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Abstract The thermal decomposition behavior and ther-
mal stability of 3,3’-diamino-5,5"-bis(1H-1,2,4-triazole)
with 2DMSO (DABT-2DMSO) were investigated by
thermo gravimetry—derivative thermo gravimetry—differ-
ential scanning calorimetry (TG-DTG-DSC), differential
thermal analysis (DTA) and accelerating rate calorimeter
(ARC). The result of TG-DTG-DSC at a heating rate of
10 °C min~" indicated that an endothermic decomposition
and an exothermic decomposition occurred at 388.23 and
468.23 °C, respectively. The apparent activation energy
(E,) and pre-exponential factor (A) of the exothermic
decomposition, and the free energy of activation, activation
enthalpy and activation entropy at initial decomposition
temperature (7o) were calculated from the DTA curves
recorded at heating rates of 1, 2, 4, 8 °C min~'. The crit-
ical temperature of thermal explosion (7o) obtained by
the Ozawa’s and Kissinger’s methods were calculated as
470.46 and 470.73 °C, respectively. The result of ARC
indicated that the self-heating decomposition started at
443.61 °C and ended at 480.91 °C, within the time span of
1397.50 min. The self-heating decomposition parameters,
including the onset temperature, final temperature, tem-
perature at max rate, max temperature rate, adiabatic
temperature rise and time to maximum rate were obtained,
and these parameters were corrected by thermal inertia
factor. The E, and A under adiabatic condition were also
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calculated. In addition, the self-accelerating decomposition
temperature (Tsapr, soxg) Was calculated as 429.54 °C.
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Introduction

3,3’-Diamino-5,5"-bis(1H-1,2,4-triazole) (DABT) is an
important raw material and widely used in the production
of bistriazoles energetic materials, such as 3,3’-dinitro-5,5'-
bis(1H-1,2,4-triazole) (DNBT) [1, 21, 3,3’-dinitrimino-5,5'-
bis(1H-1,2,4-triazole) (DNABT) [1, 3], 3,3’-diazide-5,5'-
bis(1H-1,2,4-triazole) (DAzBT) [1], 3,3'-dinitro-5,5'-
bis(1H-1,2,4-triazole)-1,1’-diol (DNBTO) [4] and their
derivatives [2—4], carbonic dihydrazidinium bis[3-(5-ni-
troimino-1,2,4-triazolate)] (CBNT) [3], dihydroxylammo-
nium 3,3/-dinitro-5,5’-bis-1H-1,2 4-triazole-1,1’-diolate
(HBNTO) [3], which were reported as two of most
promising ionic salts to possibly replaced 1,3,5-trinitro-
1,3,5-triazacyclohexane (RDX).

We investigated the heat of formation and detonation
properties of DABT by using density functional theory
(DFT-B3LYP) method. Previous studies have shown that
the basis set 6-311 + G(2df, 2p) is able to predict the
molecular structures and energies of energetic organic
compounds [5-7]. The heat of formation of DABT
(334.77 kJ mol ') in the gas phase was determined at the
B3LYP/6-311 4 G(2df, 2p) theory level through isodesmic
reaction. The detonation velocity (5.70 km s_l) and deto-
nation pressure (13.79 GPa) were evaluated by Kamlet—
Jacob equations. For the process safety of these bistriazoles
energetic materials synthesized with DABT, the
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investigations of thermal decomposition behavior and
thermal stability of DABT were very necessary.

In order to acquire the thermal decomposition behavior
and thermal stability of DABT under non-isothermal and
adiabatic conditions, the thermo gravimetry—derivative
thermo gravimetry—differential scanning calorimetry (TG—
DTG-DSC), differential thermal analysis (DTA) and
accelerating rate calorimetry (ARC) were carried out. The
thermo-kinetic parameters of the exothermic decomposi-
tion and thermodynamic parameters at the initial decom-
position temperature (T,0) under non-isothermal condition
were obtained from DTA. The self-heating decomposition
parameters, adiabatic decomposition kinetics parameters,
time to maximum rate (TMR) and self-accelerating
decomposition temperature (Tsapr) were obtained from
ARC. To the best of our knowledge, up to now, there are
no report regarding the thermal decomposition behavior
and thermal stability of DABT under non-isothermal and
adiabatic conditions.

Experimental
Materials

DABT was home-made and purified according to the lit-
erature [1, 2]. The synthesis route of DABT was shown in
Scheme 1.

The compound of DABT was additionally characterized
by single-crystal X-ray spectroscopy. The result of single-
crystal X-ray spectroscopy indicated that one molecule of
DABT was associated with two molecules of DMSO.
Crystallographic data and parameters as well as the mor-
phology have been compiled in Table 1. The crystal
structure of DABT was shown in Fig. 1.

Instruments

The TG-DTG-DSC measurement was performed with a
PerkinElmer STA6000 simultaneous thermal analyzer at a
heating rate of 10 °C min~' under a nitrogen flow of
50 mL min~'. The non-isothermal DTA measurements
were performed with a Shimadzu DTG-60H simultaneous

NH HO (6] 1) HC1
HAN J\ N’ NHH,CO; + I 2) NaOH
2 H 0 OH 3) CH;COOH
H,N

YN N~ NH
e S =L

Scheme 1 The synthesis route of DABT
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Table 1 X-ray data and parameters of DABT-2DMSO

Parameters Values Parameters Values
Formula C4HgNg-2C,HcOS  F(000) 340.0
Formula mass/  322.42 }»MO,KB/A 0.71073
g mol ™!
Crystal system  Monoclinic T/K 296
Space group P21/c Theta max/°  28.250
Color, habit Colorless, needle  Dataset 12
h max
alA 9.6017 Dataset 11
k max
bIA 8.6632 Dataset 13
[ max
/A 9.9406 Reflections 1564
of° 90 No. 136
parameters
pre 112.668 Ry, wR, 0.0433,
0.1188
/° 90 S 1.052
Volume/A® 763.00 Device type  Oxford
Xcalibur3
CCD
Z 2 Solution SHELXS-97
Calculated 1.403 Refinement SHELXL-97
density/
g cem™
wmm™ ! 0.364 Absorption Multi-scan
correction
a b
T «~
C4 i
¢ st f
N2H 3
N2 N1 i
( @®or &C
N4HA ‘\.CZ i c1 N3
N4 , $N4HB’ oH
N4HB € i = .1{]4'
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/
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Fig. 1 Crystal structure of DABT-2DMSO. Thermal ellipsoids are
set to 50% probability. Selected bond lengths/;\: C1-Cl' 1.461(2),
C1-N1 1.318(15), C1-N3 1.367(15), C2-N2 1.339(16), C2-N3
1.337(2), C2-N4 1.347(17), NI1-N2 1.374(15), N4HB---O1
2.058(91). Selected bond angles/°: C1'-C1-N1 121.61(13), C1-N1-
N2 102.09(10), C1-N3-C2 102.52(10), N4-C2-N2 122.59(12), N4—

C2-N3 127.31(12). Selected torsion angles/°: C2-N3-CI1-Cl’
178.19(120), N2-NI1-C1-C1’ — 178.08(116), C1-N3-C2-N4
— 177.36(142), N3-C2-N4-N4HB — 0.028(254), N3-C2-N4-—

N4HB — 179.97(144), C2-N4-N4HB---O1 167.12(924)
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thermal analyzer at heating rates of 1, 2, 4, 8 °C min~!

under a nitrogen flow of 50 mL min~'. All samples were
2.0 mg and placed in open alumina crucibles, and they
were heated from 50 to 650 °C.

The ARC measurement was performed with a Thermal
Hazard Technology accelerating rate calorimeter in the
Heat-Wait-Search mode. The experiment conditions were
listed in Table 2.

Results and discussion
Thermal decomposition processes

The TG-DTG-DSC curve at a heating rate of 10 °C min~"
was given in Fig. 2. From the TG and DTG curves, two
stages were obviously seen. The first stage was started at
388.23 °C and ended at 462.73 °C, and the mass loss was
49.00%. This was a process of lost DMSO, and the theo-
retically calculated value of the process was in exact
accordance with the experimental value. The second stage
was started at 468.23 °C and ended at 535.73 °C, and the
mass loss was 21.20%. From the DSC curve, the first stage
was an endothermic decomposition, and the peak temper-
ature was determined as 449.23 °C, and the second stage
was an exothermic decomposition, and the peak tempera-
ture was determined as 495.23 °C.

Non-isothermal decomposition Kkinetics

The DTA curves at heating rates of 1, 2, 4, 8 °C min~!
were given in Fig. 3. Both an endothermic decomposition
of lost DMSO and an exothermic decomposition were
observed. Different onset temperatures (429.62, 446.91,
454.33, 465.45 °C) and peak temperatures (447.59, 466.74,
479.09, 494.09 °C) of the exothermic decomposition pro-
cesses were observed at heating rates of 1, 2, 4,

Table 2 Experimental conditions of DABT by ARC

Parameters Values Parameters Values
Sample mass/g 0.1008 Start temperature/°C 50
Sample heat capacity/ 2.00* End temperature/°C 500
kJ kg™ K™!
Test cell type Hastelloy Temperature step/°C 15
Test cell mass/g 14.1784  Temperature rate 0.02
sensitivity/°C min~"
Test cell heat 0.42 Wait time/min 15
capacity/
kI kg™ K™!

*Heat capacity of organic sample default 2.00, the value is taken from
Refs. [17, 18]
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Fig. 2 TG-DTG-DSC curve of DABT at a heating rate of
10 °C min™'
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Fig. 3 DTA curves of DABT at heating rates of 1, 2, 4, 8 °C min~!

8 °C min~ ', respectively. When the heating rate was high,
the onset temperature of the exothermic decomposition was
delayed, and the corresponding peak temperature shifted to
a higher temperature.

To determine the non-isothermal decomposition kinetics
parameters of energetic materials, Ozawa’s method [8] and
Kissinger’s method [9] were employed. The Ozawa Eq. (1)
and Kissinger Eq. (2) were given below:

log _0.4513715a [H e )
p
gl E1 RA

where f is the heating rate, E, is the apparent activation
energy, R is the gas constant, T}, is the peak temperature, C
is an arbitrary constant and A is the pre-exponential factor.
The logf against 1/T,, and In(B/T;) against 1/T, were two
straight lines. According to Egs. (1) and (2), the slops of
two lines were used to calculate the activation energies.
According to Eq. (3), the obtained activation energies were
used to calculate the logarithm of pre-exponential factor

(logA/s™h.
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Table 3 Non-isothermal kinetics and thermodynamics parameters of DABT obtained by Ozawa’s and Kissinger’s methods

Method E/kImol™"  logAs™'  r Tw/°C  AG*/KImol™'  AH*/KImol™'  AS*/Imol ' K'  Tp,/°C
Ozawa 197.54 12.94 0.9843 447.19 200.77 191.55 —12.80 470.46
Kissinger 195.41 12.79 0.9824 447.19 200.78 189.42 —15.77 470.73
Table 4 Self-heating decomposition parameters of DABT by ARC
Parameters Values Corr. Parameters Values Corr.
Onset temperature/°C 443.61 403.72 Adiabatic temperature rise/°C 37.30 1139.06
Onset temperature rate/°C min~"' 0.02 0.55 Time to maximum rate/min 686.30 2247
Temperature at max rate/°C 463.00 996.00 Max pressure/bar 7.84 -
Max self-heating rate/°C min~' 0.04 1.34 Thermal inertia factor 30.54 -
Final temperature/°C 480.91 1542.78
E, Eq E, — \/E? — 4E,RT

A= ex 3 _ra a a PO

B RT? p(RTp (3)  Tipo R (8)

The E,, logA/s~' and corresponding regression coeffi-
cient () which were obtained by Ozawa’s and Kissinger’s
methods were listed in Table 3.

Thermodynamics at initial decomposition
temperature (T})

The value of initial decomposition temperature (7y) in the
exothermic decomposition process corresponding to f — 0
was calculated by Eq. (4) [10, 11]

Ty =Ty +af;+bp; i=1,2,3,4 (4)

where T,; is the peak temperature of a heating rate of f;,
a and b are the coefficients.

The free energy of activation (AG”), activation
enthalpy (AH”) and activation entropy (AS”™) were cal-
culated by Eqgs. (5), (6) and (7) [11]:

Ah
AG” = E, — RTpy
G woin|[ -] )
AH? = E, — RTy (6)
# _ AG*
Agt _ A7 —AG o
pO

where E, is the apparent activation energy, & is the Planck
constant, kg is the Boltzmann constant. The Tj, AG7”,
AH” and AS” were listed in Table 3.

Critical temperature of thermal explosion (7',p0)

The value of critical temperature of thermal explosion
(Tppo) Was calculated by Eq. (8) [12, 13]:
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Self-heating decomposition parameters

Under experiment conditions of ARC, heat from the
exothermic reaction of the sample induced the temperature
rise of both the sample and the reaction cell, The rela-
tionship between the real adiabatic and near adiabatic
conditions was described as follows [14—16]. The corrected
and measured self-heating decomposition parameters of
DABT were given in Table 4.

MyCyp
=1+ d 9
¢ M<C. 9)
1 R -
T corr — | —1 10
oo = [+ ] (10)
Ttlcorr = d)ATad + To,corr (1 1)
ATad,(:orr = ¢ATad (12)
Mo corr = d)mo (]3)
Mm corr = ¢mm (]4)
Tm,corr = 1o corr + ¢(Tm - To) (15)
TMR
TMRcorr = T (16)

where ¢ is the thermal inertia factor, M, is the test cell
mass, Cyy, is the test cell heat capacity, M; is the sample
mass, C, s is the sample heat capacity. T, corr and 7T, are the
corrected and measured onset decomposition temperature,
respectively; T .o and Ty are the corrected and measured
final decomposition temperature, respectively; AT g corr and
AT,q are the corrected and measured adiabatic temperature
rise, respectively; m, o and m, are the corrected and
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measured onset temperature rate, respectively; My corr and
my, are the corrected and measured max self-heating rate,
respectively; Ty, corr and Ty, are the corrected and measured
temperature at max rate, respectively; TMR ., and TMR
are the corrected and measured time to maximum rate,
respectively.

The ARC curves of DABT were given in Fig. 4. As seen
from Fig. 4a, an endothermic decomposition and an
exothermic decomposition were observed. The endother-
mic decomposition of lost DMSO started at 395.10 °C and
ended at 441.09 °C, and the pressure of the period
increased 5.80 bar (Fig. 4b). The exothermic decomposi-
tion started at 443.61 °C and ended at 480.91 °C, within
the time span of 1397.50 min (Fig. 4c). The max self-
heating rate was 0.04 °C min~' at 463.00 °C (Fig. 4d).
From Fig. 4, it could be concluded that when the ambient
temperature  below  395.10 °C, DABT was not
decomposition.

Adiabatic decomposition kinetics

For an nth-order single step reaction with a single reaction,
the self-heating rate could be expressed as following
[14, 16]:

dT

Tt —T
mt k|:f

ATy

= AT,y Ch! 17
= | aracs (1)

where mr is the temperature rate at the temperature 7, k is
the rate constant of the reaction at temperature 7, T is the
temperature at time ¢, Cy is the initial concentration of the
reactant.

Rearranging Eq. (17), we had [14, 16]:
mr

kK =kCy ' = —p— (18)
[Gr] AT

where k~ is a pseudo zero-order rate constant at the tem-
perature 7. According to the Arrhenius equation, one could
obtain [14, 16].

E, [1
Ink* =InCy'A - E“ H (19)

The curves of Ink” versus 7 ' for the self-heating
decomposition of DABT were illustrated in Fig. 5. The E,
and A could be calculated from the plot, and they were
listed in Table 5.

Time to maximum rate (TMR)

According to the literature, the TMR and T have the fol-
lowing relationship [16—18].

RT?
n
3! ] ATwE,

E, [1
InTMR = — H —InA+1In (20)

R |T

From Table 5, n = 2, E, was 345.76 kJ mol ™!, logA/s_1
was 19.66. Then, the plot of TMR versus 7'was given in Fig. 6.

Self-accelerating decomposition temperature
(Tsapbr)

The Tsapr is defined as the lowest ambient air temperature
at which self-accelerating decomposition may occur within

Fig. 4 ARC curves of DABT. 700 460 10
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Ink

-8 . , . : .

0.00134 0.00136 0.00138 0.00140

Fig. 5 Lnk* versus T~ ' of DABT

Table 5 Adiabatic decomposition kinetic parameters of DABT by
ARC

n E,/KJ mol ™" logA/s™ r

1 183.57 8.49 0.9689

2 345.76 19.66 0.9801

3 507.95 30.82 0.9827

4 667.68 41.82 0.9834
700

600 — \
500 \
400 - '\\\-

TMR/min

300 - gy R
r T r T r
440 450 460 470
Temperature/°C

Fig. 6 TMR versus T of DABT

a substance in the packaging as used in transport and
storage. The adiabatic decomposition kinetics parameters
were used for the estimation of the Tsapt for DABT in a
50 kg package. Firstly, Eq. (21) was used to get the time
constant (1), then, the temperature of no return (7yg) would
be obtained from the curve of TMR versus 7. Lastly, the
Tsapt Was calculated based on Eq. (22) [19, 20].

MC, s
T= :
Ua

(21)

RTZx
E,

Tsapr = Tnr — (22)
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Table 6 Onset temperatures of DABT and DNABT

Compounds Onset temperature Onset temperature
by DSC? by ARC®

DABT 468.23 443.61

DNABT 210.86 200.22

*Onset temperatures by DSC at 10 °C min~", the value of DNABT is
taken from our previous work

"Onset temperatures by ARC, the value of DNABT is taken from our
previous work

where U is the heat transfer coefficient, a is the contact area
of the system and environment. Assuming 50 kg DABT is
loaded in the cylinder with the height of 60 cm and the
diameter of 30 cm, so the contact area of the system and
environment was 0.5652 m?>. In this study, the heat transfer
coefficient U=5Jm 2K !s™! had been chosen for
prediction of the Tsapr. The Tsapt of DABT was calcu-
lated as 429.54 °C.

Comparison of onset temperatures of DABT
with DNABT

The values of onset temperatures of DABT and its
derivative DNABT were listed in Table 6.

From Table 6, it could be concluded that the onset tem-
peratures of DABT were determined in the DSC and ARC
experiments were found to be higher than that of DNABT.
DABT was a stable compound compared with DNABT

Conclusions

The thermal decomposition behavior of DABT were
studied by TG-DTG-DSC, DTA and ARC techniques. The
results from TG-DTG-DSC, DTA and ARC all suggested
that DABT had an endothermic decomposition of lost
DMSO and an exothermic decomposition. The TG-DTG-
DSC measurement showed that the endothermic decom-
position of lost DMSO started at 388.23 °C and ended at
462.73 °C, and the exothermic decomposition started at
468.23 °C and ended at 535.73 °C. The values of non-
isothermal decomposition kinetics and thermodynamics
parameters that were obtained by the Ozawa’s and Kis-
singer’s methods for DABT showed good correlation. The
critical temperature of thermal explosion (7},,0) obtained by
the Ozawa’s and Kissinger’s methods were calculated as
470.46 and 470.73 °C, respectively. The self-heating
decomposition parameters, including the Ty, Ty, Ty, M,
AT,q and TMR, were obtained and corrected by ¢. The
self-accelerating decomposition temperature (Tsapr, soke)
was calculated as 429.54 °C. DABT was a stable com-
pound compared with DNABT.



Thermal decomposition behavior and thermal stability of DABT-2DMSO

References

10.

. Alexander AD, Thomas MK. Nitrogen-rich bis-1,2,4-triazoles—

A comparative study of structural and energetic properties. Chem
Eur J. 2012;18:16742-53.

. Alexander AD, Thomas MK, Nils W. Insensitive nitrogen-rich

energetic compounds based on the 5,5'-dinitro-3,3’-bi-1,2,4-tria-
zol-2-ide anion. Eur J Inorg Chem. 2012;21:3474-84.

. Wang R, Xu H, Guo Y, Sa R, Shreeve JM. Bis[3-(5-nitroimino-

1,2,4-triazole)]-based energetic salts: synthesis and promising
properties of a new family of high-density insensitive materials.
J Am Chem Soc. 2010;132:11904-5.

. Alexander AD, Thomas MK. A study of dinitro-bis-1,2,4-tria-

zole-1,1’-diol and derivatives: design of high-performance
insensitive energetic materials by the introduction of N-oxides.
J Am Chem Soc. 2013;135:9931-8.

. Zhou Y, Long XP, Shu YJ. Theoretical studies on the heats of

formation, densities, and detonation properties of substituted
s-tetrazine compounds. J Mol Model. 2010;16:1021-7.

. Tang ZH, Ouyang YZ, Liang YZ, Rao LQ. Stability, detonation

properties and pyrolysis mechanisms of polynitrotriprismanes
CeHg_,,(NO»),, (n = 1-6). J Cent South Univ Technol. 2011;18:
1395-401.

. Wang F, Du HC, Zhang JY, Gong XD. Computational studies on

the crystal structure, thermodynamic properties, detonation per-
formance, and pyrolysis mechanism of 2,4,6,8-tetranitro-1,3,5,7-
tetraazacubane as a novel high energy density material. J Phys
Chem A. 2011;115:11788-95.

. Ozawa T. A new method of analyzing thermogravimetric data.

Bull Chem Soc Jpn. 1965;38:1881-6.

. Kissinger HE. Reaction kinetics in differential thermal analysis.

Anal Chem. 1957;29:1702-6.

Yan QL, Zeman S, Elbeih A, Song ZW, Malek J. The effect of
crystal structure on the thermal reactivity of CL-20 and its C4
bonded explosives (1): thermodynamic properties and decom-
position kinetics. J Therm Anal Calorim. 2013;112:823-36.

11.

12.

13.

14.

15.

16.

17.

18.

20.

Hu RZ, Gao SL, Zhao FQ. Thermal analysis kinetics. 2nd ed.
Beijing: Science Press; 2008.

Xing XL, Zhao FQ, Ma SN, Xu SY, Xiao LB, Gao HX, Hu RZ.
Thermal decomposition behaviour, kinetics, and thermal hazard
evaluation of CMDB propellant containing CL-20 by
microcalorimetry. J Therm Anal Calorim. 2012;110:1451-5.
Yan QL, Zeman S, §ele§0vsk§7 J, Svoboda R, Elbeih A. Thermal
behavior and decomposition kinetics of Formex-bonded explo-
sives containing different cyclic nitramines. J Therm Anal
Calorim. 2013;111:1419-30.

Zhang GY, Jin SH, Li LJ, Li YK, Wang DQ, Li W, Zhang T, Shu
QH. Thermal hazard assessment of 4,10-dinitro-2,6,8,12-te-
traoxa-4,10-diazaisowutrzitane (TEX) by accelerating rate
calorimeter (ARC). J Therm Anal Calorim. 2016;126:467-71.
Zhang GY, Jin SH, Li LJ, Shu QH. Thermal stability assessment of
3,4-bis(3-nitrofuruazan-4-yl) furoxan (DNTF) by accelerating rate
calorimeter (ARC). J Therm Anal Calorim. 2016;126:1185-90.
Townsend DI, Tou JC. Thermal hazard evaluation by an accel-
erating rata calorimeter. Thermochim Acta. 1980;37:1-30.

Zhu JP, Jin SH, Yu YH, Zhang CY, Li LJ, Chen SS, Shu QH.
Evaluation of thermal hazards and thermo-kinetic parameters of
N, N’-dinitro-4,4’-azo-bis(1,2,4-triazolone) (DNZTO). Ther-
mochim Acta. 2016;623:58-64.

Zhang CY, Jin SH, Chen SS, Li LJ, Zhou C, Zhang Y, Shu QH.
Thermal behavior and thermo-kinetic studies of 5,5’ -bistetrazole-
1,1’-diolate (1,1-BTO). J Therm Anal Calorim. 2017;129:1265-70.

. Gao HS, Chen LP, Chen WH, Bao SL. Thermal stability evalu-

ation of PB-artemether by DSC and ARC. Thermochim Acta.
2013;569:134-8.

Wilberforce JK. The use of the accelerating rate calorimeter to
determine the SADT of organic peroxides. J Therm Anal
Calorim. 1982;25:593-6.

@ Springer



	Thermal decomposition behavior and thermal stability of DABTmiddot2DMSO
	Abstract
	Introduction
	Experimental
	Materials
	Instruments

	Results and discussion
	Thermal decomposition processes
	Non-isothermal decomposition kinetics
	Thermodynamics at initial decomposition temperature (Tp0)
	Critical temperature of thermal explosion (Tbp0)
	Self-heating decomposition parameters
	Adiabatic decomposition kinetics
	Time to maximum rate (TMR)
	Self-accelerating decomposition temperature (TSADT)
	Comparison of onset temperatures of DABT with DNABT

	Conclusions
	References




