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Abstract: An energetic complex— [ Cu;(C,H,N,O;),(H,0);] - 5NMP(NMP =N-Methyl pyrrolidone)— based on ligand 2 ,6-diamino-3,5-dini-
tropyrazine-1-oxide( LLM-105) was synthesized and characterized by FT-IR spectroscopy, elemental analysis, single-crystal X-ray diffraction, differ-
ential scanning calorimetry (DSC) and thermogravimetry (TG). The Cu(Il) complex belongs to the triclinic system (space group P-1). The non-i-
sothermal kinetics of the exothermic decomposition process was also studied by the Kissinger and Ozawa methods, the apparent activation energy is
calculated as 161 kJ - mol™". The catalytic performance towards the thermal decomposition of ammonium perchlorate (AP) has been explored,
showing significant catalytic effects on the thermal decomposition of AP.
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1 Introduction

The development of new energetic materials continues to
focus on the synthesis of new heterocycles with high density,
high heat of formation, and good oxygen balance. These ma-
terials were shown to be useful as high explosives, compo-
nents of propellants and gas generators'' ™. In 1995, 2 ,6-dia-
mino-3,5-dinitropyrazine-1-oxide (LLM-105) was synthesized
for the first time™’. It was found that the energy predicted was
125% of the extremely insensitive explosive 2,4 ,6-triamino-1,
3, 5-trinitrobenzene ( TATB), 81% of octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX) 7! and it was a ther-
mally stable (T, =342 °C(DSC)), relatively insensitive ener-
getic material (H,, =117 cm). All these characteristics made
it very promising for insensitive boosters and detonators.

Due to the positive heat of formation and thermal stability,
nitrogen heterocyclic rings as ligands to construct energetic coor-
dination compounds have received a great deal of interest'®™"'.
Coordination compounds offer significant energetic performance
improvement because of the presence of both oxidizing and re-
ductive groups in the same complex molecules. In this paper, an
energetic complex [ Cu, (C,H,N,O;), (H,0), ] - 5NMP
(NMP = N-Methyl pyrrolidone) was obtained and its crystal
structure was investigated. Furthermore, thermal decomposi-
tion process and the kinetic parameters were investigated. In
addition, the catalytic performance toward the thermal decom-
position of ammonium perchlorate (AP) was explored.

2 Experiment

2.1 Materials and instruments
All chemicals from commercial sources were of analytical
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pure and used without further purification. LLM-105 was pre-
pared according to the reported method™'*’.

Elemental analysis were carried out using Vario EL-IIl ana-
lyzer; Infrared (IR) spectra was recorded on Nicolet-10 FTIR;
The single crystal X-ray diffraction was performed on Nonius-
CAD-4 diffractometer with graphite monochromated Mo K, ra-
diation (A=0.071073 nm). Differential Scanning Calorimetry
(DSC) study was performed on DSC823e METTLER TOLEDO
with heating rates of 5, 10, 15, 20 K - min™" ; thermogravime-
try (TG) analysis was conducted on TGA/SDTA851e MET-
TLER TOLEDO with a heating rate of 20 K - min™", in a flow

of dry oxygen-free nitrogen at 30 mL + min™".

2.2 Synthesis of [ Cu,(C,H,N,O;),(H,0),] - 5NMP

A mixture containing Cu (CH,COO), - H,0 (0.6 g,
3.0 mmol), LLM-105 (0.648 g, 3.0 mmol) and N-Methyl
pyrrolidone (30 mL) was sealed in a 50 mL reactor at 80 °C
for 2 hours, then cooled to room temperature, filtered, and
dried in air, then, the resulting green solid powder (0.781g)
was obtained in yield of 56.48% . After keeping the clear fil-
trate for several weeks, green-block like single crystals were
obtained. Anal. Calcd. . C, 32.11; H, 4.12; N, 23.29.
Found: C, 32.37; H, 4.35; N, 23.55. IR(KBr) 3321, 3276,
1562, 1535, 1402, 1327, 1225, 1137, 884, 811, 779, 712 cm™".

ON_N ON._N
3 ? \ = N02+3C 2. 5NMP 2 ‘ SN0z .
2 U 350 Cus - (H20)3 - 5NMP + 6H
HN™ N™ "N, 2 HNT N NH
0 0 3

2.3 Crystallographic data collection and structure determination

The structure was solved by direct methods using the SHELXS
97 program'”! and refined by full-matrix least squares on F* using
SHELXL 97 program'™’. All the non-hydrogen atoms were ob-
tained from the difference Fourier map and refined. The hydro-
gen atoms were obtained from the difference Fourier map or po-
sitioned geometrically and treated as riding on the parent atoms
or constrained in the locations during refinements. Crystallo-
graphic and refinement data were listed in Table. 1.
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Table 1

Crystallographic data and structure refinement details for

[Cuy(CyH,N,O5)3(H,0) 4] - 5NMP

compound

[Cuy(C,H,N O5);(H,0),] « 5NMP

empirical formula

C;;Hs; Cuy Ny Oy

formula weight 1382.68
crystal system triclinic

space group P-1

a/nm 1.0295(2)
b/nm 1.7208(3)
c/nm 1.7554(4)
al(°) 112.40(3)
B/(°) 97.07(3)
v/(°) 99.20(3)
volume/nm? 2.7800(10)
V4 2

calculated density/g - cm™ 1.652

F(000) 1422

crystal size/mm 0.20x0.10x0.10
O range/(°) 1.41 to 25.37
reflections collected 10214
independent reflections 4601

max, and min. trasmission
final R indices (I>20 (1))
R indices (all data)

0.7899, 0.8863
R, =0.0892, WR, =0.0878
R, =0.2010, WR, =0.1098

3  Results and discussion

3.1 Synthetic principle

Theoretical calculation results show that all the atoms of
LLM-105 are in the same plane within which the delocaliza-
tion of JI electrons exists'"”’. The oxygen atom in N—O group
is easy to coordinate with transition metals because of small
steric hindrance and free lone pair electrons. The nitrogen at-
om in amino group participates in the hyperconjugation system
due to a strong interaction with the lone pair orbital, which
decreases the density of electronic cloud. So it is hard for the
N atom in amino group to provide additional lone pair elec-
trons to coordinate with metal cations. After heterogenous
splitting of N — H bond , each amino group loses a proton to

provide one pair of lone electrons to coordinate with central
metal atom in the coordination structure''’.

3.2 Structural description

A perspective view of the complex is shown in Fig. 1; the
selected bond lengths and bond angles of the complex are lis-
ted in Table 2.

Fig.1

Molecular structure of [ Cuy(C,H,N,O5),(H,0);] - 5NMP

As can be seen from Fig. 1, the molecular unit of
[Cu,(C,H,N,O;),(H,0),] - 5NMP is comprised of three
central copper cations, three deprotonated LLM-105 anions,
three coordinated H,O and five lattice NMP. The coordination
number of each copper cation is five and the coordination struc-
ture forms distorted tetragonal pyramid. The copper cation direct-
ly coordinates with two imine nitrogen atoms and two N—O oxy-
gen atoms from two different LLM-105 ligands, and forms two
five-membered chelate rings. The three Cu cations and coordina-
ted O atoms form a distorted six-member ring. The bond distance
of Cu—O coordination bonds is from 1.961(4)A to 2.430(5)A,
Cu—N from 1.897(6)A to 1.931(6)A, respectively. It is worth

Table 2 Selected bond lengths (nm) and bond angles(°) for[ Cu,(C,H,N,O5)3(H,0);] - 5NMP

bond lengths/nm bond angles/(°) bond angles/(°)
Cu(1)—N(3) 0.1897(6) N(3)—Cu(1)—N(9) 97.4(3) N(3)—Cu(1)—O(14) 171.2(2)
Cu(1)—0(13) 0.2022(5) N(3)—Cu(1)—0(13) 82.0(2) N(9)—Cu(1)—O0(13) 169.0(2)
Cu(1)—N(9) 0.1931(6) N(3)—Cu(1)—0(16) 99.6(2) N(9)—Cu(1)—0(16) 102.5(2)
Cu(1)—0(16) 0.2430(5) O(14)—Cu(1)—O(16)  89.19(18) O(15)—Cu(2)—O0(14) 98.40(18)
Cu(1)—O0(14) 0.1961(4) N(9)—Cu(1)—O0(14) 80.7(2) O(13)—Cu(1)—0(16) 88.33(18)
Cu(2)—N(7) 0.1903(5) O(14)—Cu(1)—O0(13)  98.19(18) N(7)—Cu(2)—0(15) 166.5(2)
Cu(2)—0(18) 0.2327(5) N(13)—Cu(2)—N(7) 97.0(3) N(13)—Cu(2)—0(15) 80.5(2)
Cu(2)—N(13) 0.1904 (5) N(13)—Cu(2)—O(14) 167.8(2) N(7)—Cu(2)—O0(14) 81.2(2)
Cu(2)—0(15) 0.1990(5) N(13)—Cu(2)—0O(18) 97.3(2) N(7)—Cu(2)—0O(18) 101.1(2)
Cu(2)—0(14) 0.2007(4) O(15)—Cu(2)—O0(18)  92.38(19) O(14)—Cu(2)—0(18) 94.84(18)
Cu(3)—O0(13) 0.1999(4) N(1)—Cu(3)—0(13) 81.3(2) N(15)—Cu(3)—O(13)  170.4(2)
Cu(3)—0O(15) 0.2007(4) N(15)—Cu(3)—O(15) 81.1(2) O(13)—Cu(3)—0(15) 97.82(17)
Cu(3)—N(15) 0.1912(6) N(15)—Cu(3)—O(17) 101.3(2) O(13)—Cu(3)—0(17) 88.26(18)
Cu(3)—0(17) 0.2438(5) N(1)—Cu(3)—N(15) 98.4(2) N(1)—Cu(3)—0(15) 171.8(2)
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noting that some Cu—O bond distances are considerably lon-
ger than others; Cu(1)—0O(16), 2.430(5)A, Cu(2)—
0(18), 2.327(5)A, Cu(3)—0O(17), 2.438(5)A. This
means that these coordination bonds are significantly week. As
a tridentate ligand , LLM-105 forms two five-membered che-
late rings. Each five-membered chelate ring is formed by one
copper atom with oxygen atom from N—O group in the LLM-
105 ring and nitrogen atom form imine group on the same
side. The stability of the five-membered chelate rings and the
excellent molecule flexibility make an important contribution
to the stability of the complex.

2.3 Thermal decomposition

The DSC and TG-DTG analyses were carried out in order
to investigate the thermal behaviors of [ Cu, (C,H,N,O,),
(H,0),] - 5NMP. DSC and TG-DTG curves are illustrated in
Fig. 2 at 20 K - min™".
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Fig.2 DSC and TG-DTG curves of [ Cu;(C,H,N¢Og);(H,0),] - 5NMP

DSC curve shows only one main exothermic peak in 310
~360 °C at peak temperature of 347.238 °C. It can be seen
from the TG-DTG curves that there are three main successive
mass loss stages from 50 °C to 700 °C. The first mass loss stage
starts at 70 °C, ends at about 280 °C with mass loss of
35.25% , which is coincident with the theoretical value
(35.87% ) of losing five lattice NMP molecules. The second
stage from 280 °C to 380 °C which reaches the largest rate at
341.6 °C is considered as the ring breaking of LLM-105 with
mass loss of 22.17 % . With temperature increasing, the com-
plex continues to lose mass until 700 °C. The mass fraction of
the final residues is 17.24% , coincident with the calculated
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value(17.36 % ) of the end product CuO. So, it can be spec-
ulated that the final decomposition product is CuO.

3.4 Non-isothermal reaction kinetics analysis

To explore the thermal decomposition mechanism of the
exothermic reaction of [ Cu,(C,H,N,O.),(H,0),] + 5NMP,
the kinetics parameters of the exothermic process by the Kissin-
ger’s"”’ and Ozawa’s'*™"
singer equation and Ozawa-Doyle equations are as follows:

B . RAE

In ?:)—In(?) S RT

0.4567E
In,8+R7Tp=C
Where T, is the peak temperature, °C; R is the gas constant,
8.314 ) - mol™ - K™'; B is the linear heating rate, °C - min™";
C is a constant.

Based on the multiple non-isothermal DSC curves obtained
at four different heating rates of 5, 10, 15, 20 K - min™', the
values of the apparent activation energy ( E, and E;) , the pre-

methods were explored. The Kis-

exponential factor (A, ) and linear correlation coefficient (r,
and r,) of the two intense exothermic decomposition proces-
ses were determined. The detailed data and the calculated ki-
netic parameters are listed in Table 3.

Table 3 Nonisothermal reaction kinetic parameters for [ Cu,
(C4H,N,O5)4(H,0),] - 5NMP
T, E, E,
BT ‘ A, 7 ° 2
/K« min~" /K /k) - min™' /k) « mol™
5 595.21
10 605.27 160.7 31.24 0.9825 162.4 0.9846
15 612.51
20 620.39

Note: Subscript K: Kissinger’s method; subscript O: Ozawa’s method

3.5 Catalytic effects on the thermal decomposition of AP

As the main high energy ingredient of solid propellants, AP
occupies a large proportion in the formula. The application of
AP can improve the performance of propellants to some extent.
The thermal decomposition can directly affect the burning ve-
locity and energy features of propellants'* ™!, Therefore, ex-
tensive studies on the thermal decomposition of AP were car-
ried out. [Cu,(C,H,N,O.),(H,0),] - 5NMP with AP was
mixed at a mass ratio of 1 : 3 to prepare the target samples for
the thermal decomposition analysis. The DSC curves of pure
compounds and the mixture are shown in Fig. 3.

From Fig. 3, the thermal decomposition of pure AP can
be divided into three stages. The first stage corresponds to the
phase transition endothermic process of AP, which transforms
from orthorhombic to cubic crystal with peak temperature at
243.08 °C ranging from 240 °C to 250 °C. The second stage
corresponds to the low-temperature decomposition exothermic
process of AP with peak temperature at about 330 °C with the
heat of 45.93 ) - g”'. The third stage corresponds to the higher
temperature decomposition exothermic process of AP with
peak temperature at 430.12 °C with the heat of 486.33 ] - g™’
ranging from 380 °C to 440 °C. DSC curve of [ Cu,(C,H,N,O;),
(H,0),] - 5NMP shows only one main exothermic peak at
peak temperature of 347.238 °C.
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Fig.3 DSC curves for pure compounds and mixture at a heating rate
of 20 K + min™'

The DSC curve of mixture system shows that the complex
with AP have no significant effects on the crystallographic tran-
sition temperature around 245 °C, but some significant chan-
ges in the decomposition pattern occur. In the mixture system,
it is obvious that the low-temperature exothermic decomposi-
tion peak overlaps with the high temperature exothermic
decomposition peak 331. 757 °C of the complex, and it is
98.363 °C lower than pure AP at 430.12 °C. The sharp exo-
thermic peak indicates a rapid decomposition process of the
mixture ; the decomposition heat of the mixture systems increa-
ses dramatically from 486.33 J - g”' to 1372.38 J - g™'. Itis
proved that oxygen species is preferably absorbed by the me-
tallic species at heating condition, resulting in the following
rapid reaction to form metal oxide with large amount of heat.
It is reasonable as considering the huge amount of energy giv-
ing rise to the high catalytic activity. Therefore, the complex
shows good catalytic performance to the thermal decomposi-
tion of AP.

4 Conclusions

In summary, [ Cu,(C,H,N,O,),(H,0),] - 5NMP was
synthesized with a yield of 56.48% and characterized by sin-
gle-crystal X-ray diffraction. Thermal analysis shows that there
is one exothermic decomposition stage from 50 °C to 500 °C
with final residues 17. 24%. The catalytic performance of
[Cu, (C,H,N,O;),(H,0), ] - 5NMP toward the thermal
decomposition of AP was also explored. The complex
decreased the higher thermal decomposition temperature of AP
by 98.363 °C, increased the exothermic quantity of decompo-
sition by 886.05 ) - g™, showing apparent catalytic effects on
the thermal decomposition of AP.
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