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Abstract The thermal decomposition behaviors of 1,2,3-
triazole nitrate were studied using a Calvet Microcalorimeter
at four different heating rates. Its apparent activation energy
and pre-exponential factor of exothermic decomposition
reaction are 133.77 kJ mol~" and 10"*® s~ respectively.
The critical temperature of thermal explosion is 374.97 K.
The entropy of activation (AS™), the enthalpy of activation
(AH?), and the free energy of activation (AG”) of
the decomposition reaction are 23.88 J mol ™! Kil, 130.62
kJ mol™', and 121.55 kJ mol~', respectively. The self-
accelerating decomposition temperature (Tsapr) is 368.65 K.
The specific heat capacity was determined by a Micro-DSC
method and a theoretical calculation method. Specific
heat capacity equation is C,(J mol™' K™') = —42.6218 +
0.6807T (283.1 K < T < 353.2 K). The adiabatic time-to-
explosion is calculated to be a certain value between 98.82
and 100.00 s. The critical temperature of hot-spot initiation
is 637.14 K, and the characteristic drop height of impact
sensitivity (Hsp) is 9.16 cm.
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Introduction

Triazole is a five-membered heterocyclic compound, which
contains three nitrogen atoms. The three nitrogen atoms are
on position 1,2,4 or 1,2,3 of a five-membered heterocycle.
Triazole derivative has proven to be a novel energetic
compound with high nitrogen content. Its high energy comes
from its very high positive enthalpy of formation [1-4]. In
comparison with TNT with a negative enthalpy of formation
(—62.73 kJ mol™ "), this difference of enthalpy of formation
gives energetic triazole ionic salts an advantage in the
explosive performance. Changing cations, anions, and
groups can make their performances, including sensitivity,
energy, density, and melting point be easy to adjust for
achieving the purpose of decreasing the sensitivity,
enhancing energy and density, and controlling melting point,
and synthesized energetic triazole ionic salts have the
advantages of high thermal stability, low volatility, and
higher density [4, 5]. Energetic triazole ionic salts in the
liquid state are non-toxic, and these can reduce the cost and
danger. Because the strong interaction exists between ions,
triazole ionic salts as a continuous phase in B explosives can
inhibit the migration effect, resolve the permeability prob-
lems of explosives, and improve the safety performance of
explosives [1-3]. Rich nitrogen ionic salts have a strong
solubility and high density, and good or fair compatibility
with solid propellant components [6-9]. The polarity of
ionic salts can be used for propellant combustion perfor-
mance adjustment, and, therefore, energetic triazole ionic
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salts are a kind of energetic materials with good application
prospect [10-13].

However, a great deal of research has focused on the
synthesis and application of energetic triazole ionic salts
while there have been few studies on the fundamental
thermodynamic [1-13]. As far as we know, the thermo-
dynamic properties of energetic triazole ionic salts, such as
heat capacity (C,), apparent activation energy (E), and pre-
exponential factor (A) of exothermic decomposition reac-
tion, critical temperature of thermal explosion (7},), entropy
of activation (AS”), enthalpy of activation (AH”), free
energy of activation (AG”), self-accelerating decomposi-
tion temperature (Tsapr), adiabatic time-to-explosion (%),
critical temperature of hot-spot initiation (7, not-spot)> and
characteristic drop height of impact sensitivity (Hsg) are
important properties that reflect the structures and stabili-
ties of compounds but were rarely reported.

In this study, Calvet Microcalorimeter and Micro-DSC
methods were applied for researching the thermodynamic
properties of 1,2,3-triazole nitrate, and the data were ana-
lyzed to obtain the self-acceleration decomposition tem-
perature; the critical temperature of thermal explosion, the
adiabatic time-to-explosion, and the critical temperature of
hot-spot initiation were obtained at the same time.

Experimental
Materials

1,2,3-Triazole nitrate in this research was prepared by
Beijing Institute of Technology and Xi’an Modern Chem-
istry Research Institute, China. The structure was charac-
terized by means of organic elemental analysis, '’N NMR,
3C NMR, and LC-MS. The sample’s purity was more than
the mass fraction, 0.995. The structure for 1,2,3-triazole
nitrate is shown in Scheme 1. The 1,2,3-triazole nitrate was
further purified by evacuating the sample to a very low
pressure of about 5 x 107> Pa at temperature about 70 °C
for approximately 5 h. This procedure removed any vola-
tile chemicals and water from the triazole ionic salts.

Equipment and conditions
The heat flow curves of the exothermic decomposition

process of 1,2,3-triazole nitrate was measured using a
C-500 type Calvet Microcalorimeter, which had a

Scheme 1 The structure of
1,2,3-triazole nitrate

HN\( / NO;
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sensitivity of 0.10 @V mW ™' and was equipped with two
10-mL vessels. The precision of enthalpy measurement
was less than fraction 0.005 after adjusting. The four dif-
ferent heating rates used were 12 K h™! (0.20 K min ™),
18 Kh™ ! (0.30 Kmin™ '), 24 K h™! (0.40 K min~ "), and
30 Kh™! (0.50 K min~'). The sample used was about
10 mg, and the reference sample was o-Al,O3. Each pro-
cess was repeated three times, and the heat flow curves
under the same conditions overlap with each other, indi-
cating that the reproducibility of test is satisfactory.

The measurement of specific heat capacity (C,) was
performed using a Micro-DSCIII apparatus. The amount of
used sample was 410.98 mg. The heating rate was main-
tained at 0.15 K min~'for the temperatures ranging from
283.1 to 353.2 K.

Results and discussion
Thermal decomposition behavior

The heat flow curves for 1,2,3-triazole nitrate are show in
Fig. 1, which shows that the thermal behavior of 1,2,3-tria-
zole nitrate can be divided into two stages. The first stage is a
melting process. The second stage is an intense exothermic
decomposition process. The characteristic temperatures of
exothermic decomposition process obtained by heat flow
curves at different heating rates are listed in Table 1. In
Table 1, fis the heating rate, T, the peak temperature, T, the
onset temperature, and AH the enthalpy of decomposition
reaction.

In order to obtain the kinetic parameters [the apparent
activation energy (E) and the pre-exponential constant (A)]
of the decomposition reaction for 1,2,3-triazole nitrate,
multiple heating methods (Kissinger method [14] and
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Fig. 1 Heat flow curves of 1,2,3-triazole nitrate at different heating
rates
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Table 1 Original data of the thermal decomposition reaction of
1,2,3-triazole nitrate at different heating rates

B/K min™! T./K T,/K 0 = —AH/KJ mol™!
0.20 378.62 387.80 217.95
0.30 381.90 391.01 225.79
0.40 383.44 393.96 224.96
0.50 384.17 396.06 221.99

Ozawa method [15]) were employed. Kissinger and Ozawa
equations [14-20] are as follows:

. AR E 1
In Ez =S [i=1,2,...,4] (1)
2 E RTy
pl
AE E
log B, = log [ —22_) — 2.315 — 0.4567
ogf; 0g<RG(oc)> RT, 2)

i=1,2,...4]

where f; is the linear heating rate, T}, represents the peak
temperature of the decomposition process, and R is the gas
constant.

From the original data shown in Table 1, the values of
E and A obtained by Kissinger method (with a subscript of k)
and Ozawa method (with a subscript of o) are listed in Table 2.

With the data listed in Table 2, the entropy of activation
(AS7™), enthalpy of activation (AH”), and free energy of
activation (AG™) of the decomposition reaction corre-
sponding to T =T, E = Ey, and A = A obtained by
Eqs. 3-5[16-19] are 23.88 J mol ' K™, 130.62 kJ mol ',
and 121.55 kJ mol ™", respectively.

Ay = (kTpo/h)e™S /R (3)
AH? = Ey — RTy (4)
AG” = AH” — TyAS” (5)

where kg is the Boltzmann constant (1.3807 x 10723
J K*I), and £ is the Plank constant (6.626 x 107347 sfl).

The positive value of AG” indicates that the exothermic
decomposition reaction for 1,2,3-triazole nitrate must pro-
ceed under the heating condition.

Self-accelerating decomposition temperature (7sapr)
and critical temperature of thermal explosion (7,)

The self-accelerating decomposition temperature (Tsapt)
is defined in the United Nation’s recommendation as the

Table 2 Kinetic parameters obtained from the data in Table 1

Kissinger method Ozawa method Ty/K

E/kJ mol™' Log(A/s™" r Eop/kI mol ™" rp

133.77 14.58 0.9984 133.41 0.9986 379.45

lowest temperature at which self-accelerating decomposi-
tion may occur in an organic peroxide or self-reactive
material in the packaging for transportation purposes. The
value Tsapr (Teo) of T, corresponding to f—0 can be
obtained by substituting the 7, and f from Table 1 into the
Eq. 6 [16, 21-23]. The value of Tsapr (Teo) is obtained as
368.65 K.

Tepi = Teppo +dB; +efi [i=1,2,....4] (6)

where d and e are coefficients.

The critical temperature of thermal explosion T
obtained from Egs. 7-8 taken from Reference [16, 21] is
374.97 K.

Ao .

Inf;, =1 bgT;, =1,2,---,L 7

nﬁz n|:bG(OC):|+ B 1 ( )
1

Tb:Te0+b— (8)
B

Specific heat capacity (Cp)

Figure 2 shows the determination results of 1,2,3-triazole
nitrate using a continuous specific heat capacity mode
[19, 22]. In determining temperature range, specific heat
capacity of 1,2,3-triazole nitrate presents a good linear
relationship with temperature. Specific heat capacity
equation is shown as

Cp(J mol™" K™') = —42.6218 + 0.6807T
(283.1 K <T<353.2K)

The molar heat capacity of 1,2,3-triazole nitrate is
158.98 J mol " K" at 298.15 K. Although only a 70.0 K
range was taken in the determination process, the specific
heat capacity equation obtained was a stable and
continuous equation, which can provide a reference and
some help for wide temperature applications [24].

Adiabatic time-to-explosion ()

Energetic materials need a process time from the beginning
of thermal decomposition to that of thermal explosion in
the adiabatic conditions. The time is named the adiabatic
time-to-explosion [16, 22, 23]. Usually, the heating
(d7T/dr) and critical heating rates (d7/df)7;, in a thermal
decomposition reaction were used to estimate the thermo-
stability of energetic materials. However, the adiabatic
time-to-explosion (f) can be calculated by the following
Egs. 10-13 [16, 22, 23] if a series of experimental data
were obtained. Thereby, as an important parameter, it is
easier to estimate the thermostability of energetic materials
according to the length of the adiabatic time-to-explosion.
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C —
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Q 1

_ h=
Cp=a+bT (13) QA{I —é[a(Teo—Tb)+g(T§0—T§)}}
where C, is the specific heat capacity (J mol~' K1), T (16)
T is the absolute temperature (K), r is the adiabatic X / (a + bT)exp(E/RT)dT
decomposition time (s), @ is the exothermic Tor
energy (J mol™'), A is the pre-exponential factor (s'),
E is the apparent activation energy of the thermal (3) Whenn =2
decomposition reaction (J mol™'), R is the gas constant . 1
(J mol ' K™Y, flo) is the most probable kinetic model 2 ] b o112
function, and o is the conversion degree, a and b are QA{I o [a(TeO - T) +§(T‘°'0 B Tb)}}
coefficients. Ty (17)

The combination of Eqgs. 10-13 can give the following X / (a+ bT)exp(E/RT)dT

equation:

B t B TCpexp(E/RT)
t_o/dt_T/iQAf(a) dT
1 [ (a+bT)exp(E/RT)
_QAT/ T (14)
:L/ (a+ bT)exp(E/RT) T
04 ) [1 — 5 fr(a —|—bT)dT} !

The limit of the temperature integral in Eq. 14 is from
TeO to Tb-

(1) Whenn =20
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Teo

We can directly get #, = 100.00 s, t; = 99.41 s, and
to = 98.82 s from Eqgs. 15-17, so the adiabatic time-to-
explosion of 1,2,3-triazole nitrate is a certain value
between 98.82 and 100.00 s.

Critical temperature of hot-spot initiation (T, hot-spot)

In order to obtain the critical temperature of hot-spot ini-
tiation(T¢r hot-spo) Of 1,2,3-triazole nitrate, assuming that
T, hot-spot 18 @ function of the size and duration of hot-spot
and of the physical and chemical properties of the explo-
sive, the equation for calculating the value of T hot-spot
may be expressed as [16, 21-23]
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Table 3 Explosive parameters and comparison of experimental and predicted 50% drop heights (Hsg)
Acronym 10947 em™ ! s K! plg cem ™3 Log(Ak)/sf1 Q4] gfl E®J mol™! Hso/cm n D, D;
Exp." Pre.
HMX 34.43 1.79 33.80 2764 373700 32 334  0.564623 33.8765 —0.347174
RDX 10.58 1.66 12.50 2810 140000 26 20.1
TNT 21.30 1.57 11.10 1506 155017 59 56.4
BTF 20.92 22.81 22.81 2949 255000 28 28
1,2,3-Triazole nitrate 33.06 1.82 11.38 575.32 130800 9.16
4 Reference [25]
b Reference [26]
Troom = 300 K
4 £ Conclusions
gna de{l — exp [f(t - to)AeRTcr] }
00 The thermal decomposition process of the exothermic
/ A pC, { ,ﬁ[ H decomposition reaction of 1,2,3-triazole nitrate at four dif-
2vVB ferent heating rates under atmospheric pressure could be
described by Fig. 1 shown in the text. The apparent activa-
7 5 a (TCr hot-spot — Tmom) r—a tion energy and pre-exponential factor of the above men-
= / 4nrpep erfc dr tioned reaction are 133.77 kJ mol™' and 108 7!,
a

r 2 /p/l_ct]D
(18)

where a is the radius of the hot-spot in cm, p is the density
ing cm_3, Q4 is the heat of reaction in J g_l, t—tq is the
time interval in s, A is the frequency factor in s™', E is the
activation energy in J mol™', R is the gas constant in
Jmol ' K71, T, hot-spot 18 the critical temperature of hot-
spot initiation in K, Cj, is the specific heat in J mol ! K1,
Troom 1S the ambient temperature in K, 4 is the thermal
conductivity in J em™' s7! K.

By substituting the following data of 1,2,3-triazole nitrate
a=10" cm, p=1822gcm™> [25], Q4= 1704.26
Tl t—1,=10"" s, A=A =10"® 57! E=F =
133.77 kJ mol ™', R = 8.3145 J mol ' K™/, C, = 159.023
Jmol ' K™, Tioom =300K, and A =33.04 x 107*
Jem™ ' s7'K7! into Eq. 18, the value of T hot-spoc OF
637.14 K is obtained.

Characteristic drop height of impact sensitivity (Hsp)

The characteristic drop height of impact sensitivity (Hsg) of
1,2,3-triazole nitrate can be obtained by substituting the
values of /4, p, A, Qq, and E of 1,2,3-triazole nitrate from
Table 3 and the values of n, D,, and D5 into Eq. 19 [16,
21-23]. The corresponding value of Hso of 1,2,3-triazole
nitrate is 9.16 cm.

0.02612E

2
> T + D,H?,

1
EnlogHso + log (19)

A
+
ApQq

where n, D,, and D3 are parameters of the correlation.

respectively. The critical temperature of thermal explosion is
374.97 K. The entropy of activation (AS”), enthalpy
of activation (AH”), and free energy of activation (AG”) of
the reaction are 23.88 J mol~! K™}, 130.62 kJ mol~!, and
121.55kJ mol ™", respectively. The self-accelerating decom-
position temperature (Tsapt) is 368.65 K. The critical
temperature of hot-spot initiation (T, hot-spot) 18 637.14 K,
and the characteristic drop height of impact sensitivity (Hsg)
is 9.16 cm. The molar heat capacity of 1,2,3-triazole nitrate
is 158.98 J mol~" K~' at 298.15 K. The adiabatic time-
to-explosion of 1,2,3-triazole nitrate was calculated to be a
certain value between 98.82 and 100.00 s.
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