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Abstract: A nitrogen-rich energetic compound—triaminoguanidinium 2,4 ,6-trioxo-1,3,5-triazinan-1-ide (1) was prepared with a yield of 91% via
one-step metathesis reaction using triaminoguanidinium hydrochloride (TAG-HCI) and sodium cyanurate (CANa) as raw materials. The structure of
the product was characterized by X-ray single-crystal diffraction, UV-Vis, FT-IR, "H NMR, mass spectrometry and elemental analysis. The enthalpy

of formation and detonation parameters of the product were calculated. Its thermal stability, non-isothermal reaction kinetics and decomposition

1

process were studied by differential scanning calorimetry( DSC) at a heating rate of 10 K - min™ and thermogravimetric (TG) analysis coupled with

Fourier transform infrared spectroscopy ( FTIR). The impact sensitivity of the product was determined by the drop hammer test. Results show that the

-3

crystal of compound 1 is monoclinic, space group P2, /n with a calculated density of 1.676 g - cm™. Its enthalpy of formation is 327.9 k) mol™",

the detonation velocity 7900 m - s™', and the detonation pressure 26.5 GPa. Probable thermal decomposition mechanism of 1 under N, atmosphere
as shown in the text is proposed. Compound 1 is very insensitive to impact, and the impact sensitivity is greater than 60 J, which is better than that
of TATB (50 ).
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such as azoles, triazines etc. which contain large numbers of

1 Introduction N—N and C—N bonds, high heats of formation and aromatic

As a significant branch of material science, energetic ma-  bond strg::t]lire, are considered to be the most promising
terials including explosives, propellants, and pyrotechnics, compounds - Their derivatives can be used as gas genera-

continue to be an intensively investigated area of the utmost ting agents, propellar{]ztsualrl? pyrotechnics, and have been in-
importance. It is the key goal for scientists to find new energet- vestiga(®d intensively ’

. . . . . Because of its good stabilit high nitrogen content
ic materials with high explosive performance, low sensitivity & Y. e &

]

o . . L
and good chemical and thermal stability“'z . (51.83% ), and positive heat of formation, 1,3,5-triazine, a

High nitrogen . ) ] '
heterocycle energetic materials (EMs) have drawn much atten- six-membered ring heterocycle with altemating C—N bonds,

. . . ; . is a potential building block for emerging energetic com-
tion of researchers for the increased crystalline density, positive ! P ! uriding SRl get

pound. A series of derivatives of s-triazines containing energet-
', hy-

[13,27-28]

enthalpy of formation, high thermal stability and low sensitivity ot
. N . . . ic substituents were investigated through amination™ °~
to impact and friction”>™. Compared with traditional energetic 2 20an] & et &

droxylation , azidation'”™* and nitration etc.

materials, new nitrogen heterocyclic energetic compounds,
Although these compounds are highly energetic due to their
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positive heats of formation, the characteristics of high sensitivi-
ty significantly limit their application potential for use on a
large scale.

Since the first guanidine derivative was prepared as early
as 1866, guanidine chemistry has evolved into an extremely
wide-ranging field of application from bioorganic chemistry
and biochemistry to inorganic chemistry and material chemis-
try[?Q*}OJ .

gy-density materials has focused on seeking environmentally

In recent years, the development of new high-ener-

high-nitrogen-content compounds. Various high-nitrogen-con-
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tent energetic salts including full series of the guanidinium cat-
ions have been investigated™ "’

In our previous reports’”®) | a series of energetic salts
based on cyanuric acid (CA) were synthesized. But there are
no single crystal report and systematic investigations on triami-
noguanidinium which maybe have potential applications as an
energetic material. In this work, both its theoretical and exper-
imental investigations were carried out, such as the heat of for-
mation, detonation velocity, detonation pressure, thermal sta-
bility, decomposition process, non-isothermal kinetic analysis
and so on. All indicated that this salt is a potential and impact

insensitive energetic material.

2 Experimental

Caution! Triaminoguanidinium 2,4 ,6-trioxo-1,3,5-triazi-
nan-1-ide (1) is an energetic compound. Though, it has not
exploded or detonated in the course of this research, this ma-
terial should be handled with extreme care by using the best

safety practices.

2.1 Materials and Instruments

Triaminoguanidine hydrochloride was prepared according
to reference, and other reagents were purchased from com-
mercial sources. FT-IR spectra were recorded on a Nicolet 380
FT-IR spectrophotometer ( Thermo Fisher Nicolet, USA) em-
ploying a KBr matrix with a resolution of 4 cm™ , in the wave-
length range of 400 cm™ to 4000 cm™
obtained in DMSO-d; on a JEOL GSX 600 MHz nuclear mag-

netic resonance ( NMR) spectrometer by using tetramethylsi-

."H NMR spectra were

lane as an internal standard. Elemental analysis was performed
on a Vario ELCUBE ( Germany) Elemental Analyzer. DSC was
performed by a Q200 DSC instrument ( TA Instruments, Unit-

' and

ed States) at a heating rate of 5, 10, 15 K « min~
20 K - min™' in flowing high-purity nitrogen. TGA was per-
formed with an SDT Q600 TGA instrument ( TA Instruments,

1

United States) at a heating rate of 10 K - min™ ‘in flowing

high-purity nitrogen.

2.2 Synthesis and Characterization of 1

Firstly, CA(1.29 g, 10. 0 mmol), NaOH (1.22 g,
30.5 mmol) and distilled water (15 mL) were added to a
50 mL eggplant-shaped flask. And the mixture was stirred at
room temperature until the solid completely dissolved, to ob-
tain a colorless transparent solution. After removal of water
under vacuum, the precipitate was filtered off, and washed
three times with chilled ethanol (5 mL) to remove small a-
mounts of NaOH. The product was then dried in a vacuum
oven at 50°C, yielding white powder 2.25g ( 90.4% ).

Next, CANa solution (0.195 g, 1.0 mmol, 1.5 mL dis-
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tilled water) was slowly added dropwise totriaminoguanidine
hydrochloride solution (0.422 g, 3.0 mmol, 4 mL distilled
water ) under stirring. Then the addition was completed and
precipitation appeared, and the resulting suspension was
stirred for 2 h at room temperature. The precipitated was fil-
tered off, and washed four times (ice-water, 1.5 mL x 2;
chilled ethanol 1.5 mLx2). Product was freeze-dried to give a
white powder 0.21 g, yield 91% , and recrystallized from dis-
tilled water to give colorless needles (no melting point, T, =
538.9 K, DSC, N, atmosphere, 10 K - min™ ). UV-Vis
(H,0): A,..=215 nm; FT-IR (KBr, »/cm™): 3535, 3449,
3320, 3212, 2836, 1747, 1656, 1601, 1486, 1386, 1334,
1127, 1086, 950, 783, 557; 'H NMR ( DMSO-d,,
600 MHz) §: 4.47 (s, 9H, NH—NH,), 9.18 (s, 2H, NH)
pp; MS (ESI) m/z. 234.3 (M + H)"; Elemental analysis
(C,H,,N,O,, %) Calcd: C 20.60, H 4.72, N 54.08;
Found: C 20.69, H 3.75, N 54.72.

3 Results and Discussion

3.1 Synthesis

Cyanuric acid (CA) was reacted with NaOH to get its so-
dium salts (CANa), and then the salt (1) was synthesized by
reaction of CANa and triaminoguanidine hydrochloride ( TAG-
HCI). Synthesis route is shown in Scheme 1. Both CANa and
TAG-HCI have excellent solubility in water, and the obtained
product after their mixing is precipitation, which can be fil-
tered off to get white solid. The salt was recrystallized from
distilled water to give colorless needles, and it does not seem
to be hydroscopic and could be stored for years based on com-
parison of the DTA, DSC and TG of the original sample and
the sample which stored in the open and humid environment

(ambient humidity from 50% to 60% ) for one year.

0. N 0
o Y \K
N N
7~ ~
)\ H | H

N| N (1) NaOH
e 0
/k (2) TAG-HCI N -
1 .
HO N OH \INH
HQN NHZ
Y N/
H H

Scheme 1  Synthetic route of 1

3.2 Crystal Structure

Single crystal of 1 was mounted on a glass fiber. All meas-
urements were performed on a Smart Apex CCD diffractometer
(Bruker) equipped with graphite monochromatized Mo-Ka ra-
diation (A = 0.71073 A) using the w and ¢ scan mode. The
structure was solved by direct methods using SHELXS-97"**" and

refined by means of full-matrix least-squares procedures on F*
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with the SHELXL-97 program'**'. All non-H atoms were located
using subsequent Fourier-difference methods and refined aniso-
tropically. In all cases, hydrogen atoms were placed in their
calculated positions and thereafter allowed to ride on their par-
ent atoms. Selected data and parameters from the X-ray data
collection and refinement are given in Table 1. Further informa-
tion regarding the crystal-structure determination has been de-
posited with the Cambridge Crystallographic Data Centre
(CCDC) as supplementary publication No. 1498998.

Table 1 Crystallographic data and structure refinement parameters of 1

formula C,H;1 N, O,
mass 233.22
crystal color colorless
crystal system Monoclinic
space group P2,/c

a/A 11.552(2)
b/A 11.556(2)
c/A 7.1471(15)
al(°) 90

B/(°) 104.316(4)
y/(°) 90

VIR 924.4(3)
V4 4

T/K 150(2)
AA 0.71073
D./g-cm™ 1.676
w/mm™' 0.156

F (000) 488

crystal size 0.20 mmx0.19 mmx0.18 mm
8/(°) 2.53 to 25.01
No. Refl. collected 4581

No. Indep. reflections 1630

[ Rin] 0.0388
GOFon F 1.006

final R indices [ I>2a (1) ] R, =0.0419,wR, =0.1187
R indices (all data) R, =0.0535, wR, =0.1249

Note: GOF = Goodness of Fit; Ry= 3 || Fo | -| Fo | /X | Fol s
wWRy=[ (W(F3=F2)2) /w(F3)?]'"?

The X-ray crystallographic analysis data for 1 shows that
the crystal is monoclinic, space group P2, /c with a calculated
density of 1.676 g + cm™ based on four molecules packed in
the unit-cell volume of 924.4(3) A*. The molecular moiety is
shown in Fig. 1.

The bond lengths in the triaminoguanidinium cation corre-
spond exactly to the values observed for triaminoguanidinium
nitrate and triaminoguanidinium - dinitramide'*’. Because of
the negative charge on anion ring, all the C—N bonds and
C—O bonds of anion are slightly changed, which were com-
pared with the structure of CA - H, O. The bond lengths of
C(2)—N(7) [1.348(3) A], C(2)—N(9) [1.382(3) A],
C(3)—N(7) [1.341(3) A], C(3)—N(8) [1.382(3) A],
C(4)—N(8) [1.357(3) A] and C(4)—N(9) [1.354(3) A]
are between standard C—N single bond (1.47 A) and stand-
ard C =N double bond (1.32 A) lengths and are indicative of
an aromatic system"****"7*' The C(2)—0O(1) [1.243(3) A],
C(3)—O0O(2) [1.243(3) A] and C(4)—O(3)[1.224(3) A]
bond lengths are longer than the standard C=0 [1.215 A]
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double bond'**’, indicating the CA™ anion ring tautomerism.

op N@© CE3)
W H(sA) o)

\‘r H(4B)

Fig. 1 Ball-and-stick molecular unit of 1

In addition, the bond angles of nitrogen heterocyclic in
the range of 114.2(2)°-124.88(17)° are closed to 120°,
which further confirm tautomerism of s-triazines ring. Mean-
while, all the torsion angles [i.e. N(1)—C(1)—N(3)—
N(4)(-178.6°), O(2)—C(3)—N(7)—C(2) (-179.61°),
O(3)—C(4)—N(8)—C(3) (179.10°), N(8)—C(3)—
N(7)—C(2) (0.5°) ] are close to £180° and 0°, which illus-
trates atoms of anion are coplanar. All bond lengths and an-
gles are consistent with our previous reports**’.

The packing of 1 is characterized by a 3D network,
which is built by twelve different hydrogen bonds. All hydro-
gen atoms of the cations and anions, as well as the oxygen at-
oms and N(7) of the anions, and N(2), N(4) of cations
participate in these bridges ( Fig.2a). As shown in Fig. 2a,
hydrogen bonds can be roughly divided into three kinds, one
exists in two cations, another one is formed between anions
and cations, and the last one is located in anions with anions.
Its packing structure is configured by hydrogen bonds; the exten-
sive hydrogen-bonding interactions form a complex 3D network
(Fig.2b). Further details about bond length, bond angle, torsion
angle and hydrogen bonds are provided in Table 2— Table 4.

Table 2 Some bond lengths and angles of 1

bond length/A bond angle/(°)
O(1)—C(2) 1.243(3) N(5)—C(1)—N(3) 120.51(19)
0(2)—C(3) 1.243(2) N(5)—C(1)—N(1) 119.48(18)
O(3)—C(4) 1.224(3) N(3)—C(1)—N(1) 120.02(18)
C(1)—N(5) 1.321(3) O(1)—C(2)—N(7) 122.4(2)
C(1)—N(3)  1.324(2) O(1)—C(2)—N(9) 117.99(19)
C(1)—N(1) 1.326(3)  N(7)—C(2)—N(9) 119.56(19)
C(2)—N(7) 1.348(3) 0O(2)—C(3)—N(7) 122.31(19)
C(2)—N(9)  1.382(3) O(2)—C(3)—N(8) 117.89(19)
C(3)—N(7) 1.341(3)  N(7)—C(3)—N(8) 119.80(19)
C(3)—N(8) 1.382(3) O(3)—C(4)—N(9) 123.1(2)
C(4)—N(9) 1.354(3) O(3)—C(4)—N(8) 122.6(2)
C(4)—N(8)  1.357(3) N(9)—C(4)—N(8) 114.2(2)
N(1)—N(2) 1.401(2) C(1)—N(1)—N(2) 124.88(17)
N(3)—N(4) 1.408(2) C(1)—N(3)—N(4) 119.52(17)
N(5)—N(6) 1.411(2) C(1)—N(5)—N(6) 117.49(18)
C(3)—N(7)—C(2) 118.97(19)
C(4)—N(8)—C(3) 123.62(19)
C(4)—N(9)—C(2) 123.77(18)
AR 2017 %25 % 5 104 (829-837)
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b. packing diagram viewed down the b axis

Fig.2 Hydrogen bonds and packing diagram of 1 ( Dashed lines indi-
cate hydrogen bonding)

Table 3 Torsion angles of 1

bond angle/(°)
N(5)—C(1)—N(1)—N(2) 174.7(2)
N(3)—C(1)—N(1)—N(2) —5.5(3)
N(5)—C(1)—N(3)—N(4) 1.2(3)
N(1)—C(1)—N(3)—N(4) -178.6(2)
N(3)—C(1)—N(5)—N(6) 177.61(19)
N(1)—C(1)—N(5)—N(6) —-2.6(3)
0(2)—C(3)—N(7)—C(2) -179.61(19)
N(8)—C(3)—N(7)—C(2) 0.5(3)
0(1)—C(2)—N(7)—C(3) ~178.3(2)
N(9)—C(2)—N(7)—C(3) 1.1(3)
O(3)—C(4)—N(8)—C(3) 179.10(19)
N(9)—C(4)—N(8)—C(3) 0.2(3)
O(2)—C(3)—N(8)—C(4) 178.89(19)
N(7)—C(3)—N(8)—C(4) -1.2(3)
0(3)—C(4)—N(9)—C(2) -177.4(2)
N(8)—C(4)—N(9)—C(2) 1.4(3)
O(1)—C(2)—N(9)—C(4) 177.24(19)
N(7)—C(2)—N(9)—C(4) -2.2(3)

Chinese Journal of Energetic Materials, Vol.25, No. 10, 2017 (829-837)

Table 4 Hydrogen bonds of 1
d(D—H) d(H--A) d(D-A) 2 (DHA)
/A /A /A /(°)

D—H---A

N(1T)—H(TA)--N(4)#1 0.88 2.404  3.158  143.82
N(2)—H(2B)--N(7)#2 0.863  2.539 — 3.112  124.69
N(2)—H(2A)--N(7)#3 0.857 ~ 2.221  3.043  160.75
N(3)—H(3A)--O(1)#2 0.88 2.266. 3.037  146.19
N(3)—H(3A)-O(2)#3 0.88 2,482 3.026  120.56
N(4)—H(4B)---O(3)#4 0.863  2.206  2.974  148.25
N(4)—H(4A)--O(3)#5 0.86 2.182  2.918  143.43
N(5)—H(5A)-N(2)#6 0.88 2.149  2.984  158.01
N(6)—H(6B)--O(2)#7 0.861  2.328  3.043  140.62
N(6)—H(6A)--O(1)#8 0.859  2.305  3.11 156.2
N(8)—H(8A)--O(1)# 0.88 1.953  2.831  175.32
N(9)—H(9A)-O(2)#2 0.88 1.938  2.815  174.53

Note: Symmetry transformations used to generate equivalent atoms: #1 —x+1,
y=1/2, =z+1/2; #2 =x+2, y+1/2, =z+1/2; #3 —x+2, —y+1, —z+1; #4
X, y+1, z; #5 x, —=y+3/2, z+1/2; #6 —x+1, y+1/2, —z+1/2; #7 x-1,
y+1, z; #8 x=1, —y+3/2, z=1/2; #9 —x+2, y=1/2, =z+1/2.

3.3 Thermal Stability and Thermal Decomposition

Approximately 2. 5 mg of the salt was tested at
10 K - min™" to determine the melting point ( T,,) and decom-
position temperature ( T, ). As shown in Fig.3, There is no
melting endothermic peak and only one exothermic process
(decomposition) peak at 538.9 K in the DSC curve (350-
650 K) .

401 5389K
30

20 exo

4

10

heat flow / W-g

04
10- 536.3K

350 400 450 500 550 600 650
TIK

a. single crystals

50
40
304
20
10

0- I

-104 535.2K

537.3K

4

exo

heat flow / W-g

350 400 450 500 550 600 650
TIK

b. micron crystals
Fig.3 DSC curves of 1 at a heating rate of 10 K - min~' under nitro-

gen atmosphere
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The relevant exothermic enthalpy change of 1 is about ally reduced to disappear with the temperature rising.
100 kJ » mol™ and the decomposition peak temperature is According to the structure of salt and decomposition gas
538. 9 K with extrapolated onset temperature ( T, . ) at infrared spectrum data, the probable decomposition mecha-
536.3 K. The narrow and sharp peak indicates the decomposi- nism can be deduced as Fig.7.
tion of 1 is rapid decomposition and the value of T, is higher
. P NH (HCN:CO: : NH. @ : H,
than that of RDX (513.2 K, same test conditions) and CL-20 s i : T X
(521.0 K, same test conditions). Therefore, as a potential en- N e | PR
ergetic material, this salt possesses sufficient thermal stability. 53;32? — N T g A S ;
In order to well understand the thermal decomposition be- 2 gjgg : g S T/ R 5 -
© - ; ot Pt
havior of 1, the decomposition process of the salt was also in- zgzzt —t ‘ — ;
vestigated. Fig.4 shows that the decomposition process of the ggg}EA 1 . :
compound can be divided into two steps roughly, and the to- SOK G R R S
tal mass loss is greater than 95% when the temperature was e e —
& ? P 4000 3500 3000 2500 2000 ,1500 1000 500
heated to 873.2 K. The first process in the range of 517.5 K to wavernumber / cm
567.3 K was inferred as the loss of TAG" cations (observed Fig.5 FT-IR spectra of gas products of 1 during decomposition at dif-
44.3% , calculated 45.0% ). The second step from 567.3 K ferent temperatures
to 870. 2 K was considered as the decomposition of anions 0.08
(observed 51.5% , calculated 54.9% ). — RMS intensity profile
80 0.06- — intensity profile at 2348 cm'(HCN)
100 «5175K 70 ® — intensity profile at 2310 cm'(HCN)
- o ¥
o) 60 ¢ g 0.044 — intensity profie at 730 cm (HCN)
801 Y1 44.3% Segc s
o N N 5673 K T - _‘% 0.02
T o604 M N [0 &
@ )
(2} HoN - 000‘
g 404 O 30 % W
NP 515% 20 £ 0024+ : : : :
20+ HoH L10 © 1200 1600 2000 2400 2800
) time /s

300 400 500 600 700 800 900 a. HCN intensity

TIK 0.08

Fig.4 TG-DTG curve of 1 at a heating rate of 10 K - min™" under —RMSintensity profie .
——intensity profile at 2285 cm ™ (CO)

——intensity profile at 2248 cm‘1(CO)

nitrogen atmosphere 0.06-

Thermogravimetric analysis tandem infrared spectrum was

absorbance

used to rapidly identify the constituents of the thermal decom-

position gas. Fig.5 and Fig.6 show the infrared spectra of gas

products during decomposition at different temperatures and

gas intensity at different times, respectively. From Fig.5, we 200 180 180 20 240 2700

can see the decomposition processes of 1: time/s
Firstly, the temperature at 515.2 K, the salt did not de- b. CO intensity
compose, and there was no infrared spectrum absorption. 08

——RMS intensity profile

Secondly, the temperature at 520.2 K, infrared spectrum |
—— intensity profile at 3334 cm (NH,)

absorption of NH, at 960 cm ™' and 930 cm™ appeared. Then 061 .,
with the increase of temperature, absorption peaks of NH, at 8 —intensity profe at 1626 CT =
1626 cm™' and 3334 cm™' arose, and the maximum absorption -‘-E 04 —— ntensiy profe at 963 ch(NHa)
intensity existed at 533.2 K. Meanwhile, there was also an -% 0.2 —intensiy profle at 330 cm (NH)
appearance of HCN absorption peaks at 2310 cm™ and J\\\
2348 cm™ . 0.0

Thirdly, infrared spectrum absorptions of NH, and HCN 1200 1300 1400 1500 1600 1700
disappeared gradually, and when the temperature was heated time /s

to 585.2 K, the peaks of CO appeared and got its maximum b. NH; intensity

absorption intensity at 638.2 K. Then, the absorption is gradu- Fig.6  Thermal decomposition gas intensities at different time
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T ¢ % %
P34V

VALY

Heating

Heating

Fig.7  Probable thermal decomposition mechanism of 1 under N, atmosphere

3.4 Non-isothermalKinetic Analysis

41] [42-43]

Kissinger’s'"'’ and Ozawa’s methods were used to
determine the kinetics parameters based on the exothermic
peaks temperature determined from DSC curves with four dif-
ferent heating rates (5, 10, 15, 20 K - min™'; Fig.8). The

Kissinger eqn. (1) and Ozawa-Doyle eqn. (2) are as fol-

lows .
In[B/T,*]=In[ AR/E]-[ E/RT,] (1)
InB=C-0.4567E/RT (2)

. . - .
where g is the heating rate, K - min™ ; T is the peak tempera-

ture, K; A is the pre-exponential factor, s™'; E is the apparent

activation energy, k] - mol™; and R is the gas constant
(8.314 ) - K" - mol™).
NN 574K
W [ N 543.9K
i ]exo HoN. Cj’
= Y 538.9K
; HQN\N N/NH2
k) H H
% 20K:min’ 530.3K
1o 15 K-min |
10 K-min
400 450 500 550 600 650
T/K
a. single crystals
OYNYO 5459 K
/N ,'N\
S 542.3K
e 0.
2 ]exo N
= HN I _w, 937.3K
z o
:% 20K mm: 5289K
2 15 K:min
10 K:min
5 K-min_ ]

400 450 500 550 600 650
TIK

b. micron crystals

Fig.8 DSC curves of 1 at different heating rates under N, atmosphere

The apparent activation energies ( E), pre-exponential

factors (A), and linear correlation coefficients (r) were cal-
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culated by using the values of peak temperature, Kissinger e-
quation and Ozawa—Doyle equation. The results were sum-
marized in Table 5. Linear relationships of In (8/T,) and Ing
vs 1/T, are shown in Fig.9 and the linear correlation coeffi-

cients are very close to 1, demonstrating that the results are

credible.
-9.6
9.8 y=-22463.3x + 31.54
r=0.9999
-10.04
) micron crystals

2 1021 single crystals
s
£ 1049  y=-22408.83x + 31.32

r=0.9999

-10.6

-10.8-

11.0

182 183 184 185 186 187 188 189

1T, x10°
a. Kissigner method
1.3
1.2 y=-10222.1x+20.03
r=0.9999
1.1
) micron crystals
~ single crystals
2 1.0
y=-10199.69x + 19.93

094  r=0.9999

0.8

0.7 4

182 183 184 185 186 187 188 1.89

1T, % 10°

b. Ozawa method

Fig.9 Linear relationship of In (B/sz) vs 1/T, and Ing vs 1/T, of 1

From Fig.8 and Table 5, it can be seen that the exother-
mic peaks shift to higher temperatures as the heating rate in-
creases and the T of micron crystals (about 5 um) is lower

(about 1.5 K) than that of single crystals. The results show
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that the crystals size has little influence on E, and both of E
values are approx. 186 k) mol™, which are higher than that of
RDX (about 142 k) - mol™ )™ and close to CL-20 ( about
190 kJ - mol™" ) F##1,
good thermal stability. Meanwhile, using the obtained E; and

All results are in accordance with its

InA, values, the Arrhenius equation can be expressed as Ink,
= 41.31 -186000/RT and Ink,,, = 41.56 —186450/RT for the
exothermic process, respectively, which can be applied to es-
timate the rate constants of the initial thermal decomposition

processes.

Table 5 DSC data and calculated kinetic parameters of different sized crystals for 1

millimeter sized crystals (about 0.1 mm)

millimeter sized crystals (about 5 um)

B Kissinger Ozawa Kissinger Ozawa
/K + min”! E E E E
Tpl K InAK ’ o Tm K InAK r o
/K /kJ + mol™' /k) + mol™! /K /k) + mol™ /k) + mol™'
5 530.3 528.9
10 538.9 186.3 41.34 0.9999 185.7 0.9997 5373 186.8 41.56 0.9999 186.1 0.9999
15 543.9 542.3
20 547.4 545.9

3.5 Detonotion parameters

The detonation performance of a high explosive is charac-
terized by its detonation velocity and detonation pressure. The
empirical Kamlet—Jacobs equations [ eqn. (3) and eqn. (4) ]

were employed to estimate the values of D and p ***'.

D=1.01(NM"”2Q")"*(1+1.3p) (3)
p=1.558p* N M'>Q'"? (4)
Where N is moles of gas detonation products per gram of ex-
plosive, mol - g™ Mis average molecular mass of gaseous
mol™; Q is chemical energy of detonation,

. The Q value should be

calculated first to the D and p values. Q is also determined by

products, g -
kj« g™ p is the density, g + cm

the AH, of the detonation reactant and product.

Here, the parameters N, ﬂ, and Q were calculated ac-

cording to eqns. (5), (6) and (7), respectively.

N=(b+d) /2M (5)
M= (2b+28d+32¢) /( b+d) (6)
Q=(57.8¢+0.239AH,) /M (7)

According to the Born-Haber energy cycle'™ ) (Fig.10),

the heat of formation of a salt can be simplified by eqn. (8) .

0
Cation® Anion® (solid) AR mC(s) + nH,(g) +0Ny(g) + pO,(g)
0 .
Cation®(gas) + Anion® (gas) -AH®(Anion)
| -AH'(Cation)

Fig. 10 Born-Haber cycle for the formation of energetic salts

The heats of formation of the cations and anions are ob-
tained in our previous report”’?’. The values of them are
875.1 kJ - mol™ and —=66.4 kJ - mol™", respectively. Accord-
ing to eqn. (3) to eqn. (7), the theoretically computed det-

onation velocity (D) is 7.9 km - s™' and detonation pressure

CHINESE JOURNAL OF ENERGETIC MATERIALS

(p) is 26.5 GPa. This exhibits superior detonation perform-
ance than that of TNT (6881 m - s™', 19.50 GPa) !,
Sensitivity deserves significant attention by researchers be-
cause it is closely linked with the safety of handling and apply-
ing explosives. In this study, impact sensitivities of the com-
pounds were determined using the fall hammer test with ap-
proximately 50 mg samples (5. 0 kg drop hammer), and
found that the impact sensitivity of 1 was more than 60 J,
which is possibly caused by the tautomerism of s-triazines ring
to strengthen the bonds in the anions. The impact sensitivity of
1 is more insensitive than that of RDX (7.4 )™’ HMX™!
and TNT (15 J)?’ | even better than that of TATB (50 J) "**'.
As is the case for the very insensitive explosive TATB, this salt
can significantly improve the safety and survivability of muni-
tions, weapons, and personnel, in addition to their quality ex-

plosive properties.

4 Conclusions

(1) A new energetic salt—triaminoguanidinium 2,4 ,6-
trioxo-1,3, 5-triazinan-1-ide was synthesized with a yield of
91% , and the structure was determined by X-ray single-crystal
diffraction and fully characterized by UV-Vis, FT-IR,
"H NMR, mass spectrometry and elemental analysis.

(2)Thermal stability, non-isothermal decomposition reac-
tion kinetics and decomposition process were determined
based on DSC and TG-FTIR analysis. Results indicated that it
exhibited excellent resistance to thermal decompositions of up
t0 538.9 K (10 K - min™") and the constituents of the thermal
decomposition gas are ammonia, carbon monoxide, and N,.
Non-isothermal kinetics analysis reveals that the value of E
(about 186 kJ mol™ ) closes to that of CL-20 ( about
190 kJ - mol™).

(3) The detonation velocity and detonation pressure cal-

culated by the empirical Kamlet-Jacobs formula are
Xk 2017 % $25% #10H  (829-837)
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