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Abstract

Thermal behaviors of bis(aminofurazano)furazan (BAFF) and bis(nitrofurazano)furazan (BNFF) were studied by the
differential scanning calorimetry (DSC) method with a special hermetic high-pressure crucible and compared to that with a
common standard Al crucible. The exothermic decomposition processes of the two compounds were completely revealed.
The extrapolated onset temperature, peak temperature and enthalpy of exothermic decomposition at the heating rate of
10 °C min~! are 290.2, 313.4 °C and — 2174 ] gfl for BAFF, and 265.8, 305.0 °C and — 23511J gfl for BNFF,
respectively. The apparent activation energies of the decomposition process for the two compounds are 115.7 and
131.7 kJ mol ™", respectively. The self-accelerating decomposition temperatures and critical temperatures of thermal
explosion are 247.5 and 368.7 °C for BAFF, and 249.6 and 268.1 °C for BAFF, respectively. Both BAFF and BNFF
present high thermal stability. The specific heat capacities for the two compounds were determined with the micro-DSC
method, and the specific heat capacities and molar heat capacities at 298.15 K are 1.0921J g ' K™' and

257.9 T mol~' K~ for BAFF, and 1.0419 J ¢~' K" and 308.5 J mol~' K™ for BNFF, respectively.
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Introduction

1,2,5-Oxadiazole (furazan) is a kind of important hetero-
cyclic compounds [1, 2], and its 2-oxide (furoxan) is also
considered as an efficient structural unit of energetic
materials because of their positive heat of formation, good
thermal stability and high density. If a furazan ring or
furoxan ring replaces a nitro group, the density and deto-
nating velocity of a compound can grow about
0.06-0.08 g cm ™ and 300 m s, respectively [3, 4]. So
many multi-furazan ring (furoxan ring) compounds,
including chained furazan, macrocyclic furazan and ring-
fused furazan compounds, have been reported recently by
many researchers [5—16], especially Sheremetev et al., who
carried out a lot of research work on this field. Moreover,
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some derivatives reported have shown good physico-
chemical properties and application prospects [17, 18].

Our group also synthesized two chained furazan com-
pounds, bis(aminofurazano)furoxan (BAFF®) and bis(ni-
trofurazano)furoxan  (BNFF®)  (p. = 1.937 g cm™>)
[19-25], but found that the two compounds have high shock-
wave sensitivity coming from the active coordination oxy-
gen atom of the central furoxan ring. Thus, we designed and
synthesized bis(aminofurazano)furazan (BAFF) and bis(ni-
trofurazano)furazan (BNFF) (p.=1.839 ¢ cm73) by
reduction reaction [26-28]. The relationship between the
four compounds is shown in Scheme 1. The synthesis,
structure and some denotation properties of BAFF and BNFF
have been reported by our group [26]. These compounds
have been given good application expectation for their
excellent performances.

However, both BAFF and BNFF have strong volatility
after melting [28, 29]. In common DSC experiments, the
exothermic decomposition processes of the two compounds
cannot be observed. Even in the high-pressure DSC
experiments, the volatilization of molten sample can only
be suppressed partially, and only partial exothermic
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Scheme 1 Relationship between the four multi-furazan ring compounds

decomposition process can be found, so the exothermic
decomposition process cannot be characterized perfectly
[19, 23]. Because the above-mentioned DSC experiments
are all open systems, the volatilization cannot be avoided
entirely. Besides, there have been many researchers who
studied the thermal transitions of substances in a closed
environment to obtain more reliable results [30-32]. Thus,
to solve the problem, a special hermetic high-pressure
crucible is used necessarily to explore the thermal
decomposition of the two compounds.

In this paper, we use a special hermetic crucible to study
the thermal behaviors of BAFF and BNFF and determine
their specific heat capacities. The results will enhance the
understanding on the two compounds for their application.

Materials and methods
Materials

BAFF and BNFF were prepared according to Ref. 26. Their
purity is over 99.5% (HPLC).

Methods

DSC experiments were performed using a DSC200F3
apparatus (NETZSCH, Germany) under a nitrogen atmo-
sphere at a flow rate of 100 mL min~'. Two kinds of
crucibles were used in experiments. One is a standard
common Al crucible, and the other is a special hermetic
high-pressure crucible (chrome nickel steel with goldplated
surface, max. internal pressure 100 bar, max. temperature
500 °C and Au seals). The heating rates used were 5, 10, 15
and 20 °C min~ ', respectively, from ambient temperature
to 400 °C. Thermogravimetry/differential thermogravime-
try (TG/DTG) experiments were performed using a
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TG209F3 apparatus (NETZSCH, Germany) under a nitro-
gen atmosphere at a flow rate of 100 mL min~', and the
crucible used is the standard common Al crucible. The
heating rate was 10.0 °C min~' from ambient temperature
to 400 °C.

Specific heat capacity was measured with a Micro-DSCIII
apparatus (SETARAM, France), using a continuous specific
heat capacity model. The standard sample cell with experi-
ment sample was put in apparatus furnace (the mass used for
calorimetric measurement was about 200 mg) with the
equilibrium time of 1 h, temperature of cooling circulating
water bath of 293.15 K, operating temperature range of
283-333 K, temperature accuracy of 10~* K, heat flow
accuracy of 10~* mW and heating rate of 0.15 K min~"'. The
reliability of calorimetry was ensured by determining
enthalpy of dissolution of KCI in deionized water at
298.15 K, and the value was 17.264 + 0.065 kJ mol !
(17.241 £ 0.018 kJ mol™' for the literature value [33]).
The obtained equation of specific heat capacity for
standard calcined «-Al,O3 was C, g{1 K™
=0.184 + 1.997 x 107> T (283 K < T < 353 K), and the
standard molar heat capacity is 79.44 J mol~' K~' at
298.15 K (79.02 ] mol~! K™ ! for the reference value [34]).
All the results indicate that the calorimetric equipment is
reliable and accurate.

Results and discussion
Thermal behavior

The DSC curve (1 in Fig. 1) with common Al crucible
indicates that the thermal behavior of BAFF exhibits three
stages. The first stage is a melting process, and the
extrapolated onset temperature, peak temperature and
melting enthalpy at a heating rate of 10 °C min~' are
180.4, 181.6 °C and 119.2 J g7, respectively. With the
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Fig. 1 DSC curves of BAFF at a heating rate of 10 °C min~"

rise of heating temperature, the molten sample begins to
slowly volatilize, and the curve presents a slight
endothermic trend. At about 275.7 °C, the endothermic
process reaches a peak. Then, the thermal behavior exhibits
a broad and small exothermic process at the temperature
range of 280-335 °C. Heat release of decomposition and
heat absorption of volatilization reach a balance at this
temperature range. No obvious exothermic decomposition
peak of BAFF can be found in DSC curve. Typical TG/
DTG curves (Fig. 2) also indicate that BAFF has only one
mass-loss process at the temperature range of 150-270 °C.
At 268 °C, only 2.6% of mass left, indicating that molten
BAFF almost volatilizes entirely. Inevitably, the mass-loss
process includes both decomposition and volatilization of
the molten BAFF. However, the DSC curve (2 in Fig. 1)
with the special hermetic high-pressure crucible gives a
different result. The first process (melting process) is
similar to that of common Al crucible. The extrapolated
onset temperature, peak temperature and melting enthalpy
of it at the heating rate of 10 °C min~! are 181.2, 182.6 °C
and 116.9 T g, respectively, which are very close to those
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Fig. 2 TG/DTG curves of BAFF at a heating rate of 10 °C min~"

of common Al crucible despite the fact that there are big
differences between these two kinds of crucibles (mass and
material quality). However, there is no volatilization of
molten BAFF in the special hermetic high-pressure cru-
cible, so no endothermic process can be found after melt-
ing. At about 230 °C, the molten BAFF begins to
exothermic decomposition, and then, the thermal behavior
presents a big and broad exothermic peak at the tempera-
ture range of 230-300 °C. The extrapolated onset tem-
perature, peak temperature and decomposition enthalpy of
it at the heating rate of 10 °C min~! are 290.2, 313.4.0 °C
and — 2174 J g, respectively. So the decomposition
temperature of BAFF is very high, and the decomposition
heat is big. Thus, the thermal stability of BAFF is good in
spite of volatilizing after melting.

From the DSC curve (curve 1) in Fig. 3, the thermal
behavior of BNFF has two stages. The first stage is also a
melting process, and the extrapolated onset temperature,
peak temperature and melting enthalpy at a heating rate of
10 °C min~' are 82.5, 83.9 °C and 69.2 J g~', respec-
tively. With the rise of heating temperature, the molten
BNFF begins to slowly volatilize, and the thermal behavior
of BNFF presents a slight endothermic trend. At about
186.4 °C, the endothermic process reaches a peak. No
exothermic decomposition peak of BNFF can be found.
TG/DTG curves of BNFF in Fig. 4 indicate that there is
only one mass-loss process at the temperature range of
75-190 °C. At 230 °C, the molten BNFF almost volatilizes
entirely (2.3% at 181 °C). Certainly, the mass-loss process
also includes both decomposition and volatilization of the
molten BNFF, although no exothermal peak can be found
in the DSC curve with the common Al crucible. From the
beginning temperature of mass-loss (about 79 °C), we can
see that melting and volatilizing are synchronous, but DSC
curve (2 in Fig. 3) with the special high-pressure crucible
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Fig. 3 DSC curves of BNFF a heating rate of 10 °C min~'
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Fig. 4 TG/DTG curves of BNFF a heating rate of 10 °C min~'

indicates that the hermetic thermal behavior of BNFF is
much different from that with common Al crucible. The
first process (melting process) is similar to that of common
Al crucible. The extrapolated onset temperature, peak
temperature and melting enthalpy of it at the heating rate of
10 °C min~" are 82.0, 83.8 °C and 75.3 Jg_l, respec-
tively, which are consistent with the result of common Al
crucible. However, there is no endothermic process after
melting. With the rise of heating temperature, the molten
BNFF begins to exothermic decomposition, and then, the
thermal behavior presents a big and broad exothermic peak
at the temperature range of 230-310 °C. The extrapolated
onset temperature, peak temperature and decomposition
enthalpy of it at the heating rate of 10 °C min™" are 265.8,
305.0 °C and — 2351 J g~ !, respectively, so the decom-
position temperature of BNFF is also very high and the
decomposition heat of it is big. BNFF also presents good
thermal stability.

Comparing the hermetic thermal behavior of BNFF with
that of BAFF, the melting point decreases greatly from
181.2 to 82.0 °C, after two amino groups changed into two
nitro groups in molecule. As casting explosive, it is very
beneficial. Moreover, the decomposition temperature
reduces from 290.2 to 265.8 °C, but the decomposition
heat rises slightly (2174-2351 J g™ 1).

Apparent activation energy

The kinetic parameters [the apparent activation energy
(E) and pre-exponential constant (A)] of the exothermic
decomposition process were studied with a multiple heat-
ing method. The extrapolated onset temperature (7.) and
peak temperature (7},) at the different heating rates for
BAFF and BNFF are listed in Table 1. The calculated
values of kinetic parameters by Kissinger method and
Ozawa method [35, 36] are also listed in Table 1. The
apparent activation energy obtained by Kissinger method is
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all consistent with that by Ozawa method for the two
compounds. The linear correlation coefficients () are all
close to 1. Thus, the results are credible. Moreover, the
apparent activation energy of the decomposition process
for the two compounds is very low, indicating that molten
BAFF and BNFF easily decompose at high temperature.

The self-accelerating decomposition temperature
(Tsapr) and critical temperature of thermal explosion (73),
which can be obtained by Eqgs. (1) and (2) [37-39], are two
important parameters required to ensure safe storage and
process operations for energetic materials and then to
evaluate the thermal stability. Tsapt and Ty, are 247.5 and
368.7 °C for BAFF, and 249.6 and 268.1 °C for BNFF,
respectively, also indicating that both BAFF and BNFF
have high thermal stability.

Tsapr = Teo=Tei — nﬁi - mﬂlz i=1—-4 (1)
Eo — \/Eé — 4EQRT,

Ty, = 2

b R (2)

where (3 is the heating rate and Eq is the apparent activation
energy obtained by Ozawa method.

Specific heat capacity

The continuous specific heat capacities of the two com-
pounds were measured successively, and the determination
results are shown in Figs. 5 and 6. We can see that specific
heat capacity for BAFF presents a linear relationship with
temperature in the determining temperature range, but
specific heat capacity for BNFF increases greatly after
305 K and presents a cubic relationship with temperature.
The reason for the abnormal result should be that BNFF
has a low melting point (83.5 °C) and a relatively wide
melting range (DSC curve in Fig. 3). BNFF begins to
change at a very low temperature, and the change is
unobservable in common DSC result. However, the change
is very obvious in micro-DSC curve (Fig. 6). Meanwhile,
the values of specific heat capacity come from the theo-
retical Eq. (3):

As — Ay

Cp:msx/i

(3)

where C,, is the specific heat capacity, As and Ay, are the
heat flows of the sample and blank, m; is the amount of the
sample and f is the heating rate.

Thus, the small change of heat flow will affect the
specific heat capacity result greatly. Fitted specific heat
capacity equations for BAFF and BNFF are as follows:
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Table 1 The values of T, T, and kinetic parameters of decomposition process for BAFF and BNFF
Sample Heating rate/K min~! T./°C T,/°C E/kJ mol™! log(A/s’l) Tk Ey/kJ mol™! o
BAFF 5.0 270.2 296.0 115.7 8.16 0.9968 119.3 0.9972
10.0 290.2 313.4
15.0 296.2 320.9
20.0 303.3 3274
BNFF 5.0 256.1 295.3 131.7 9.75 0.9847 134.4 0.9868
10.0 265.8 305.0
15.0 269.1 314.0
20.0 278.8 322.8

Subscript k, data obtained by Kissinger method; subscript o, data obtained by Ozawa method
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Fig. 5 Determination results of the continuous specific heat capacity of BAFF

Cp(BAFF, Jg 'K™') = 0.2621 +2.7827 x 107°T

C,(BNFF, Jg 'K ') =

x (R = 0.9986, 285K <T <330K)
(4)
—1.7416 x 10> + 1.7631T
—5.9240 x 107372 + 6.6468
x 107°7%(R* = 0.9945, 285K
<T<330K)
(5)

If reducing the temperature range (285-303 °C), the
specific heat capacity for BNFF can also be fitted to linear

equation as:

C,(BNFF, Jg7'K™') = 0.0876 4 3.2008 x 107°T
x (R* = 0.9874, 285K <T <303K)

(6)

The specific heat capacity and molar heat capacity at
298.15 K are 1.0921 J g=' K" and 257.9 Jmol ™' K™
for BAFF, and 1.0419 J g~ K~! and 308.5 J mol ™" K™'
for BNFF, respectively. The specific heat capacity of BAFF
is greater than that of BNFF, indicating that amino group
can make a greater contribution to the specific heat
capacity than nitro group.
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Conclusions

In summary, we used a special hermetic high-pressure
crucible to study the thermal behaviors of two energetic
materials on account of their volatility after melting. The
exothermic decomposition processes for the two com-
pounds are completely revealed. Hermetic thermal behav-
iors of both bis(aminofurazano)furazan (BAFF) and
bis(nitrofurazano)furazan (BNFF) present a melting pro-
cess and a big and broad exothermic decomposition pro-
cess. The study results indicate that BAFF and BNFF all
possess high thermal stability. The specific heat capacity
equation and molar heat capacity at 298.15 K for the two
compounds were obtained. The specific heat capacity of
BAFF is greater than that of BNFF, indicating that amino
group can make a greater contribution to specific heat
capacity than nitro group.
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