C, 220.5°C, 225.6°C and 245.8°C at
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Fig. 1. TG curves of DNP with different heating rates.
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Fig. 2. DTG curves of DNP with different heating rates.

a heating rate of 2.5°Cmin~!, 5°Cmin~!, 10°Cmin~! and
20°Cmin~! in static air. With the heating rate increased, the
weight loss rate per degree centigrade was decreased while rate
per minute was enlarged. The maximum decomposition rate
per degree centigrade was 2.5 x 4=4.0%°C~! with the 8 of
2.5°Cmin~"!, and the maximum decomposition rate per minute
was 3.0 x 20=60% min~! with the g of 20°Cmin~"'. It was
concluded that the decomposition reaction time reduced when
B increased.

3.3. PDSC studies

TG/DTG data were supplemented by DSC studies at a heat-
ing rate of 10°C min~'. When the pressure is 2 MPa, the DSC
trace (Fig. 3) obtained with the sample encapsulated in an alu-
minium cup showed a sharp exothermic change. The onset of the
exotherms was noticed at 251.2 °C with the peak maximum at
283.1°C. This exothermic change was covered by an energy
change of 1346.2Jg~!. The fact that DSC curves showed a
sharp endothermic change before the onset of exothermic change
indicated that the compound melted before decomposed. When
the pressure is 0.1 MPa, there was no exothermic but a sharp
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Fig. 3. DSC curves of DNP in different pressure.
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Table 1
The kinetics parameters of DNP by Flynn—Wall-Ozawa method from data of multi-heating rate non-isothermal TG experiments
o Heating rate (°C/min) E, (kImol~1) logA (s71) r

2.5 5 10 20
0.05 165.59 175.16 184.43 192.36 124.59 11.39 0.9982
0.1 175.36 185.62 195.25 203.24 124.98 11.41 0.9974
0.15 181.32 191.39 201.46 210.24 124.10 11.30 0.9988
0.20 185.43 196.03 205.87 215.15 123.73 11.26 0.9988
0.25 188.88 199.39 209.69 219.24 122.83 11.16 0.9992
0.30 191.70 201.75 212.81 223.20 119.76 10.84 0.9998
0.35 194.36 204.26 215.32 226.87 117.94 10.62 0.9999
0.40 196.07 206.76 217.52 229.97 114.99 10.31 0.9998
0.45 198.29 208.96 219.39 232.63 114.99 10.31 0.9993
0.50 199.65 210.90 220.74 235.12 112.82 10.10 0.9980
0.55 201.32 212.64 222.00 237.29 112.34 10.06 0.9965
0.60 202.80 214.25 223.37 239.20 111.88 10.03 0.9955
0.65 204.15 215.78 224.96 241.06 111.08 9.97 0.9953
0.70 205.49 217.21 226.64 242.90 110.23 9.90 0.9956
0.75 206.75 218.62 228.28 244.65 109.44 9.84 0.9960
0.80 207.89 220.02 229.88 246.36 108.44 9.76 0.9962
Mean 116.51 10.52 0.9978

endothermic change. This indicated that the sample melted and
volatilized without decomposition in normal air pressure.

When the pressure increased, the position of endothermic
change did not vary essentially, but the exothermic peak tem-
perature changed a lot. Besides the main exothermic peak, there
was a lower exothermic peak. This became more evidently when
the pressure increased. This can account for that after the ini-
tial cleavage the specified the secondary reactions took place.
Further more, we can also conclude that DNP thermal decom-
position process contained one main and another very slow
stage. The decomposition involves about 92% loss in mass in
the ranges 150-220 °C and 220-302 °C. The DSC curves show
two exothermic changes. Except for 0.1 MPa, decomposition of
DNP had taken place and the exothermic peak changed a lot
with the pressure alternated.

3.4. Thermal decomposition kinetics

The kinetics of the thermal decomposition of DNP at different
temperatures in the range 185-200 °C under static air were stud-
ied by non-isothermal TG. From data of the non-isothermal TG
experiments (Table 1) the mass loss with respect to temperature
was noted. In order to obtain the value of two kinetic parameters
[apparent activation energy (E,) and pre-exponential factor (A)]
of the major exothermic decomposition reaction for DNP, the
multiple heating-rate method proposed by Flynn—Wall-Ozawa
[14,15] used the following approximates equation at a constant
weight loss in a thermal degradation process:

0.4567E,
RT

AE,
log[B] = log (

R ) —log F(a) —2.315 —

where g is the heating rate in the non-isothermal TG measure-
ment. From this equation E, can easily be calculated based on
the slope of a plot of log(B) versus 1/T at a fixed weight loss.
The Flynn—Wall-Ozawa method is the most useful method for

the kinetic interpretation of the thermogravimetric data obtained
when studying complex processes. This method can determine
the activation energy without knowledge of reaction order.

The E; of thermal degradation for DNP was obtained by the
Ozawa method, from a linear fitting of log(8) versus 1000/T
at a fixed conversion with the slope of such a line being
—0.4567E/RT. For this study, the conversion values are 0.10,
0.20, 0.30, 0.40, 0.50, and 0.60. Fig. 4 shows that the fitting
straight lines are nearly parallel, which indicates that this method
is applicable to our system in the conversion range studied. This
fact suggests that a single reaction mechanism is operative. The
activation energies calculated from the slopes corresponding to
the different conversions are shown in Fig. 5. From these values
a mean E;, value of 116.51 kJ/mol was found.

Fig. 5 shows the variation of the activation energy with
the conversion degree, suggesting successive reactions. It illus-
trates the relationship between the activation energies of the
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Fig. 4. Flynn—Wall-Ozawa plots at varying conversion for the degradation.
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Fig.5. Dependence of the apparent activation energy on the degree of conversion
determined using isoconversional method for the non-isothermal TG data (open
circles: B=2.5 K/min, 5 K/min, 10 K/min and 20 K/min).

degree of conversion, due to continuous change of decomposi-
tion mechanisms. Vyazovkin and Wight [16] have reported that
concentration of nuclei at fast heating rate, which is commonly
the case for isothermal system, is very low and the isothermal
decomposition is limited by nucleation only. But in case of non-
isothermal decomposition, it is limited by nuclei growth since
the heating rate is low (2.5-20 Kmin~! in the present case).
They also added that nucleation and nuclei growth takes place at
lower and higher activation energies, respectively. Therefore, we
may find decrease activation energies for non-isothermal cases,
respectively. In addition, it is also reported by Vyazovkin and
Wight [16], Vyazovkin [17] that diffusion of the formed gas
plays an important role to reduce the activation energy in the sub-
sequent stages of the decomposition phenomenon. Therefore in
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case of non-isothermal decomposition, the two opposite effects
(nuclei growth and gas diffusion) may finally make activation
energy a weak function of conversion. The activation energy
quickly falls with conversion. This may possibly be attributed to
the fact that at the later stage formation of porous solid residue
makes the diffusion faster leading to more decrease in activation
energy.

In order to made a comparison and educe the kinetic model
function fla), the integral equations (1)—(3) are cited to obtain
the values of E,, and A from a single non-isothermal TG curves

[18].
A 04357 (0449 + 0217E,

lg[G(a)]—lg( e ) 0.4828 £ (0.00IT )

(D
AE, 0.4567E,

1e[G(a)] = lg ( = ) —2315 - @)

)5

1772 | T "\ BE, |1 =5(RT/Ey| | ~ RT

where f(or) and G(w) are the differential and integral model func-
tions, respectively; Tp, the initial point at which DSC curve
deviates from the baseline; R, the gas constant; «, conversion
degree (0 =H,/H,); H,, 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, temperature (K) at time .

Forty-one types of kinetic model functions [18] and the data
in Table 2 are put into Eqgs. (1)—(3) for calculation, respectively.
The values of E,, A, linear correlation coefficient (), standard
mean square deviation (Q) and believable factor (d) [where
d=(1 — «)Q] were obtained by the linear least squares and iter-
ative methods [19]. The probable kinetic model functions of the

Table 2

Basic data of the major exothermic decomposition reaction of DNP

B=2.5°Cmin~! B=5°Cmin~! B=10°Cmin~! B=20°Cmin~!

TC°C) (%) TCC) a(®) TCC) (%) TCC) a(%) TECCO (%) TCC) a(®) TECC o(%) TCC) (%)
171 6.251 190 25.85 184 7.643 203 3175 171 6.251 190 2585 184 7.643 203 31.75
172 6.781 191 27.68 185 8519 204 33.68 172 6.781 191 27.68 185 8.519 204 33.68
173 7.357 192 3038 186 9.129 205 35.67 173 7.357 192 30.38 186 9.129 205 35.67
174 7.967 193 3198 187 9.955 206 37.67 174 7.967 193 31.98 187 9.955 206 37.67
175 8.655 194 3354 188 10.79 207 39.78 175 8.655 194 3354 188 10.79 207 39.78
176 9.379 195 35.69 189 11.43 208 42.05 176 9379 195 35.69 189 11.43 208 42.05
177 10.03 196 38.68 190 12.29 209 4445 177 10.03 196 38.68 190 12.29 209 44.45
178 10.82 197 4135 191 13.66 210 47.00 178 10.82 197 4135 191 13.66 210 47.00
179 11.74 198 43.56 192 14.43 211 49.69 179 11.74 198 4356 192 14.43 211 49.69
180 12.67 199 46.85 193 15.27 212 52.56 180 12.67 199 46.85 193 15.27 212 52.56
181 13.66 200 5034 194 16.33 213 55.55 181 13.66 200 50.34 194 16.33 213 55.55
182 14.68 201 53.44 195 17.74 214 58.71 182 14.68 201 53.44 195 17.74 214 58.71
183 15.77 202 56.74 196 19.00 215 6195 183 15.77 202 56.74 196 19.00 215 61.95
184 16.98 203 60.21 197 20.37 216 6538 184 16.98 203 60.21 197 20.37 216 65.38
185 18.36 204 64.04 198 22.38 217 68.88 185 18.36 204 64.04 198 22.38 217 68.88
186 20.08 205 67.78 199 23.56 218 7245 186 20.08 205 67.78 199 23.56 218 72.45
187 21.75 206 71.60 200 25.30 187 21.75 206 71.60 200 25.30
188 23.03 201 27.44 188 23.03 201 27.44
189 24.27 202 29.70 189 24.27 202 29.70




Q.-L. Yan et al. / Journal of Hazardous Materials 151 (2008) 515-521 519

Table 3
Kinetic parameters obtained by Single Heating Rate method from the TG data in Table 2"
B (Cmin~h) fle) G(o) Eq. (1) Eq. (2) Eq. (3)
E, (kImol™!) IgA (s™h E, (kImol™1) IgA(s™h E, (I mol™1) IgA (s
2.5 201 — (1 —a)'?] (11— 2 115.67% 12212 117.29° 12.10° 115.67° 11.91¢
5 201 — (1 —a)'?) (11— 115.574 12.154 117.29¢ 12.40° 115.67° 12.21f
10 21— (1 —a)'?] (1—a)~12 115.57¢ 12.458 117.29" 12710 115.67 12511
20 21— (1 —a)'?) (1—a)~12 115.27 12.400 117.01K 12.66~ 115.171! 12.45!
T 2r=20.9995, 0=1.567 x 1072, d=7.395x107% r=0.9996, Q0=2.842x 1073, d=1.134x107% <r=0.9995, Q=1.567 x 1072, d=7.395 x 10~°;

9r=0.9996, 0=2.842x1073, d=1.134x107% ©r=0.9996, 0=2.846x 1073, d=1.134x107%, fr=09995, 0=1.567x 1072, d=7.395x 107,
2r=0.9996, 0=2.842 x 1073, d=1.134 x 107%; "=0.9996, 0=2.842 x 1073, d=1.134 x 107%; 1,=0.9995, 0=1.567 x 1072, d=7.395 x 10~%; Ir=0.9987,

0=7.701 x 1073, d=1.102 x 1073, X,=0.9987, 0=7.701 x 1073, d=1.102 x 1075;1r=0.9985, 0=4.173 x 1072, d=6.399 x 1075.

integral and differential methods selected by the logical choice

method [20] and when fla)=1 — & and G(a)= —In(1 — a), the 0301

values (Table 3) obtained by Egs. (1)—(3) are in good agree- 0.25

ment with the calculated values obtained by Ozawa’s methods

(a=0.1-0.65). The results indicated that the reaction mechanism 0.20

of the exothermic process of DNP (a=0.1-0.65) is classified as 2 0.151

nucleation and nuclear growth (Avramie equation (1)) chemical §

reaction. Substituting flar) with 1 — , E, with 116.51kJ mol ™!, £ 0.101

B with 0.1667 Ks~! and A with 10'%2s~1 in Eq. (4), we can 0.05 -

establish the kinetic equation of the major exothermic decom-

position process of DNP as Eq. (5). 0.00 1

o _ A exp <_E) @ R S S S A
a g RT Time/min

d —0.1401 x 10?
di;‘ — 1.802 x 10'°%2(1 — a)exp (TX> (5)

3.5. Thermal decomposition mechanism

The series spectra of the residue obtained in the original
T/Jump FT-IR experiment showed development of bands at
1557cm™!, 1241 cm™! and 2890 cm™!. The observation of a
large quantity of NO, in the evolved gas analysis and the
observed preferential loss of band intensity due to the NO; group
permits us to conclude that N-N bond cleavage may be the ini-
tial thermolysis pathway in DNP. The bands at 1334cm™! is
characteristic of a C-N group and the bands at 2890cm™! is
characteristic of a CH; group.

Oyumi and Brill [7], who have investigated the evolved gases
from the thermal decomposition of TNAD, observed that con-
siderable amounts of HONO and NO, are produced at lower
heating rates. They further showed that the ratio of HONO/NO,
obtained was higher at high pressures than at low pressures.
According to them, at higher pressures it is likely that the ini-
tially formed NO, is unable to diffuse and get engaged in further
reactions with the condensed phase producing HONO, whereas
at lower pressures the NO; cleaved can easily diffuse through.
Thus the HONO formed may be due to the adventitious contact
of the NO; formed with the ring hydrogen atom. According to
Oyumi and Brill [7], in nitramines the formation of HONO is
advanced with larger HONO/NO; ratios and it is not a primary
decomposition product, and the decomposition of DNP is similar

Fig. 6. The relationship between T-Jump/FT-IR absorption intensity with heat-
ing time (variety of three main IR absorption intensities).

with RDX and TNAD (trans-1,4,5,8-tetranitro-1,4,5,8-tetraaza
dacalin).

When the isothermal decomposition of DNP was followed
in KBr pellet or just mixed with KBr powder it was observed
that the intensity of the bands due to nitro and other groups
decreased systematically (showed in Figs. 6 and 7). The loss
of intensity due to nitro group was more pronounced than the
intensities due to other groups. In evolved gas analysis, CH;O,
NO,, and NO were the major components, while CO, and HCN

3

a1l?§. :i\\\ “ L& \k\:':

0

.

= I
o L

o £
v = N\

|
G

et
0.2
0.0

1800 2000
wavenumber (cm™™)

Fig. 7. The relationship between T-Jump/FT-IR absorption intensity with heat-
ing time (FT-IR spectra of gas phase decomposition of DNP).
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Fig. 8. IR spectra of gaseous decomposition products of DNP.

(1361 cm™!) were the minor gaseous products identified by IR
(Fig. 8).

Melius [20] has recently applied thermochemical model to
decompositions of energetic materials and has shown that in
RDX and HMX the weakest bond is N-NO,. The bond break-
ing energy for this N-N bond in RDX is 205.0kJmol~! and
in HMX it is 206.0 kJ mol~!, but the C-N and C—H bonds are
significantly stronger. The bond breaking energies for the C-N
and C—H bonds are 375.0 kJ mol—! and 395.8 kJ mol—!, respec-
tively, in HMX and of similar order in RDX. Howeyver, after the
rupture of the NO; group, the resulting second nearest neigh-
bor bond breaking energies become very weak; for example,
the C-N bond breaking energy is only 75.6kJ mol~! in HMX.
Therefore in the unimolecular decomposition of RDX and HMX
the order in which the bonds are broken is N-N followed by
C-N. The E value [21] reported for RDX by the isothermal gas
evolution method [22] is 198.6kJmol~! (213-299°C); from
mass spectroscopic studies [23,24] it is 188.1 kJmol~!. The E
value obtained in the present study suits the mechanism pro-
posed [25,26] reasonably well and is consistent with those for
RDX and HMX when the expected weaker N-N bond disso-
ciation energy and the lower temperature of decomposition in
DNP are taken into account. It is possible thereby to infer that
the N-NO; bond cleavage is the primary step in the thermal
decomposition of DNP. So the mechanism of the decomposition
about DNP was forecasted below:

NO,
le) ll\l+ N
N
|2 N N _No N HN N

—_—
NS No, N a/( J wnono o /Y
() b N + HONO N N HaC

o TN
NO, 2 HN HyoN N

\ /N\ > \\l —» Products

CH, HyC

The magnitude of the most negative electrostatic potentials
of the nitrogens can be considered to be indicative of the degrees
of delocalisation of the nitrogen lone pairs, and decreases as the
stability increases. In aza cyclic systems the introduction of nitro
rings also has an overall stabilising effect due to further delocal-
isation of electrons, reflecting the strong electron withdrawing
power of the nitro group. It is most likely that the mechanism
suggested by Cosgrove and Owen [27] operates like a compet-
itive secondary reaction because we have been able to detect
NO as a product in evolved gas analysis. The reaction process
is established below:

CH;0 + NO; - CO + NO + H,O

4. Conclusions

1. The decomposition of DNP involves about 92% loss in
mass in the ranges 150-220°C and 220-302 °C. The DSC
curves show two exothermic changes. Except for 0.1 MPa,
decomposition of it had taken place and the exothermic peak
changed a lot with the pressure altered.

2. The activation energy of the solid-state process was deter-
mined using Flynn—Wall-Ozawa method, which does not
require knowledge of the reaction mechanism, and the acti-
vation energy quickly falls with conversion. The activation
energy of different mechanism models and pre-exponential
factor (A) were determined by another three equations, Com-
pared with the value obtained from the Ozawa method, the
actual reaction mechanism obeyed nucleation and growth
model, Avramie Erofeev function (n = 1) with integral form
G(a)=—In(1 —a) (¢=0.10-0.65). Then E, and A were
determined to be 116.51 kJ/mol and 10.52. So the thermod-
ecomposition of DNP dynamic equation is

—0.1401 x 102

d
&% _ 1,802 x 10'92(1 — a)exp -

dt

3. The cleavage of the N-N and C-N bond appears to be the
primary step in the thermolysis of DNP. The T/Jump FT-IR
analysis showed that CH,O, NO», and NO are produced in
larger amounts than CO, and HCN.
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