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Thermal Behaviors of 1-Amino-2-nitroguanidine
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Abstract: To evaluate the thermal stability of 1-amino-2-nitroguanidine (ANQ) and investigate the potential application value of ANQ as energetic
material,, thermal behaviors, specific heat capacity and adiabatic time-to-explosion of ANQ were studied by DSC, micro-DSC and TG/DTG meth-
ods. Results show that thermal behavior of ANQ can be divided into two coterminous intense exothermic decomposition processes. The peak temper-
atures of the two decomposition processes at the heating rate of 5 °C - min™' are 192.5 °C and 196.2 °C, respectively, and the whole decomposition
enthalpy is —2075 ) - g™'. The apparent activation energy and pre-exponential constant of the first decomposition process are 224.3 kJ - mol™ and
10%*1° 57", respectively. The self-accelerating decomposition temperature and critical temperature of thermal explosion for ANQ are 184.5 °C and
192.7 °C, respectively. The molar heat capacity of ANQ is 145.5 ] - mol™ - K™' at 298. 15 K. Adiabatic time-to-explosion was estimated to be

about 60 s. The thermal stability of ANQ is good.
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1 Introduction

Guanidine compounds are a kind of important nitrogen-
rich energetic materials, and have evolved into an extremely
wide-ranging field of application. Various high-nitrogen-content
energetic salts including full series of amination products of the
guanidinium cation (amino-, diamino-, triamino-guanidinium
and nitroguanidine cation) have been investigated'' ™', As a
known guanidine derivative containing both an amine and a
nitro substituent, 1-Amino-2-nitroguanidine (ANQ) is also an
important concerned object for its good detonation proper-
ties™’. ANQ was first synthesized in 1920 s"777  while it was
not considered as energetic material at that time. In recent
years, Klapotke T M started to research the potential properties
of ANQ as energetic material, and found that ANQ is a prom-

8-10]

ising energetic compound to replace RDX' The density,
detonation velocity and detonation pressure of ANQ are
1.767 g-cm™, 8977 m -

which are close to that of RDX and better than guanidine and

s and 32.3 GPa, respectively’®

its derivatives, but its sensibility and production cost are lower
than those of RDX.
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It is predicted that the ANQ-based energetic salts may have
potentially broad application in the fields of explosives. For ex-
ample, ANQ can be used as an intermediate for the synthesis of
5-nitriminotetrazole'""’ and bis-nitraminotriazoles'''. In addition,
Klapotke reported a series of derivatives of ANQ, including hal-
ides (CI™, Br and I7) of ANQ""" | some transition metal comple-
xes''" | and other energetic salts""’. 1-Amino-2-nitroguanidinium
nitrate (ANGN) was synthesized by Jin X H'"™', and it has
been found that ANGN possesses excellent energetic properties
compared to those of RDX and HMX. Moreover, other ionic
energetic materials of ANQ have been also developed re-

19191 Unfortunately, for a majority of these derivatives

cently!
of ANQ, their decomposition temperatures are much lower
than that ANQ, which is a great shortage for these derivatives.

In this paper, we mainly reported the thermal behavior,
specific heat capacity and adiabatic time-to-explosion of ANQ

for further estimating its thermal stability.

2 Experimental

2.1 Synthesis

ANQ was prepared according to reference[20] and re-
crystallized in hot water. "C NMR ( DMSO-d,, 800 MHz) :
162; "H NMR (DMSO-d, , 800 MHz): 9.32, 8.27, 7.55,
4.67; IR (KBr, v/cm™ ). 3357, 3280, 1667, 1615, 1579,
1515, 1497, 1410, 1261, 1146, 846, 745, 687. Anal.
Calcd. for CH, N, O,(%): C 10.09, H 4.23, N 58.81;
Found: C 10.22, H 4.32, N 58.78.
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2.2 Physical Measurements

Differential scanning calorimetry ( DSC) experiments
were performed using a DSC200F3 apparatus ( Germany,
NETZSCH ). The heating rates were 2. 5, 5. 0, 7.5,
10.0 °C - min™' from ambient temperature to 300 °C, respec-
tively. The thermogravimetry/differential thermogravimetry
(TG/DTG) experiment was performed using a SDT-Q600 ap-
paratus (TA, USA). The heating rate used was 5.0 °C - min™'
from ambient temperature to 400 °C. The specific heat capaci-
ty (c,) was determined using a Micro-DSCIII apparatus ( SET-
ARAM, France), and the sample mass was 215.00 mg. The
heating rate was 0.2 K - min™' from 10 °C to 80 °C.

3  Results and Discussion

3.1 Thermal Decomposition Behavior

Typical DSC in Fig.1 indicates that the thermal behavior of
ANQ presents two coterminous intense exothermic decomposition
processes. The two decompositions occur in a narrow range of
temperature from 185 °C to 205 °C at the heating rate of
5 °C - min~'. The extrapolated onset temperatures and peak tem-
peratures of the two decomposition processes are 191.4 °C and
192.7 °C for the first, and 196.1 °C and 196.2 °C for the second,
respectively. The whole decomposition enthalpy is —2075 ] - g™'.
TG/DTG curves at the heating rate of 5 °C - min~' in Fig.2 also
indicate the two decomposition processes are overlapped, but
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there is obvious transition at 195.21 °C. The two exothermic
decompositions are very intense, and can produce certain jet
power to make thermobalance shake up and down. Mean-
while, the two decompositions are very complete, and there is
almost no residuum in crucible (0.06% ) at 300 °C. Moreover,
we also can find that the thermal decomposition process of
ANQ becomes more and more intense with the rise of heating
rate, even the tumble of common Al crucible can be found at

the heating rate of 10 °C - min™'

, DSC curve changes up and
down as shown in Fig.3. The decomposition of ANQ presents a
distinguishing feature of temperature-high and process-intense.

The apparent activation energy ( E) and pre-exponential
constant (A) of the first exothermic decomposition process for
ANQ was obtained by a multiple heating method ( Kissinger
method'! and Ozawa method'**!). DSC curves are shown in
Fig. 4. The determined values of the beginning temperature
(T,), extrapolated onset temperature ( T,) and peak tempera-
ture (T,) at the different heating rates are listed in Table 1.
The values of T,, and T, corresponding to §—0 obtained by
Eq. (1) are 167.7 and 184.5 °C'*'.

Tooreri= Tioo or ey +NB;+MB; i=1-3 (1)
where n and m are coefficients.

From the calculated values of E and IgA in Table 1, E ob-
tained by Kissinger method agrees well with that by Ozawa
method, and the linear correlation coefficients ( r) are close to
1. So the result is credible. Moreover, E of the process was

low, indicating that ANQ easily decompose above 180 °C.
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Table 1 The values of T, T., T, and kinetic parameters of the first decomposition process for ANQ

B/ °C - min~' T,/°C T./°C T,/°C Ec/k) - mol™ Ig(A/s™") ry Eo /k) + mol™ ro
2.5 176.9 187.6 188.5

5.0 183.7 191.5 192.5 224.3 23.15 0.983 220.6 0.984
7.5 188.1 196.2 197.0

Note: Subscript K, data obtained by Kissinger method; subscript O, data obtained by Ozawa method.

The self-accelerating decomposition temperature ( T,,,;) and
critical temperature of thermal explosion ( T,) are two important
parameters required to ensure safe storage and process operations
for energetic materials and then to evaluate the thermal stability.
Toaor and T, can be obtained by Egs. (2) and (3)™7. T,,.-
and T, for ANQ are 184.5 °C and 192.7 °C, respectively, in-
dicating that the thermal stability of ANQ is high.

Tsror =T (2)
szE()_«/ Eﬁ)z_leoRTeo (3)

The entropy of activation (AS™ ), enthalpy of activation
(AH”) and free energy of activation (AG”) of the thermal
decomposition process for ANQ corresponding to T=T, =
458.15 K, A=A, =10"" s"and E=F,=224.3 kJ - mol™' can
be calculated as 186.38 ) - mol™ - K™, 220.49 k] - mol™ and
135.10 kJ + mol™ ™7 respectively. 194.7 J - mol™ « K™,
224.3 k) - mol™ and 135.1 kJ - mol™ *) | respectively.

3.2 Specific Heat Capacity

Fig.5 shows the determination result of ¢, for ANQ, using
a continuous specific heat capacity mode of apparatus. c,
presents a good linear relationship with temperature in deter-

mined temperature range. Specific heat capacity equation is

shown as:.
c,()-g7+K")=0.3632+2.8810x107°T
(283.0 K<T<353.0 K) (4)

where ¢, is the specific heat capacity in J - g™ - K™
The specific heat capacity and molar heat capacity of ANQ
are 1.222 ) - g - K" and 145.5 J - mol™ - K™ at 298.15 K,

respectively.
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Fig.5 Determination results of the continuous specific heat capacity
for ANQ
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3.3 Adiabatic Time-to-explosion

The adiabatic time-to-explosion is also an important pa-
rameter for evaluating the thermal stability of energetic materi-
als and can be calculated by Eqs. (5), (6) and (7)™,

c, %:QAexp( —E/RT) f(a) (5)
T c,
a:jro 5T (6)

ot c,exp( E/RT)
= Ldt‘ f,vo pQAf(a)

. o . 4
Where c, is the specific heat capacity, J - mol

dT (7)

- K™ Tis the
absolute temperature, K; t is the adiabatic time-to-explosion,
s; Q is the exothermic values, ] - mol™; A is the pre-expo-
nential factor, s™; E is the apparent activation energy of the
thermal decomposition reaction, J - mol™'; R is the gas con-
stant, J - mol™ + K™'; f(a) is the most probable kinetic model
function; « is the conversion degree and the limit of tempera-
ture integration is from T, to T,.

In fact, the conversion degree («) of energetic materials
from the beginning decomposition to explosion in the adiabatic
condition is very small, and it is very difficult to obtain the
most probable kinetic model function f(«). So, we separately
used Power-low model, Reaction-order model, Avrami-Ero-
feev model and the above obtained kinetic model function to
estimate the adiabatic time-to-explosion and supposed different

[23,29)

rate orders (n) . The calculation results are listed in Ta-

ble 2.

Table 2 The calculation results of adiabatic time-to-explosion

model rate order equation time/s

n=1 fla)=1 15.2
power-low  n=2 fla)=2a'"? 53.6
model n=3 f(a)=3a" 68.6
n=4 fla)= 40" 71.2
n=0  fla)=1 15.2
reaction-order n=1 fla)=1-«a 15.5
model n=2 fla)=(1-a)? 15.8
n=1 fla)=1-a 15.5
avrami-ero- n=2 fla)=2(1-a)[=In(1-a) 1" 54.4
feev model n=3 fla)=3(1-a)[-In(1-a) 1?7 69.5
n=4 fla)=4(1-a)[-In(1-a) 1°* 72.1
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The calculated result indicates that there are some devia-
tions, and the decomposition model has big influence on the
estimate of adiabatic time-to-explosion. From the whole esti-
mated result, the adiabatic time-to-explosion of ANQ should
be about 60 s. Though the decomposition of ANQ is very in-
tense, certain time of heat accumulation from the beginning
decomposition to thermal explosion is necessary, which can
be certified by DSC curve of low heating rate. The time also

indicates that ANQ has good thermal stability.

4 Conclusions
(1) The thermal behavior of ANQ can be divided into

two coterminous intense exothermic decomposition processes.
The peak temperatures of the two decomposition processes at
the heating rate of 5 °C - min™" are 192.5 and 196.2 °C, and
the whole decomposition enthalpy is =2075 J - g™'. The self-
accelerating decomposition temperature and critical tempera-
ture of thermal explosion are 184.5 “Cand 192.7 °C, respec-
tively.

(2) Specific heat capacity equation of ANQ is c,(J - g~ - K™)
=0.3628+2.8810x107° T (283.0 K<T<353.0 K), and the
- K™ at298.15 K. Adi-
abatic time-to-explosion of ANQ is about 60 s. The thermal
stability of ANQ is good.

molar heat capacity is 145.5 J - mol™
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