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Synthesis and Properties of Energetic lonic salts Based on 3,6-Bis (1H-1,2,3,4-
tetrazol-5-yl-amino) -s-tetrazine (BTATz)
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Abstract: Three kinds of energetic ionic salts, dimethylaminium salt (DMAB) , 1,3-propanediaminium salt (PDAB) and 1,4-butanediaminium salt
(BDAB) of 3,6-bis(1H-1,2,3,4-tetrazol-5-yl-amino) -s-tetrazine( BTATz) were synthesized. The structures of DMAB, PDAB and BDAB were char-
acterized by IR, "H NMR, ">C NMR and elemental analyses. The crystal structure of PDAB was determined by X-ray single crystal diffraction. The
detonation velocity (D) and detonation pressure ( p) of PDAB were calculated. The thermal decomposition behaviors of DMAB, PDAB and BDAB
were studied by DSC and TG-DTG. The self-accelerating decomposition temperature ( Tgypy) , the critical temperature of thermal explosion (T, ),
the thermal ignition temperature ( T;;) and adiabatic time-to-explosion ( t;,p) were calculated. Results show that the crystal of PDAB is monoclin-
ic, space group C2/c with crystal parameters of a=2.2699 (10) nm, b=0.5098(2) nm, c¢=1.6449(6) nm, =93.045(15)°, V=
1.9008(13) nm’, D_=1.504 g - cm™®, Z=4, F(000)=912, x=0.127 mm™', R, =0.0673 and wR, =0.2002. The values of D and p of PDAB
are 8862.09 m - s™' and 32.15 GPa, respectively. The values of Tg,,; of DMAB ,PDAB and BDAB are 576.87 K, 511.90 K and 521.55 K, respec-
tively, revealing that DMAB has higher thermal stability than PDAB and BDAB. DMAB, PDAB and BDAB can be used as potential energetic materi-

als and the property of DMAB is better than that of PDAB and BDAB.
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1 Introduction

As we all known that the high-nitrogen energetic com-
pounds derive most of their energy from the very large positive
enthalpy of formation rather than from oxidation of the fuel like
carbon backbone. The materials are particularly suitable for
consideration in high-performance propellant applications, be-
cause of their high positive enthalpy of formation, insensitivity
to impact, friction and electrostatic discharge, and low-molec-
ular-weight reaction products.

3, 6-Bis (1H-1, 2, 3, 4-tetrazol-5-yl-amino )-s-tetrazine
(BTATz) is one of the high-nitrogen energetic compounds, with

-3

nitrogen content of 79.02% , density of 1.76 g - cm™, enthalpy

of formation of +883 kJ -+ mol™, and moderate mechanical

sensitivity!' ™).

BTATz was first synthesized by Hiskey at Los
Alamos National Laboratory'”” | then the detailed studies have
been done, such as the purification and the quantum chemis

try study of BTATz'™' | the burning rate measurement™’ | the
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dissolution properties in N-methyl pyrrolidone and dimethyl

sulfoxide™”, its metal complexes and metal salts"'*™"*’

, even
as a substitute of hexogen (RDX) in the composite modified
double base (CMDB) propellant formulation'”®’ and the de-
composition reaction kinetics and thermal safety of BTATz-
HNIW-CMDB propellants''®’. Many researches focused on the
BTATz show that it has a prospect using as a primary compo-
nent in the high burning rate propellant for the booster rocket
motor and the kinetic energy ammunition, and it also can be
used in the minimum signature propellant for the smokeless
ammunition!'* 7717,

Generally, energetic nitrogen rich salts become the most
exciting developments and continue to attract more interesting
than atomically similar non-ionic analogues, due to the excel-
lent performance of lower vapour pressures, higher heats of
formation, and better thermal stability™™’. Salt formation of
the acidic precursor by direct neutralization or metathesis reac-
tions with alkaline nitrogen-rich cations is a very effective
method to increase the nitrogen content, the heats of forma-
tion and the possibility to form the hydrogen bond, as a conse-
quence of the densities and performances. Therefore, some
d"?'"*!. For BTATz, its

and di-hydrazinium

energetic ionic salts have been reporte
di-ammonium, di-hydroxylammonium,
salts had been synthesized and added into composite propel-

lant™> ') and the result indicates that all of them have the po-
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tential to be a propellant component.

Herein, three novel energetic ionic salts based on BTATz
(Scheme 1) with excellent physical chemistry properties were
first presented with BTATz and different amine salts in the sol-
vent of DMF. The structure of salts has been fully character-
ized. The differential scanning calorimetry(DSC) and thermo-
gravimentry (TG ) technique were adopted to investigate the
thermal behavior at 300-800 K. Theoretical calculations pre-

dicting energetic performances were also carried out.
2 Experimental

2.1 Materials
BTATz used in this work was synthesized according to the
literature method"*’. All solvents were obtained from typical

commercial sources and used without further treatment.

2.2 Experimental Equipments and Conditions

A suitable crystal of PDAB was selected and its crystal struc-
ture was determined bya Bruker SMART APEXII diffractometer.
X-ray diffractometer using MoKa radition (A =0. 071073 nm)
graphite monochromatization. The crystal structure was solved
by direct methods ( SHELXTL-97),

Lp and empirical absorption, and F* was corrected with com-
24]

the data were revised with

plete matrix least-squares procedure'
The TG and DSC curves under the condition of flowing

nitrogen gas ( purity, 99.999% ; atmospheric pressure) were

and a 204HP differential scanning calorimeter ( Netzsch Co. ,
Germany) .
rate (8) of 10 K - min

The sample mass was about 1mg at the heating
to TG-DTG experiments and the N,
the N,

-1

flowing rate was 40 cm® - min™'; for DSC analyses,

-1

flowing rate was 50 cm® « min~' | the Al,O, was used as refer-

ence sample and the type of crucible was aluminum pan with
a pierced lid. The sample mass was about 1mg at different

heating rate of 5, 10, 15 and 20 K - min™", respectively. The

'« K™ was determined with

specific heat capacity (c,, ) - g
continuous c, mode on a Micro-DSC Il mircocalorimeter ( Set-
the reference

aram Co., France) in the atmosphere of N,

’ ’

sample was calcined a-Al,O, and the sample mass was about
=1

100 mg with the heating rate of 0.15 K - min

2.3 Synthesis and Characterization of the Salts of BTATz
The salts of BTATz were prepared via one-pot method
(Scheme 1).
panediamine/1,
molar to BTATz) was dropwise added to 20 mL DMSO contained

2 mmol BTATz under magnetic stirring at room temperature.

In brief, aqueous dimethylamine (33% ) /1,3-pro-

4-butanediamine ethylenediamine ( equivalent

Then, the mixtures were heated to 333.15 K under vigorous stir-
ring for T h. Upon the completion of the reaction, the red precip-
itate was filtered off, washed with a copious amount of ethanol to
remove excessive original materials, and dried at 333.15 K at a
vacuum drying oven for 3 h. The resulting compounds were do-
nated as DMAB (dimethylaminium salt of BTATz), PDAB (1,3-
propanediaminium salt of BTATz) and BDAB (1,4-butanedia-

obtained by using a TA2950 thermal analyzer (TA Co., USA) minium salt of BTATz) , respectively.
[ N N—=N N\
2DMA , O | NN
= 2hi_ I HN \ A
9 h DMAB
N iy [ NN N\N_
\ TN pwso PDA e I Ny NH
HN NH [| - > O \ /
\ / N\ N 60C/th NHy | N
N—N N w0 N
PDAB -
BTATz
RH T
BDA s [N
_CH P ANy (HZC)4< i \>-HN—<\ />—NH—<\
DMA: HN o PDA:(H,C)5_ BDA: (HzC)4\NH NH; N\N /N
3 &, 2 . BDAB
Scheme 1  Synthesis of three energetic ionic salts based on BTATz
DMAB: yeild 49.5% ; IR(KBr, »/cm™): 3241 (—NH,), 34.51 (s), 157.27 (s), 159.36 (s).
3014 (N—H), 2853, 2766 (—CH,), 1741, 1608 (C—N), PDAB: yield 72.5%. IR (KBr,p/cm™): 3435 (—NH,),

1434 (N—N), 1046, 965,
caled for C,N, H,,: C 28.76, H 3.857, N 63.58;
C 28.41, H5.340, N 65.13; '"H NMR (DMSO-d, , 400 Hz)
8:2.35 (d, J=18.82, —CH,), 2.59-3.05 (m, —NH—CH, ),
3.34 (s, —NH(BTATz)); "C NMR (DMSO-d, , 400 Hz) &:

771; elemental analysis (% )

found:
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3248 (N—H), 2967, 2793 (—CH,—), 1601, 1501 (C—N),
1434 (N—N), 1046, 959, 765; elemental analysis (% ) calcd
for C,N,,H,,: C 26.03, H 3.230, N 65.32; found: C 25.97,

N 63.77; 'H NMR (DMSO-d, , 600 Hz) &: 1.66-2.02

H 3.641,
(m, —CH,—CH,—NH, ), 2.60-2.64 (m, —CH,—NH,),
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2.99 (t, J=7.3Hz, —NH,), 3.33 (s, —NH(BTATz)).

BDAB: vyield 73.6%. IR(KBr, p/cm™); 3222 (—NH,),
2853 (—CH,—), 2144 (—NH,), 1655, 1581, 1494 (C—N),
1427 (N—N), 1052, 959, 724; elemental analysis (% ) calcd
for CyN, H,,: €29.39, H3.771, N 61.93; found: C 28.63,
H5.061, N 63.05; '"H NMR(DMSO-d, , 600 Hz)s: 1.48-1.72
(m, —CH,—CH,—NH,), 2.63-2.93 (m, —CH,—NH, ),
2.93-3.59(m, —NH,), 3.59(s, —NH(BTATz)).

All salts of the BTATz, which were isolated as powder
materials, are non-hygroscopic and stable in air. The single
crystal of PDAB suitable for X-ray determination was obtained
by slow evaporation of the deionized water at room tempera-
ture. PDAB crystallizes in monoclinic C2/c and crystal param-
eters of a=2.2699 (10) nm, b=0.5098 (2) nm, c=
1.6449(6) nm, =93.045 (15)°, V=1.9008 (13) nm’,
D.=1.504 g - cm™, Z=4, F(000)=912, £ =0.127 mm™",
R, =0.0673, wR,=0.2002. The main bond length and angle
are listed in Table 1, and its structure is shown in Fig.Ta. The
crystal data have been deposited in CCDC with the number of
823528.

Table 1 Selected bond length and angles for the PDAB
bond length bond angle
/nm /(%)

N(1)—C(1)  13.33(5)
N(1)—N(2)  13.67(5)
N(2)—N(3)  12.89(4)
N(3)—N(4)  13.41(5)
N(4)—C(1)  13.37(5)
N(5)—C(2)  13.60(5)
N(5)—C(1)  13.75(5)
N(6)—N(7)#1 13.27(4)
N(6)—C(2)  13.40(5)
N(7)—N(6)#1 13.27(4)
N(7)—C(2)  13.42(5)
N(8)—C(3)  14.81(6)
C(3)—C(4) 14.95(6)
C(4)—C(3)#2 14.95(6)

C(1)—N(1)—N(2)  104.1(3)
N(3)—N(2)—N(1)  109.0(3)
N(2)—N(3)—N(4)  110.8(3)
C(1)—N(4)—N(3)  104.3(3)
C(2)—N(5)—C(1) 128.3(3)
N(7)#1—N(6)—C(2) 118.7(3)
N(6)#1—N(7)—C(2) 116.6(3)
N(1)—C(1)—N(4)  111.8(4)
N(1)—C(1)—N(5)  127.3(3)
N(4)—C(1)—N(5)  120.9(3)
N(6)—C(2)—N(7)  124.7(3)
N(6)—C(2)—N(5)  114.7(3)
N(7)—C(2)—N(5)  120.6(4)
N(8)—C(3)—C(4) 111.5(5)
C(3)#2—C(4)—C(3) 110.7(6)

3 Results and Discussion

3.1 X-Ray Crystallography of PDAB

The results of the elemental analysis are a bit of different
from the crystal structure, because the measurement state is
different between two methods. The solid powder was used in
the elemental analysis, while the single structure that is suit-

able to X-ray diffract obtained from the solvent. The analytical
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results indicate that there are a cation C,N,H?}(1,3-propane-
diamine), an anion C,N,, H3 (BTATz*"), and three crystal

water molecules in one unit.

H(5) N(7)
N(6 03) “H(3A)
(6) wﬁf)mw)
c) HED) ﬁ?)
He) HOD «—@®02)
¢~qn Wmft
H(1C) H(2C)

b. H-bonding interactions

Fig.1 Crystal structure and interaction of the intermolecular hydrogen

bonds for PDAB

The average bond lengths of C—N (0. 1338 nm) and
N—N (0.1331 nm) in tetrazine ring are shorter than the nor-
mal length of C—N (0. 1450 nm), which implies the exist-
ence of conjugated action in tetrazine ring and the tetrazole
ring. BTATz anion consisted by the atoms of N(1)—N(7),
C(1) and C(2) shows the good coplanarity, its plane equa-
tion is as following: 15.309x-3.196y+5.819z=3.0282.

There are intermolecular N—H---O hydrogen bonds link-
ing four water molecules, andN atom of BTATz interact to O
atom of H, O by the hydrogen bond O(2)—H(2D):--N(2)
and O(1)—H(1D)---N(3). The data of hydrogen bond are
shown in Table 2. Two BTATz molecules, one 1,3-propanedi-
amine molecule and six free water molecules link by the hy-
drogen bond to form a ring structure. These rings are in turn
linked by the intermolecular O (2)—H (2C) - O (3) and
O(3)—H(3C)---O(1) hydrogen bonds to form the two-di-

mensional chain structure, which is shown in Fig.1b.

At HA
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Table 2 The hydrogen bond data for PDAB

d(D—H) d(H—A) d(D—A) 2 DHA/
/nm /nm /nm (°)

N(8)—H(8C)--O(1)#1 0.0906  0.1880
N(5)—H(5)--N(4)# 0.0878  0.2108 0.2983 175.00

D—H---A

0.2781 172.53

O(1)—H(1C)-~N(6)#3 0.0825  0.2104 0.2899 161.97
N(8)—H(8A)--O(2)#4 0.0907  0.1943 0.2848 175.08
O(2)—H(2D)--N(2)#5 0.0835  0.2075 0.2884 163.10
O(3)—H(3D)--N(1)#6 0.0837  0.1931 0.2754 167.63
O(3)—H(3D)--N(2)#7 0.0837  0.2664 0.3343 139.25
O(1)—H(1D)---N(3)#8 0.0851  0.1903 0.2748 171.72
O(2)—H(2C)-+O(3)#9 0.0827  0.2198 0.2957 152.60
N(8)—H(8B)---O(3)  0.0895  0.1956 0.2796 155.64
O(3)—H(3C)--O(1) 0.0834  0.1925 0.2748 - 168.40

Note: Symmetry codes:#1: x,y-1,z; #2: -x+1/2, y-1/2, -z+1/2; #3: x, y+1, z;
#eo-x, y-1, -z41 /25 #5 -x+1/2,y-1/2,-241 /25 #6: -x+1/2 ,-y+3/2,-z;
#7 0 Xx+1/2,-y+3/2,-z; #8: -x+1/2,y-1/2 ,-z+1 /25 #9: x, -y+2,z+1/2.

3.2 Thermal Behavior and Thermal Decomposition Reaction

Kinetics of BTATz Salts

The thermal behavior and decomposition character of the
BTATz salts are determined by DSC and TG. Typical DSC-TG
curves obtained are shown in Fig. 2.

Fig. 2a shows that there is one endothermic (435.15 -
507.05 K) and two exothermic processes (547.05-624.75 K,
630.25-712.65 K) in DSC curve for DMAB, which is corre-
sponding to the two mass loss stages in TG curve. It can be in-
ferred that the melting process overlaps with the thermal de-
composition one leading to a one-step mass loss (29.20% )
according to our results in Fig.2a. A mass loss of 29.20% can
be regard as the breaking of the ion bond between two N at-
oms and the losing of two dimethyamine ions from the system,
which is near to the theory one (27.20% ). The big exother-
mic process should be caused by the breaking of the C—N
bond that connected the tetrazole and the tetrazine, and the
mass loss can be identified with the loss of two tetrazole rings
(63.51% ), which is close to the theoretical value (64.49% ).

Notably, the DSC and TG curves for the other two salts
are similar to each other (Fig.2b and Fig.2c). There is only
one exothermic process in DSC curve and one mass loss stage
in TG curve. The thermal decomposition process occurs at the
temperature range of 507. 85 - 555. 35 K for PDAB and
494.85-583.95 K for DBAB, the peak temperature is
530.05 K and 542.77 K, respectively. Both of them are corre-
sponding to the mass loss of 57.23% and 34.20% in the TG
curves. As a consequence, BDAP should be the ring opening
of the tetrazine and the break of ion bond (theoretical value
57.02% ) and BDAB maybe the ring opening of the terazine
(theoretical value 32.72% ). The left should be a certain

product with high melt point.
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Fig.2 DSC and TG curves for different samples at a heating rate of
10 K + min™

The decomposition of explosives may be caused by the re-
actions in or between molecules at specific temperature. The
decomposition of energetic salt composed ofcations and anions
is possibly related to the nucleophilic reactions of anions or
electrophilic reactions of cations.

To obtain the kinetic parameters [ apparent activation en-
ergy, pre-exponential constant] and the most probable kinetic
model functions of major exothermic decomposition reaction
for DMAB, PDAB and BDAB, the five integral methods ( Gen-
eral integral, MacCallum-Tanner, Satava-Sestak, Agrawal,
Flynn-Wall-Ozawa ) and one differential method ( Kissin-
ger) - **7*%) are employed. The basic data for the main exo-
thermic decomposition process used in calculated are listed in
Table 3.
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Table 3 The nonisothermal data of DMAB, PDAB and BDAB obtained
by DSC curves at different heating rates

salt B/K + min™' T./K T, /K AH/) - g™
5.0 584.55 597.35 1180
10.0 592.75 605.45 1218
DMAB
15.0 597.65 610.35 1209
20.0 601.45 613.85 1169
5.0 520.85 522.15 595.9
10.0 528.35 530.05 602.8
PDAB
15.0 532.45 534.85 625.8
20.0 535.75 538.45 656.9
5.0 530.71 534.55 535.7
10.0 537.98 542.77 678.4
BDAB
15.0 541.91 547.86 663.1
20.0 544.43 551.27 663.2

Note: T, is the onset temperature for the main exothermal decomposition reaction

in DSC curve and Ty, is the peak temperature; AH is the decomposition heat.

The DSC curves at the heating rate of 5, 10, 15, 20 K - min™
are dealt with mathematic means, and the temperature data corre-
sponding to the conversion degrees (a) can be obtained. The
values of E, are obtained by Ozawa’s method from the isocon-
versional DSC curves at four different heating rates, and the re-
lation E,-a curves of three salts are displayed in Fig.3. As can
be seen from Fig. 3, the activation energy changes slightly in
the section of 0.10-0.90 ( « ) for DMAB , 0.20-0.80 for PDAB ,

and 0.10-0.50 for BDAB, so it is reliable to select the above
mentioned sections to study the mechanism of the thermal de-

composition reaction.

240 O0MnponoNONO0ON0EN0O0000000000a0000000000000000
_ 200 1
E o Oj):XmXDQOOOQCQO:mCOQmX}\
g 160{-cc° “CCQOO\
w’ %
1201 _o-BMAB b
——PDAB
801 . goas
0.0 0.2 0.4 0.6 0.8 1.0
a
Fig.3 E,/a curves for the decomposition reaction of DMAB, PDAB

and BDAB by Ozawa’s method

Forty-one types of kinetic model functions and the basic data
in Table 4 of DMAB, PDAB and BDAB are put into the integral
and differential equations for calculation, the values of E,, IgA,
and linear correlation coefficient (r) are calculated with the line-
ar least-squares method, and the most probable mechanism func-
tion is selected by the better value of r**'. The results of satisfy-
ing the conditions at the same time are the final results as listed in
Table 5, and the relevant function is the reaction mechanism

function of the decomposition process.

Table 4 Thermal decomposition data determined by DSC curves at different heating rates for DMAB, PDAB and BDAB K
DMAB PDAB BDAB

“ TS T10 T15 TZU TS T10 TWS TZO TS T10 T15 TZU

0.02 570.96 577.53 583.15 586.32 510.78 522.81 523.83 528.12 521.33 527.84 533.04 536.70
0.06 579.19 586.65 592.08 595.40 515.27 526.60 529.59 533.93 524.60 532.42 537.95 541.68
0.10 583.14 590.93 596.24 599.69 517.79 528.02 531.67 535.97 526.37 534.68 540.42 544.25
0.14 585.66 593.61 598.87 602.35 519.38 528.82 532.77 536.90 527.65 536.28 542.18 546.08
0.18 587.50 595.55 600.75 604.28 520.37 529.29 533.43 537.44 528.69 537.57 543.63 547.63
0.22 588.95 596.98 602.23 605.77 521.05 529.61 533.86 537.84 529.65 538.68 544.88 548.93
0.26 590.15 598.28 603.43 607.00 521.51 529.87 534.19 538.20 530.42 539.68 546.01 549.93
0.30 591.17 599.34 604.47 608.09 521.81 530.13 534.49 538.55 531.18 540.62 546.87 550.79
0.34 592.07 600.26 605.37 608.95 522.04 530.37 534.75 538.90 531.90 541.45 547.60 551.55
0.38 592.87 600.99 606.16 609.77 522.26 530.63 535.03 539.25 532.58 542.10 548.29 552.39
0.42 593.59 601.79 606.92 610.52 522.49 530.90 535.32 539.62 533.22 542.67 549.00 553.20
0.46 594.29 602.47 607.59 611.19 522.71 531.20 535.62 539.99 533.76 543.23 549.71 554.10
0.50 594.90 603.16 608.23 611.86 522.96 531.50 535.92 540.38 534.21 543.78 550.47 555.06
0.54 595.51 603.77 608.86 612.47 523.23 531.84 536.26 540.79 534.60 544.37 551.29 556.03
0.58 596.09 604.35 609.41 613.05 523.50 532.20 536.61 541.25 534.99 544.99 552.16 557.08
0.62 596.67 604.94 610.02 613.63 523.81 532.62 536.99 541.76 535.40 545.66 553.10 558.27
0.66 597.23 605.49 610.59 614.17 524.16 533.08 537.43 542.33 535.83 546.40 554.12 559.52
0.70 597.79 606.08 611.16 614.74 524.58 533.62 537.89 543.02 536.31 547.18 555.28 560.93
0.74 598.35 606.65 611.73 615.34 525.04 534.26 538.46 543.83 536.83 548.11 556.57 562.50
0.78 598.93 607.26 612.36 615.95 525.63 535.04 539.12 544.85 537.43 549.13 558.05 564.30
0.82 599.57 607.91 613.02 616.65 526.36 536.03 539.93 546.16 538.14 550.35 559.82 566.43
0.86 600.26 608.66 613.78 617.39 527.33 537.30 540.96 547.88 539.01 551.84 561.91 568.98
0.90 601.11 609.54 614.67 618.32 528.67 539.05 542.31 550.33 540.16  553.75 564.63 572.26
0.94 602.17 610.75 615.91 619.55 530.68 541.75 544.24 554.28 541.82 556.46 568.50 576.87
0.98 604.22 613.17 618.37 622.12 534.23 546.80 547.62 562.82 545.11 561.44 575.29 585.11
1.00 612.57 624.55 628.10 633.01 541.71 554.86 550.67 578.15 554.66 572.23 588.48 601.36

Note: T with the subscript of 5, 10, 15 and 20 is the temperature obtained at the heating rate of 5.0, 10.0, 15.0, 20.0 K - min~",
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From Table 5, one can find that the values of E, and IgA ob-
tained from the nonisothermal DSC curves are in approximately
good agreement with the values calculated by Kissinger’s method
and Ozawa’'s method, and the mechanism function number
are determinated. Respectively substituting f(a) expression,
the values of E,/k) - mol™ and A/s™" into Eq. (1)
da/dt=Af(a)e " (1)

the following kinetic equations describing the main ther-

mal decomposition process:

for DMAB,

da=10""2x5(1-a) [ -In(1-a) 1> /2xexp(2.30x10°/RT)
for PDAB,

da=10"""x40a’"* xexp(-1.85x10° /RT)

for BDAB,

da=10""x5(1-a) [ -In(1-a)]’” /2xexp(~1.93x10°/RT)

are obtained.

Table 5 Kinetic parameters for the main exothermic decomposition process of DMAB, PDAB and BDAB

DMAB PDAB BDAB
method B R . E, 4 E, »
/K= min™ /)« mol’ lg(A/s™) ' /k) + mol™ l8(A/s) ' /k) + mol™ l8(A/s) '
General integral 5.0 232.54 18.18 0.9999  199.09 17.69 0.9982  195.23 16.88 0.9999
10.0 226.80 17.69 0.9998 176.48 15.39 0.9989  192.48 16.50 0.9999
15.0 226.03 17.63 0.9998  169.67 14.74 0.9994  193.23 16.59 0.9997
20.0 234.95 18.41 0.9996  193.02 17.06 0.9995  189.69 16.23 0.9998
Mac Callum-Tanner 5.0 235.57 18.49 0.9999  200.60 17.82 0.9983  196.86 17.02 0.9999
10.0 229.92 17.99 0.9998 177.97 15.50 0.9990  194.07 16.76 0.9999
15.0 229.23 17.94 0.9999 171.19 14.85 0.9995  195.11 16.75 0.9997
20.0 238.28 18.74 0.9996 194.78 17.21 0.9996  191.60 16.39 0.9998
Satava-Sestak 5.0 230.60 18.01 0.9999  197.59 17.54 0.9983  194.06 16.76 0.9999
10.0 225.27 17.55 0.9998 176.22 15.35 0.9990  192.81 16.55 0.9999
15.0 224.62 17.50 0.9999  169.82 14.73 0.9995  192.40 16.49 0.9997
20.0 233.16 18.25 0.9996  192.08 16.96 0.9996  189.09 16.16 0.9998
Agrawal 5.0 232.54 18.18 0.9999  199.09 17.69 0.9982  195.23 16.88 0.9999
10.0 226.80 17.69 0.9999 176.48 15.39 0.9989  192.48 16.50 0.9999
15.0 226.03 17.63 0.9998  169.67 14.73 0.9994  193.23 16.59 0.9997
20.0 234.95 18.41 0.9996  193.01 17.06 0.9995 189.69 16.23 0.9998
mean 230.46 18.02 184.80 16.23 192.95 16.58
Flynn-Wall-Ozawa 243.52 0.9999 189.45 0.9999 192.50 0.9999
228.85(T,) 0.9999 206.22(T,) 0.9998 229.02(T,) 0.9991
Kissinger 246.02 19.35 0.9999 190. 41 16.89 0.9999 195.23 16.88 0.9999

Because of the value of E, for DMAB is the highest one, it
can be deduced the thermal stability of DMAB is better than
that of the others.

3.3 Thermal Safety

The values (T, and T, ) of the initial temperature point
at which DSC curve deviates from the onset temperature ( T,)
and peak temperature ( T,) corresponding to B — 0 are
obtained by Eq. (2) (where b, c and d are coefficients) , and
the self-accelerating decomposition temperature ( Ty,p; ) is
obtainedby Eq. (3)™*"'. The results are listed in Table 6.
T =T +bB,+cB; +dB; (2)

e(orp)i e0(orp0)i
(3)

The thermal ignition temperature ( T,,, or T;) is obtained

Tsaor = Teo

by substituting E,, and T, into Zhang-Hu-Xie-Li equation
Eq. (4) "%, and the critical temperatures of thermal explosion
(T, or T,) is obtained by substituting E,, and T, into the
equation. The high value of T, for DMAB (Table 6) illustrates
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the process of transition from thermal decomposition to ther-
mal explosion is not easy to take palce.
2
Eo_ EO_4EORTe0(0rp0)
2R

The adiabatic time-to-explosion (t;,,,) of energetic mate-

T

beO (or bpo) — (4)
rials (EMs) is the time of decomposition transiting to explo-
sion under the adiabatic conditions, which is also an impor-
tant parameter for assessing the thermal stability and safety.

Substituting the following data

for DMAB: ¢,=2.589-1.385x107°T+3.354x107" T,
E=246.02x10° J - mol™, A=10"" s, Q=AH=1194.0) - g™,
T=T,=601.93 K, T,=T, =576.87 K, mechanism function:
f(a)=5(1-a)[=In(1-a) 1" /2

for PDAB: c,=~0.2813+5.365x107 T-2.993x107 T*,
E=190.41x10’ ) - mol™, A=10""% s, Q=AH=620.35) - g,
T=T,=524.66 K, T,=T,=511.90 K, mechanism function:
fla)=4a""
for BDAB: ¢, =0.9018-2.297x107 T+1.239x107° T*,
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, Q=AH=635.10 ) - g

=521.55 K, mechanism function:

E=193.41x10° IE mol™ . A=10""7 ¢~
T=T,=536.73 K, T, =T,
fla)=5(1-a)[-In(1-a) 1" /2

into Smith equation Eq. (5) and Eq. (6)

[27-29]

”dT

(5)

*" QdA
B T c,exp( E/RT)
triap = fdt Q,A @)
the values of tmn for three salts are acquired and listed in
Table 6.

R AT (6)

It should be pointed out that the value of several parame-
ters expect for T,( There are water molecular in DMAB, and
H,O lost from the structure when the compound is heated
from the room temperature) lines with the similar order, that
is, BTATz>DMAB>BDAB>PDAB, which is in consistent with
the result of E,. Therefore,
the thermal safety is as following: BTATz>DMAB>BDAB>PDAB.

Another valuable finding is the content of N has the affec-

it can be predicted that the order of

tion to the thermal safety, and the thermal safety increases

with the content of N growing.

Table 6 The thermal safty and thermodynamic properties of DMAB, PDAB and BDAB

salt Ty Tsaor Tor Ty Giap AS™ AH~ AG~™
/K /K /K /K /s /) - mol™ -+ K™ /k) + mol™ /k) + mol™
DMAB 498.35 576.87 589.49 601.93 65.41 111.54 241.12 175.36
PDAB 530.05 511.90 522.92 524.66 24.80 65.61 186.15 152.52
BDAB 542.77 521.55 531.82 536.73 36.97 62.36 189.05 156.36
BTATz 598.65 559.28 572.76 585.30 83.38 131.83 244 .24 167.57
Note: T is thermal degradation temperature, T,y is self-accelerating decomposition temperature, Ty is thermal ignition temperature, Ty is critical temperatures of
thermal explosion temperature, ty 4 is adiabatic time-to-explosion temperature, AS” is entropy of activation, AH” is enthalpy of activation, AG* is free ener-
gy of activation.
Z N represents the total nitrogen equivalent of detonation
3.4 Thermodynamic Properties of BTATz, DMAB, PDAB

and BDAB
The entropy of activation (AS™ ), enthalpy of activation
(AH™), and free energy of activation (AG” ) of the main exo-
thermic decomposition reaction, are obtained by Egs. (7)—-(9)

with T=T,, E=E,, and A=A 2 7721

b0 2 and also summa-
rized in Table 6. The positive values of AG™ indicates that the
exothermic decomposition reaction can proceed under the

heating condition.

kg T #
Aexp= =y e _ARGT (7
AH” =E,-RT (8)
AG™ =AH™ -TAS™ (9)
Where h is the plank constant(6.625x107*") = s); k, is

the Boltzmann constant(1.3807x107> J - K™")

3.5 Detonation Velocity and Detonation Pressure of PDAB
The detonation velocity (D) and detonation pressure ( p)

are the important targets of scaling the detonation characteris-

tics of energetic materials, which can be predicted with the ni-

trogen equivalent equation ( NE equation) shown as formulas

(10)=(12)"7,

Y N= Y XN, /M (10)
D=(690+1160p,)Y N (11)
p=1.092(p, Y, N)*-0.574 (12)

Where p, represents the density of an explosive, g + cm™,
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product, N, is the nitrogen equivalent value of the certain
product, x; is the mole number of certain detonation product

produced by a mole explosive.

Table 7 Nitrogen equivalents of different detonation products

donation product N, H,0 co CO, O, C H,

nitrogen equivalent

1.00 0.54 0.78
value

1.35 0.50 0.15 0.29

According to the order of H,—CO—C in forming detona-
tion products, the detonation products are determined as
C,H,,N,, = 10H,+7C+8N,

Through the nitrogen equivalent indexes of the detonation
products in Table 7 with M=328, p,=1.504 g - cm™,

nitrogen equivalents of PDAB are obtained

total

ZN:100><(10><0,29+7><O,15+8><1)/328 =3.64

Based on the Egs. (11) and (12),
for PDAB were obtained as 8862.09 m -

the values of D and p
s and 32.15 GPa,

respectively.

4 Conclusions

(1) Three novel energetic salts of BTATz, DMAB, BDAB
and PDAB, were synthesized and characterized. The Crystal
structure of PDAB is monoclinic, space group C2/c. Moreo-
ver, many different hydrogen bonds existed in one unit of PD-

AB make the thermal stability of PDAB molecule increase.

Siita
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(2) The density, decomposition temperature, detonation

velocity and detonation pressure of PDAB are 1.504 g - cm™,

530.05 K, 8862.09 m - s~ and 32.15 GPa, respectively.
(3) Using T,y as criterion, the heat-resisstance ability of
three energetic salts of BTATz decreases in the order of DMAB
(576.87 K)>BDAB(521.55 K)>PDAB(511.90 K).
(4) The thermal stability of BTATz, DMAB, PDAB and
BDAB decreses in the order of BTATz>DMAB>BDAB>PDAB.
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