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Abstract: The thermal properties, electronic structure and detonation performances of 3,7-bis( nitroimino)-2,4,6,8-tetraazabicyclo[ 3. 3.0 ] octane
were investigated by the TG-DTG-DSC method and density functional theory, respectively. Results show that the thermal decomposition of title com-
poud is a two-stage process and has an evident exothermic peak at around 320 °C, and the activation energy and pre-exponential factor of thermal

decomposition are 225.80 kJ - mol™ and 10"7-7" s7' | respectively. The critical temperature of thermal explosion is 600.25 K, and entropy of activa-
tion 80.81 J - mol™' - k™", enthalpy of activation 220.92 kJ - mol™", free energy of activation 173.87 kJ - mol™", detonation pressure 34.34 GPa,
detonation velocity 8.70 km - s7', indicating that it can be used as a potential candidate of high-energy and stable energetic material.
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1 Introduction

Over the past decades, considerable efforts have been fo-
cused on the development of nitrogen-rich high energy density
materials (HEDM) with high performance and decreased sen-
sitivity as well as environmental compatibility''™’. One of the
most exciting developments in the field of HEDMs is
N-heterocyclic energetic compounds with high nitrogen con-
tent. Because there are lots of energetic C—N or N—N bonds
to enhance the heat of formation and energetic properties.
Meanwhile, a mountain of nitrogen were released during the
decomposition process which makes them have a wide use in
gas generating agent, low characteristic signal propellant, high
energy yet low sensitivity materials'*™". 3,7-Bis(nitroimino) -
2,4 ,6,8-tetraazabicyclo[3.3.0 ]Joctane ( BNITABO ) is a ho-
mothetic energetic compound of this type containing two nitro-
imino groups and a large number of C—N or N—N bonds in
the molecule. Though, BNITABO has been synthesized, little
research was found on its thermal behavior, electronic struc-
ture and energetic properties ( heats of formation, detonation
velocity and detonation pressure )7’. In the presented paper,
the thermal properties, electronic structure and detonation per-
formances of 3, 7-bis ( nitroimino )-2, 4, 6, 8-tetraazabicyclo
[3.3.0]octane were fully investigated.

2 Experiments

2.1 Material

According to Ref [8], 3,7-bis(nitroimino)-2,4,6,8-tetraaz-
abicyclo[3.3.0]octane (Scheme 1, C,H,O,N,) was prepared
though addition, condensation and nitration reactions. Yield
58% , m.p. 326 C, "H NMR (DMSO-d,, 500 MHz) §:9.53
(s, 4H), 5.84 (s, 2H); "C NMR (DMSO-d,, 125 MHz)
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§:161.9, 69.6; IR (KBr,»/cm™ ). 3190, 1504, 1558,
1435, 1270, 1200, 1071, 1045, 1017, 952, 884, 780,
753, 637; m/z (%): 229 (M~, 100); p, 1.87 g - cm™.
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Scheme 1  Structure of 3,7-bis( nitroimino)-2,4,6,8-tetraazabicyclo
[3.3.0]octane

2.2 Experimental equipments and computational methods
"H NMR,"” C NMR, IR, MS spectrum and computations
were performed on the Bruker Avance Il 500 MHz, Thermo
Nicolte 1S10 IR instrument, Finnigan TSQ Quantum Mass
Spectrometer and Gaussian 03 program with the B3LYP/6-31G
(d,p) basis set® """ respectively. TG-DTG-DSC curves were
also performed on a NETZSCH STA 409 PC/PG coupling system
with an initial mass of about 3.0 mg placed in alumina crucibles
(nitrogen atmosphere with the flow rate of 30 mL - min™").

3 Results andDiscussion

3.1 Thermal properties
Fig. 1 shows the TG-DTG-DSC curves of BNITABO at the

heating rate of 5 K - min™".

From the Fig.1, it is seen that the
decomposition of the title compound is a two-steps process.
The first step starts from 280 °C to 320 °C with 60% mass loss
and the second step starts from 320 °C to 650 °C with about
40% mass loss. Correspondingly, there is an evident sharp
peak at about 320 °C and a faint peak at around 550 °C in the
DTG curve.

Fig.2 shows the TG-DSC curves of the decomposition process
of BNITABO at different heating rates of 5, 10, 15 K - min™' and
20 K- min™".
tures and the exothermic peaks shifted to higher temperatures

It was found that the decomposition tempera-

as the heating rate increased. This may be attributed to the
“thermal hysteresis” of the heat transfer effect at different
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heating rates.
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Fig.1 TG-DTG-DSC curves of BNITABO at 5 K - min™'
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Fig.2 TG-DSC curves of BNITABO at different heating rates

3.2 Non-isothermal decomposition kinetics

The relative kinetic parameters such as activation energy
( E,), pre-exponential factor ( A), entropy of activation
(AS™), enthalpy of activation (AH™ ), free energy of activa-
tion (AG”) and the critical ignition temperature ( T,) were
obtained based on the following methods.

(1) Kissinger equation"""" .

i AR E
g (1)
Tni EK RTpi 7
(2) Ozawa-Flynn-Wall equation "’ ;
EO
lgB=C-0.4567 —= (2)

RT
where, B is the heating rate ,K; T is the maximum peak tem-
perature which can be obtained from the DSC curves ,K; R is
the gas constant, E, and E, are the activation energy calculat-
ed by the Kissinger and Ozawa's methods, kJ - mol™ , respec-
tively; A is the pre-exponential factor, C is the constant.

B, T, and the kinetic parameters obtained by Kissinger
and Ozawa methods were summarized in Table 1. It is obvi-
ously seen that the values of T of the exothermic peak shifted
to higher temperatures due to the “thermal hysteresis” of the
heat transfer effect. On the other hand, the values of E calculat-
ed by Kissinger method ( £, =225.80 kJ - mol™) very similar with
that obtained by Ozawa’s method ( E, =224.24 kJ - mol™).
Besides, both of the linear correlation coefficients (r, =0.9945
and r, =0.9949) are very close to 1. All the above-obtained
data indicates that the results are credible.

Table 1 Calculated values of the kinetic parameters of title compound

B/ Toi Kissinger method Ozawa method

K - min™' /°C Ec/K) - mol™ A r Eo /k) - mol™ o

5 320.0
10 327.0

225.80 1077 0.9945 224.24 0.9949

15 333.3
20 337.5

Then, the values of AS”™, AH”, AG” and T, can be ob-
tained based on the following equations combined with the
calculated E, and A",

E\ kT AS” AH™
Aexp( _ﬁ) —Texp( R )exp (— RT) (3)
AH” =E,—RT (4)
AG” =AH” -TAS™ (5)

Where, T=T,, the peak temperature ( T,) corresponding to
B—0; E, =E,, calculated by Kissinger's method; A=A, cal-
culated by Kissinger’s method; AS™, AH™ and AG™ are the
entropy of activation, the enthalpy of activation and the free
energy of activation, respectively; k; is the Boltzmann constant,
1.3807x107 ) - K™'; h is the Plank constant, 6.626x107" ] - s.

T,, could be calculated by Eq. (6).

Tp'\ = Tpn +bﬂ1+C,3? +dB? (6)
Where, b, c and d are coefficients.

Based on the above-described equations, the value of
To,AS", AH”, and AG” were calculated as 586. 85 K,
80.18 J - mol™ - K™, 220.92 kJ - mol™ and 173.87 kJ - mol™,
respectively.

The critical temperature of thermal explosion, as an im-
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portant parameter during the storage or usage of an energetic
material, was calculated by Eq. (7).
By /Eo-4E,RT,, =
2R

Where, T, is the critical temperature of thermal explosion; E,
is the apparent activation energy obtained by Ozawa's meth-
od; R is the gas constant; T,
sponding to B—0.

The calculated value of T, is 600.25 K, which indicates
that BNITABO satisfy the meets of the safety.

T,

w0 15 the peak temperature corre-

3.3 Electronic structure

Molecular orbital and the electronic structure of BNITABO
were investigated based on the B3LYP/6-31G(d,p) level-opti-
mized structure. The calculated energy gap value of BNITABO
is 5.58 eV, indicating it may have a lower reactivity. Fig.3 il-
lustrates the 3D plots of the highest occupied molecular orbital
(HOMO), lowest unoccupied molecular orbital (LUMO)
and the molecular electrostatic potentials ( MEP) of BNITA-
BO. There exists 59 the highest occupied molecular orbital
and 60 the lowest unoccupied molecular orbital in the mole-

St

www. energetic-materials. org. cn



Structure and Properties of 3,7-Bis( nitroimino) -2 ,4,6 ,8-tetraazabicyclo[ 3.3.0 Joctane 753

cule. It is also obviously seen that most of the HOMO and LU-
MO levels are 2-fold degenerate indicating that the removal of
an electronic from the HOMO level or addition of an electron-
ic to the LUMO level could weaken the skeleton framework.
In view of the MEP, the negative potentials appear to be dis-
tributed mostly on the oxygen atoms of the —NO, groups
while the positive potentials appear to be at the center of the
skeleton. It may attribute to the stabilization of the molecular
structure according to the law proposed by Klapotke et al™*’.

HOMO

LUMO

MEP

Fig.3 HOMO, LUMO and MEP of 3,7-bis( nitroimino)-2,4,6,8-tet-
raazabicyclo[ 3. 3.0 Joctane

3.4 Heat of formation and detonation performances
Detonation performances are of great importance parame-
ter for an energetic material and could be obtained according

to Kamlet-Jacobs equations'"’.

D=1.01 (NM"*Q"*)"°(1+1.3p) (8)

P=1.558p NM’> Q°"? (9)
Where, p is the crystal density of the explosive, g - cm™; D is
the detonation velocity, km - s™'; p is the detonation pressure,
GPa; N is the number of moles of detonation gases per-gram

explosive, mol + g'; M is the average molecular weight of

these gases, g - mol™; and Q is the heat of detonation, J - g™'.
The accurate heat of formation of BNITABO can be calcu-
lated using the isodesmic reaction''®’.

H o H H H
0N NN Ne N
N=( I =N+ oNH—=HN= I D=NH + 2NH;NO,
NN NO, NN
H H H H

A B

Scheme 2 Isodesmic reaction designed for the title compound
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Based on the above-described equations, the accurate heat
of formation of BNITABO was obtained as 514.8 k) - mol™. In
view of the detonation velocities (8.70 km - s™ ,p=1.87 g - cm™
and detonation pressure (34.34 GPa), its detonation performances
are superior to those of TNT(D=6.8 km - s™'; p=19.5 GPa)!"’,
and similar with those of RDX (D=8.75 km - s™'; p=34.0 GPa)"""’
indicating that BNITABO can be used as a potential candidate
of high-energy and stable energetic material.

4 Conclusions

(1) The thermaldecomposition of 3,7-bis( nitroimino) -2,
4,6, 8-tetraazabicyclo [ 3. 3. 0 ] octane presents a two-stage
process with the mass loss of 100% and a single sharp exo-
thermic peak were observed at around 320 °C.

(2) The calculated E, via Kissinger and Ozawa methods
are 225. 80 and 224.24 k) - mol™", respectively. Thermody-
namic parameters such as AS™, AH”, G” and T, were calculat-
ed as 80.81 J - mol™ - k™, 220.92 kJ - mol™, 173.87 kJ - mol™
and 600.25 K, respectively.

(3) The electron structure of 3,7-bis( nitroimino)-2,4,6,
8-tetraazabicyclo[ 3. 3. 0 ] octane shows that the negative po-
tentials appear to be distributed —NO, groups and the positive
potentials appear to be at the center of the skeleton which at-
tribute to the stabilization of the molecular structure.

(4) The calculated values of detonation velocity (D =
8.70 km - s7') and detonation pressure (p=34.34 GPa) in-
volve that 3,7-bis ( nitroimino)-2,4,6, 8-tetraazabicyclo[ 3. 3.0 ]
octane has the potential to be used as high-energy and stable en-
ergetic material.
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