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An energetic coordination compound, Cu(HATZ)(PDA)(H,0) (HATZ = 5-aminotetrazole,
H,PDA = pyridine-2,6-dicarboxylic acid), has been synthesized and structurally characterized
by single crystal X-ray diffraction. Copper(I) was coordinated by two oxygen atoms and
nitrogen from PDA, one ring nitrogen of ATZ and one water to form a five-coordinate,
distorted square-pyramidal structure. 3-D supramolecular architecture was formed by
hydrogen bonding. Thermal decomposition of the compound was examined by DSC and
TG-DTG analyses. The kinetic parameters of the first exothermic process of the compound
were studied by Kissinger’s and Ozawa-Doyle’s methods. Sensitivity tests revealed that the
compound was insensitive to mechanical stimuli. In addition, the compound was explored as
additive to promote thermal decomposition of ammonium perchlorate by differential scanning
calorimetry.

Keywords: 5-Aminotetrazole; Pyridine-2,6-dicarboxylic acid; Crystal structure; Non-
isothermal kinetics; Thermal decomposition; Ammonium perchlorate

1. Introduction

Research in highly energetic materials is directed towards the synthesis of simple
molecules with high energy, high density, high heat resistance, and low sensitivity [1].
Considerable attention has been paid to the study of high-nitrogen heterocyclic
materials as ligands to coordinate with metals because of the varied structures and
favorable energetic properties [2-8]. 5-Aminotetrazole (HATZ), as a simple tetrazole
derivative, has the highest nitrogen content (82.3wt %) among organic compounds, five
nitrogen atoms being potentially metal binding. It has greater heat of formation and
greater possibility for hydrogen bonding, giving the resulting compounds high thermal
stability [9].

We are currently investigating the chemistry of simple tetrazole derivatives and
carboxylic acids with respect to the continuing interest in high nitrogen compounds as
ingredients for propellants and explosives [10, 11].
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Ammonium perchlorate (AP) is the common oxidizer in composite solid propellants,
and the thermal decomposition characteristics of AP directly influence the combustion
behavior of solid propellants [12]. Many effective combustion catalysts for thermal
decomposition of AP, such as metal oxides, which are not nitrogen-rich or energetic
compounds, have been reported [13-16].

Copper(II) exhibits good ability to coordinate many different types of ligands and is
more environmentally friendly than toxic heavy metal cations such as lead(II) and
mercury(Il). Pyridine-2,6-dicarboxylic acid is a useful ligand for constructing crystalline
architectures due to its rigid and planar nature, and proton donating and accepting
capabilities for hydrogen bonding [17]. In this article, we report the synthesis and
structure of Cu(HATZ)(PDA)(H,0), the thermal decomposition process, the kinetic
parameters of the first exothermic process of the compound, the sensitivity, and the
catalytic performance toward thermal decomposition of AP.

2. Experimental

General caution: HATZ and the title compound are energetic materials and tend to
explode under certain conditions. Appropriate safety precautions (safety glasses, face
shields, leather coat and ear plugs) should be taken, especially when the compound is
prepared on a large scale.

2.1. Materials and instruments

All reagents (analytic grade) were purchased commercially and used without purifica-
tion. Elemental analyses were carried out using a Vario EL III analyzer. Infrared (IR)
spectra were recorded on a Bruker FTIR instrument as KBr pellets. Thermogravimetric
analysis and differential scanning calorimetry (DSC) were carried out on a Netzsch
STA 449C instrument and a CDR-4P thermal analyzer of Shanghai Balance Instrument
factory, respectively, using dry oxygen-free nitrogen with a flow rate of 10mL min™~".
The sample of about 0.5 mg was held in platinum pans for TG and sealed in aluminum
pans for DSC. The sensitivity to impact stimuli was determined by fall hammer
apparatus applying standard staircase method using a 2 kg drop weight and the results
were reported in terms of height for 50% probability of explosion (/59s,) [18]. The
friction sensitivity of the compound was determined on a Julius Peter’s apparatus by
following the BAM method [19].

2.2. Synthesis of the compound

An aqueous solution (10mL) of Na,PDA (0.021 g, 0.1 mmol) was slowly added to an
aqueous solution (10mL) containing both Cu(NO3),-3H>0 (0.024¢g, 0.1 mmol) and
HATZ (0.035g, 0.1 mmol) with stirring about 1h. The resulting solution was filtered
and evaporated slowly at room temperature for 5 days in a dark place. Blue block-like
crystals suitable for X-ray analysis were obtained (yield 48%). Anal. Caled (%) for
CgH3CuNgOs: C, 28.97; H, 2.43; N, 25.33. Found: C, 28.85; H, 2.39; N, 25.18. IR data
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Table 1. Crystal data and structure refinement parameters for the title compound.

Empirical formula C3HgCuNOs5
Formula weight 331.74

Crystal system Monoclinic
Space group C2le
Temperature (K) i 298(2)

Unit cell dimensions (A, °)

a 25.735(2)

b 12.968(2)

¢ 7.158(1)

o 90

B 103.892(2)

y R 90

Volume (A%), Z 2318.9(5), 8
Calculated density (gem ™) 1.900

Absorption coefficient (mm ™) 1.917

F(000) 1336

0 range for data collection (°) 1.63-24.99
Independent reflections 2041
Goodness-of-fit on F> 1.000

Final R indices [I > 20(1)] R, =0.0503, wR,=0.1240
R indices (all data) . R;=0.0808, wR,=0.1478
Largest difference peak and hole (e A™) 0.762 and —0.810

(KBr pellet, cm_l): 3487s, 3238s, 1704m, 1618s, 1596s, 1433 m, 1359w, 1347 m,
1282s, 1276, 878 w, 763 m, 731 w, 649 w.

2.3. X-ray crystallography

The single crystal X-ray experiment was performed on a Bruker Smart Apex CCD
diffractometer equipped with graphite monochromated Mo-Ko radiation
(x=0.71073 A) using w and ¢ scan mode. The single crystal structure was solved by
direct methods and refined with full-matrix least-squares refinements based on F~ using
SHELXS 97 [20] and SHELXL 97 [21]. All non-H atoms were located using subsequent
Fourier-difference methods. Hydrogen atoms were placed in calculated positions and
thereafter allowed to ride on their parent. Details of crystal data, data collection
parameters, and refinement statistics are given in table 1. Selected bond lengths and
angles of the compound are listed in table 2.

3. Results and discussion

3.1. Structure description

Single crystal X-ray diffraction shows the compound crystallizes in monoclinic space
group C2/c and exists as a 3-D supramolecule. Figure 1 shows the molecular unit of
Cu(HATZ)(PDA)(H»O) with the atom labeling scheme. Cu(II) has a distorted square-
pyramidal geometry, coordinated by two oxygen atoms and nitrogen from PDA
(Cu(1)-N(1) =1.898(5) A, Cu(1)-0(1)=2.022(4) A, Cu(1)-O(3)=2.043(4)A), a ring
nitrogen of HATZ (Cu(1)-N(2) =1.934(5) A), and water (Cu(1)-O(5)=2.244(4) A).
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Table 2. Selected bond lengths (/DX) and angles (°) for the

compound.

Cu(1)-N(1) 1.898(5)
Cu(1)-N(2) 1.934(5)
Cu(1)-O(1) 2.022(4)
Cu(1)-0(3) 2.043(4)
Cu(1)-0(5) 2.244(4)
N(1)-Cu(1)-N(2) 169.0(2)
N(1)-Cu(1)-O(1) 80.9(2)
N(2)-Cu(1)-O(1) 98.4(1)
N(1)-Cu(1)-0O(3) 80.5(2)
N(2)-Cu(1)-0(3) 98.5(2)
O(1)-Cu(1)-0(3) 160.0(2)
N(1)-Cu(1)-O(5) 92.9(2)
N(2)-Cu(1)-O(5) 98.1(2)

Figure 1. Molecular unit and labeling scheme; hydrogen atoms are omitted for clarity.

As shown in figure 2, the molecular unit is further extended into a 2-D
supramolecular layer in the [1 1 0] plane through hydrogen bonds with O1, 02, O3,
04, and N3 as hydrogen-bond acceptors to interact with hydrogen-bond donors N6,
C3, N5, N5, and N6 from the adjacent molecule. Hydrogen bond details are given in
table S1.

Coordinated water acts as a hydrogen-bond donor to interact with acceptors N4 and
02 from the adjacent 2-D supramolecular layer. The title compound is thus assembled
into a 3-D supramolecular structure through these hydrogen bonds (figure 3).

Like Cu(HATZ)(PDA)(H,0), the energetic compound Bi(tza); [6] (Htza = tetrazole
acetic acid) possesses abundant intramolecular hydrogen bonds viea N-H and O-H. All
the hydrogen bonds in different layers of Bi(tza); make the molecules pack into a
layered structure.

3.2. Thermal decomposition

The DSC and TG-DTG curves at the linear heating rate of 10°C min~"' under nitrogen
are shown in figures 4 and 5 to demonstrate the thermal decomposition processes of
Cu(HATZ)(PDA)(H»O). In the DSC curve, there is one endothermic process and two
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Figure 2.

Figure 3. 3-D supermolecular structure for the compound.
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Figure 4. DSC curve for the compound.
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Figure 5. TG-DTG curves for the compound.

intense exothermic processes from 110°C to 420°C. The endothermic process starts at
110°C and ends at 160°C. Because the two intense exothermic decomposition processes
occur successively, one decomposition process does not finish, and another occurs, the
exothermic peaks cannot be separated, and form a wide exothermic peak. The first
exothermic decomposition process occurs at 310°C and ends at about 360°C; the second
exothermic decomposition process occurs at the same time and ends at about 420°C.

In the TG-DTG curves, there are three successive weight loss stages from 110°C to
420°C, which correspond to the three processes in the DSC curve. The first weight loss
stage starts at 110°C and ends at 160°C with weight loss percentage of 5.90% for loss of
coordinated water (5.44%, Calcd). From 160°C to 310°C, the weight remains constant.
After this, the compound goes through two consecutive weight loss processes from
310°C to 420°C, which are considered to be loss of HATZ and PDA. Then the
compound completely converts to CuO with residue percentage of 23.85%, in
agreement with the calculated value 24.17%. CuO is demonstrated by X-ray powder
diffraction analysis (figure S1).

3.3. Non-isothermal kinetics analysis

In the present work, Kissinger’s method [22] and Ozawa—Doyle’s method [23, 24] are
used to determine the apparent activation energy (£) and the pre-exponential factor (A4).
The Kissinger and Ozawa—Doyle equations are as follows.

dnf g

L TR )
Ty
0.4567E

where T, is the peak temperature; 4 is the pre-exponential factor; E is the apparent
activation energy; R is the gas constant; g is the linear heating rate and C is constant.
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Table 3. The peak temperatures of the first exothermic stage at different heating rates and the
kinetic parameters.

Heating rates (°Cmin~") Peak temperature (°C)
5 342.5

10 349.2

15 352.6

20 356.1

25 358.7

Calculation results by Kissinger’s method Ey (kJ mol™") 314.0

log A (71 24.57

Linear correlation coefficient (Ry) 0.9984

Calculation results by Ozawa—Doyle’s method E, (kJmol™") 308.5

Linear correlation coefficient (R,) 0.9985

Based on the first exothermic peak temperatures measured at five different heating
rates of 5, 10, 15, 20, and 25°C min~!, Kissinger’s and Ozawa—Doyle’s method are
applied to study the kinetics parameters of Cu(HATZ)(PDA)(H,O). From the original
data, the apparent activation energy Ey and E,, pre-exponential factor Ay and linear
correlation coefficients R, and R, are determined (table 3).

3.4. Sensitivity test

Impact sensitivity of Cu(HATZ)(PDA)(H,0) was tested using a 2 kg drop hammer and
calculated value of Hjsq represented the drop height of 50% initiation probability. The
impact sensitivity value (Hso) of the compound was 164 cm, which corresponds to
impact energy of 32.1J. Under the same test conditions, the impact sensitivity value
(Hsp) of TNT was 76.5cm (15.0J), consistent with the value reported [25]. Therefore,
the impact sensitivity of the title compound was lower than that of TNT.

Friction sensitivity of the compound was measured by applying a Julius-Peter’s
machine. No friction sensitivity was observed up to 353 N. The friction sensitivity of the
compound was far lower than that of RDX (118 N) [26].

As observed with [Bi(tza);], [6], K(2,4-DNI), Rb(2,4-DNI)(2,4-HDNI)(H,0), and
Ba(2,4-DNI),(H,0)4 (2,4-HDNI =2 4-dinitroimidazole) [7], the low sensitivity is
attributed to intramolecular hydrogen bonds occurring in these compounds.

3.5. Effects on thermal decomposition of AP

Cu(HATZ)(PDA)(H,0) is explored as a promoter of thermal decomposition of AP, the
key component of composite solid propellant. The performance of the compound on
the thermal decomposition of AP (compound and AP were mixed at a mass ratio of
1:3) was investigated by DSC measurement with a heating rate of 10°C min~! in N,
atmosphere from 100°C to 500°C with Al,Oj as reference. The total sample mass used
was less than 1.0 mg for all runs. Figure 6 shows the DSC curves of both AP and the
mixture of AP with the compound. The endothermic peak of AP at 242°C is due to the
crystal transformation of AP from orthorhombic to cubic phase [27]. The exothermic
peaks at 335°C and 440°C are attributed to partial decomposition of AP to form some
intermediate product and then complete decomposition to volatile products [28, 29],
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Figure 6. DSC curves for AP (a) and AP+ Compound (b).

corresponding to heat of 1.47kJg~" and 0.68kJ g™, respectively. From figure 6(b), we
can see that the compound has no significant impact on the phase transition of AP. The
two exothermic peaks merge to one and the peak temperature (326°C) is lower than the
exothermic peak temperature of pure AP (335°C). The sharp exothermic peak indicates
a rapid decomposition process and the decomposition heat increases dramatically from
1.47 to 3.11kJ g~'. The compound decomposes and releases heat itself which enhances
the total heat of the mixture, as well as the formation of metal at the molecular level on
the propellant surface which may contribute toward the catalytic effect [30]. Obviously,
AP decomposition is accelerated in the presence of Cu(HATZ)(PDA)(H,0).

4. Conclusion

We report the synthesis and structure analysis of a 3-D energetic compound,
Cu(HATZ)(PDA)(H-O). Extensive hydrogen bonding in the solid state structure
makes the title compound insensitive to impact and friction stimuli. DSC experiments
reveal that the compound accelerates the decomposition of AP, which could make the
compound useful in propellants.

Supplementary material

CCDC 697532 contains the supplementary crystallographic data for this article. The
data can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccde.cam.ac.uk/data_request/cif. The CuO X-ray powder diffraction data and
H-bond table are available.
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