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Two coordination polymers, [Mn,(HATr)4(NOs),-2H,0],, (1) and [Cd(HATr)4(NO3)4-H,0], (2),
were obtained from the corresponding metal nitrate with 3-hydrazino-4-amino-1,2,4-triazole (HATT)
and characterized through elemental analysis and IR spectroscopy. The structures were determined
by single-crystal X-ray diffraction. The results show that both complexes crystallize in the triclinic
P-1 space group and have six-coordinate distorted octahedral structures, which are made up of infi-
nite 1-D chains running along the @ axis of metals linked by bridging-chelating HATr ligands. The
coordination sites are in agreement with the computational results. Additionally, the decomposition
temperatures were determined by differential scanning calorimetry and the kinetic parameters were
calculated using Kissinger’s and Ozawa—Doyle’s methods; the energies of combustion for 1 and 2
were —7186.25 and —6922.53kIM ™! and the enthalpies of formation were obtained as —1002.35
and —457.27 kI M, respectively.
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1. Introduction

In pursuit of high nitrogen energetic materials, metal complexes with nitrogen-rich hetero-
cycles [1-5], hydrazine [6], guanidine [7], and other N donor ligands [8, 9] have attracted
attention. As polydentate building blocks, 1,2,4-triazole and its derivatives combine the
coordination geometries of both pyrazoles and imidazoles, exhibiting a strong ability to
bridge metal ions to afford polynuclear structures [10]. More practically, substituted 1,2,
4-triazoles are excellent ligands of energetic complexes, such as 4-amino-1,2,4-triazole
[11-13], 3,5-diamino-1,2,4-triazole [14], and 3-azido-1,2,4-triazole [15]. Recently, MOFs
[16] as a new concept for coordination polymers have attracted interest since the structure
and the stability can be improved. Pang and co-workers [17] reported that 3-D energetic
MOFs based on 4,4"-azo-1,2,4-triazole resolve the conflict of insensitivity and high energy,
which are important for the next generation of explosives.

3-Hydrazino-4-amino-1,2,4-triazole (HATr) with nitrogen content of 73.65% is of interest
as an energetic ligand to transitional metal complexes by Ilyushin and co-authors in 1993
[18]. They reported that HATr is a N,N-bidentate ligand, in which N1 and N2 of the triazole
are coordinated. In 2003, Ugryumov et al. [19] used the same ligand to prepare cobalt(Il),
copper(Il), nickel(IT), and cadmium(II) perchlorate complexes, in which the copper complex
shows the most effective light-sensitive properties as a laser-ignition explosive. Ilyushin
et al. [20] further studied the influence of various additives on the threshold of laser initia-
tion of the copper perchlorate complex with HATr as a ligand in 2012. However, there are
only these reports available concerning HATr, and there is a lack of information about the
crystal structures of the metal complexes containing HATT.

Bearing this in mind, we prepared two HATr complexes, [Mn,(HATr)4(NO3)4-2H,0];, (1)
and [Cdy(HATT)4(NO3)4-H,0], (2), which report the crystal structures for the first time, and
studied non-isothermal kinetic analysis, energies of combustion as well as enthalpies of for-
mation.

2. Experimental

2.1. Materials and methods

All chemical reagents and solvents of analytical grade were obtained from commercial
sources and used without purification unless stated otherwise. HATr-2HCI was prepared
referring to the literature [21], starting from the reaction of the triaminoguanidinium mono-
hydrochloride with formic acid and hydrochloric acid as catalytic agent under reflux. The
yield was 94%.

Elemental analyses were performed on a flash EA 1112 full automatic trace element ana-
lyzer. The Fourier transform infrared (FT-IR) spectra were recorded on a Nexus-470 FT-IR
(Nicolet) spectrometer (KBr pellet) from 4000 to 400 cm™' with resolution of 6cm™'.
Differential scanning calorimetry (DSC) was carried out on a model Pyris-1 differential

scanning calorimeter in static air. A sample of about 0.2 mg was sealed in aluminum pans
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for DSC with various heating rates [(5, 10, 15, and 20)°C min~']. The non-isothermal
kinetic parameters were computed by the Kissinger [22] and Ozawa—Doyle [23] equations
using the different peak temperatures, obtained in the thermal decomposition process with
various heating rates. The combustion heats of 1 and 2 were measured by oxygen bomb
calorimetry (Parr 6200, USA) with samples of 0.5 g.

2.2. Synthesis of HATr

Sodium hydrogen carbonate (3.36 g, 0.04 M) was slowly added to a solution of HATr-2HC1
(3.74 g, 0.02M) in 10 mL of distilled water. The mixture was stirred until there was no gas
released and then the water was evaporated under vacuum, the mixture was dissolved in 30
mL absolute methanol and the inorganic salt was removed by filtration. After filtering, the
solvent was removed under reduced pressure to produce a light pink solid at 78% yield.
(C,HgNg) Anal. Caled (%): C, 21.05; H, 5.30; N, 73.65. Found: C, 21.15; H, 5.43; N,
73.42. IR (KBr, cm™'): 3399, 3291, 3152, 1650, 1630, 1584, 1552, 1006.

2.3. Synthesis of 1 and 2

A solution of Mn(NO3), (50 wt%, 1.79 g) or Cd(NOs),"4H,0 (1.54 g, 0.005M) in 15 mL
absolute methanol was added dropwise to the solution of HATr (1.14 g, 0.01 M) in 30 mL
absolute methanol under stirring. After 1 h, the precipitate was collected by filtration, rinsed
with distilled water, and dried in air. The yields were 36.4% for 1 and 38.2% for 2.

Anal. Caled for 1 (%): C, 11.30; H, 3.32; N, 46.12. Found: C, 11.35; H, 3.34; N, 46.32.
IR (KBr, cm™'): 3434, 3284, 3243, 3151, 1679, 1655, 1577, 1384, 1036, 822.

Anal. Calced for 2 (%): C, 10.14; H, 2.77; N, 41.40. Found: C, 10.07; H, 2.75; N, 40.82.
IR (KBr, cm™"): 3320, 3273, 3153, 1675, 1655, 1578, 1384, 1037, 823.

2.4. X-ray single-crystal determination

A Rigaku AFC-10/Saturn 724+ CCD diffractometer with graphite monochromated MoK,
radiation (4=0.071073 nm) was applied for structure analyses. The data were collected at
143 K for 1 and 153 K for 2 using ¢ and ® scan modes. The structure was solved by direct
methods using SHELXS-97 [24, 25] and refined by full-matrix least-squares procedures on
F* with SHELXL-97 [26]. The CIF files were checked at the checkCIF website. All non-
hydrogen atoms were obtained from the difference Fourier map and refined anisotropically.
All hydrogens were generated geometrically, assigned appropriated isotropic thermal param-
eters, and included in structure factor calculations. Crystallographic data and experimental
details for structure analyses are summarized in table 1.

3. Results and discussion

3.1. Theoretical computation

All electronic structure calculations were carried out using the Gaussian03 program package
[27]. The geometric optimization of HATr was carried out using B3-LYP functional with



Downloaded by [Institute Of Atmospheric Physics] at 15:14 09 December 2014

Energetic coordination polymers

Table 1.  Crystal data and structure refinement details for 1 and 2.

2007

Complex

1

2

Empirical formula
Formula mass
Temperature (K)

Crystal dimensions (mm)
Crystal system

Space group

VA

a, b, ¢ (A)

a, By (°)

Cell volume (A%)
Deyiea (gem™)

# (MoK,) (mm™")
F(000)

0(°)

h, k, and / range
Reflections collected
Reflections unique [Rj,]
Data/restraint/parameter
Goodness-of-fit on F?
Ry, wRy [I> 20(])]

Ry, wR; (all data)
Apmaxa Apmin (C A73)

CgHgMnyN»gOyy

850.46

143(2)

0.43x0.39x0.36

Triclinic

P-1

2

8.076(2), 12.670(3), 15.131(4)
91.020(3), 94.709(4), 100.646(5)
1515.7(6)

1.864

0.71073

868

2.58-25.04

—91t09,—-15t0 15, —18 to 18
12,539

5316 [R;n=0.0234]
5316/0/595

1.058

R,;=0.0361, wR,=0.0879%

R, =0.0411, wR,=0.0916"
0.563, —0.346

CsHyCdyN2gO13

947.37

153(2)

0.36 x 0.06 x 0.05

Triclinic

P-1

2

8.149(2), 12.850(4), 15.218(4)
91.946(4), 94.533(5), 101.076(6)
1557.0(8)

2.021

0.71073

940

2.56-30.50

—-10to 11, —18 to 18, —21 to 21
20,918

9322 [Rin=0.0359]
9322/6/473

1.003

R;=0.0596, wR,=0.1459"
R;=0.0858, wR,=0.1626"
4237, -1.619

A= 1/[0(F,*)+(0.0448p)> + 1.0228p], where p=(F,> +2F.2)/3.
Y= 1/[a*(Fo2) +(0.0698p) +9.9600p], where p=(F, + 2F2)/3.

6-311 + G** basis set [28]. The optimized structure was characterized to be true local
energy minima on the potential energy surface without imaginary frequencies.

Natural bond orbital analysis is a simple and reasonable tool to study the possible coordi-
nation sites and in frontier molecular orbitals, the highest occupied molecular orbital
(HOMO) represents the ability to donate an electron, the lowest unoccupied molecular orbi-
tal (LUMO) as an electron acceptor represents the ability to obtain an electron [29]. The
atomic NBO charges of HATr molecule (figure 1) are listed in table 2, and figure 2 shows
the HOMO and LUMO of HATr group. In HATr, all nitrogens have negative charges. How-
ever, it is obvious that N4 and N6 atoms are conjugated with the z-system of triazole ring,

Figure 1. Molecular unit and the atomic numbering scheme of HATr.
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Table 2.  Selected NBO charges of HATr at the B3LYP/6-311 + G** level.

Atom Charge Atom Charge Atom Charge
N1 —0.29 N4 —0.30 N6 —0.47
N2 —-0.36 N8 —0.64 N7 —0.62

vy

CX

Figure 2. HOMO (left) and LUMO (right) of HATT.

so it is impossible for N4 and N6 to coordinate. Furthermore, the HOMO shows that the
electrons are located mainly in the triazole ring and hydrazine group. Finally, N1, N2, and
N7 are the possible coordination sites, which is testified by the experimental results in the
crystal structure of 1 and 2.

3.2. Structure description

The X-ray structural analysis indicates that 1 and 2 are isostructural, belonging to the tri-
clinic system with space group P-/. The least asymmetric molecular unit consists of two
metal cations, four neutral HATr ligands, four NO; ™ anions, two crystal waters, and a water
of crystallization for 1 and 2. Selected bond lengths and angles for 1 and 2 are listed in
tables 3 and 4.

Each central metal is coordinated octahedrally by two 2-site nitrogens of the triazole ring
and two terminal nitrogens of hydrazine from two HATrs, and two 1-site nitrogens from
another two HATrs (figure 3). The bond lengths of Mn—N are between 2.204(18) and 2.329
(2) A with an average of 2.252 A in 1, whereas in 2, the Cd—N bond lengths are between
2.299(4) and 2.422(5) A with an average of 2.349 A. The octahedral coordination sphere is
Jahn—Teller distorted along the N6-M—-N1A axis (e.g. Mn1-N6=2.314(2) A, Mn1-N1A =
2.216(2) A; Cd1-N6=2.414(4) A, and Cd1-N1A =2.312(4) A). The N-M-N angles (e.g.
<(N7B-Mn1-N8)=95.38(7)°, <(N8-Mnl-N12)=72.75(7)°, <(N7B-Cd1-N8)=93.51
(14)°, and <(N8-Cd1-N12)="70.71(15)°) in the N7B-N8-N12-N2 plane deviate from 90°
and indicate a distorted octahedral coordination sphere which is induced by the fixed
geometry of the HATr ligand.

In each metal complex, HATr is a chelating and bridging ligand with three coordination
sites at the same time. For 1 as an example, two five-member planar chelate rings were
formed by one Mn ion and two HATrs, resulting in minimum steric hindrance. Plane
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Table 3.  Selected bond lengths (A) and angles (°) for 1.

Mn1-N2 2.204(18) NI1-N2 1.402(3)
Mnl-N1A"! 2.216(2) N2-C2 1.318(3)
Mnl1-N6 2.314(2) N3-C1 1.360(3)
Mnl1-N8 2.223(19) N3-C2 1.345(3)
Mn1-N12 2.329(2) N3-N4 1.406(2)
Mnl1-N7B" 2.227(19) N5-C2 1.342(3)
N1-Cl 1.302(3) N5-N6 1.425(3)
N2-Mn1-N1A"! 93.05(7) C2-N2-Mnl 112.67(15)
N2-Mn1-N7B* 101.84(7) N1-N2-Mnl 140.77(14)
N1A*'-Mn1-N7B* 91.54(7) CI-N1-N2 107.10(19)
N2-Mnl-N8 160.33(7) C1-N1-Mn1A"! 126.42 (16)
N1-Mn1-N8 95.95(7) N2-N1-Mn1A*! 126.09(14)
N8-Mn1-N7B* 95.38(7) C2-N3-C1 105.93(19)
N1-Mn1-N6 167.21(7) C1-N3-N4 130.90(2)
N2-Mn1-N6 74.19(7) C2-N3-N4 122.90(2)
N7B*-Mn1-N6 90.27(8) C2-N5-N6 114.00(18)
N8—Mn1-N6 96.48(7) N5-N6-Mnl 109.98(14)
N1-Mnl1-N12 92.08(9) N1-C1-N3 110.2(2)
N2-Mn1-N12 89.51(7) N2-C2-N5 126.02)
N7A*1-Mn1-N12 167.89(8) N2-C2-N3 110.2(2)
N6-Mn1-N12 88.76(9) N5-C2-N3 123.7(2)
N8-Mn1-N12 72.75(7) C2-N2-N1 106.53(18)

Note: Symmetry transformations used to generate equivalent atoms: #1 —x+ 1, —-y+1, —z+2, #2 —x, -y + 1,
—Zz+2.

Table 4.  Selected bond lengths (A) and angles (°) for 2.

Cd1-N2 2.299(4) NI-N2 1.404(6)
CdI-N1A"! 2.312(4) N2-C2 1.330(6)
Cd1-N6 2.414(4) N3-C2 1.355(6)
Cd1-N8 2.324(4) N3-C1 1.361(7)
Cd1-N12 2.422(5) N3-N4 1.402(6)
Cd1-N7B* 2.323(4) N5-C2 1.339(7)
NI-C1 1.306(7) N5-N6 1.436(6)
N2-Cd1-N1A"! 95.06(15) C1-N1-Cd1A" 125.8(4)
N2-Cd1-N7B* 95.92(15) N2-N1-Cd1A" 125.0(3)
N1A#-Cd1-N7B* 90.46(16) C2-N2-N1 106.6(4)
N2-Cd1-N8 168.40(15) C2-N2-Cd1 112.9(3)
NI1A*'-Cd1-N8 91.60(15) N1-N2-Cdl 139.8(3)
N7B*2-Cd1-N8 93.51(14) C2-N3-C1 106.1(4)
N2-Cd1-N6 71.90(15) C2-N3-N4 122.4(5)
N1A*1-Cd1-N6 165.91(15) C1-N3-N4 130.8(5)
N7B*2-Cd1-N6 96.07(16) C2-N5-N6 115.5(4)
N8-Cd1-N6 100.41(15) N5-N6-Cd1 109.4(3)
N2-Cd1-N12 99.44(15) N1-C1-N3 110.3(5)
N1A*-Cd1-N12 92.77(17) N2-C2-N5 126.3(5)
N7B"-Cd1-N12 163.96(16) N2-C2-N3 109.7(4)
N6-Cd1-N12 84.38(17) N5-C2-N3 123.9(5)
N8-Cd1-N12 70.71(15) C1-N1-N2 107.3(4)

Note: Symmetry transformations used to generate equivalent atoms: #1 —x+1, -y +1, —z, #2 —x+2,
—y+1, =z

equations are: A, —1.742x—2.261y+14.711z=12.7432 (mean deviation, 0.0756 A) for
[Mnl, N2, C2, N5, N6] and B, 2.444x+ 11.101y+ 0.570z=6.1676 (mean deviation, 0.0926
A) for [Mn1, N8, C4, N11, N12], respectively, The angle between planes A and B is 100.7°.
One six-member planar ring was formed by four 1-site and 2-site nitrogens of triazole ring
bridging two Mn ions, and the equation is: C, —2.091x — 1.332y + 14.768z = 13.0565 (mean
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Figure 3. Coordination environment of the Mn®" in 1 (a) and Cd** in 2 (b). All hydrogens are omitted for clarity;
thermal ellipsoids are drawn at the 30% probability level.

deviation, 0.0140 A) for [Mnl, N2, N1, MnlA, N2A, N1A], the angle between the planes
A and Cis 4.5° and B and C is 97.8°.

The five-member and six-member rings give linear chains along the a axis, thus, a 1-D
coordination polymer is formed. Moreover, these 1-D polymeric chains are further con-
nected via hydrogen bonds forming a 2-D network structure in 2 (figure 4), all oxygens of
nitrate are acceptors in hydrogen bonds to nitrogens of amino and hydrazine groups from
HATTr ligands or oxygens of crystal water.

3.3. IR spectroscopy

The compounds were investigated through IR spectroscopy. The assignments of
absorptions were undertaken referring to values in the literature [30]. Strong
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oo
LY

Ao

oyF

Figure 4. A view of hydrogen bonds (dotted lines) linking the polymeric chains in 2.

absorptions are observed in spectra above 3000cm ', indicating N-H and O-H vibra-
tions. Here, the N-H valence vibration of the hydrazine group of the ligand is visible
as a relatively sharp absorption band at 3300-3151cm™', while the broadened vibra-
tions around 3400cm™' can be attributed to the absorptions of hydrogen bonded O-H
in complexes.

A relatively strong absorption at 1666-1650cm™' can be assigned to the C=N
vibration of the triazole ring, whereas the N-H wvalence vibration of NH, can be
detected by absorptions at slightly lower energy 1630-1577 cm™'. The C=N and N-N
vibrations of the triazole ring are shifted upon complexation to higher wave numbers
(1655 and 1036 cm™') for 1 compared with 1650 and 1006 cm™' of free HATr, while
the N-H valence vibrations shifted to lower wave number because of strong hydrogen
bonds between the amino, hydrazino, and nitrate, for example, from 3291 cm ! in HATr
to 3273 cm™ ' in 2.
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3.4. Thermal stability and non-isothermal kinetic analysis

DSC measurements to determine the decomposition temperatures of 1 and 2 were per-
formed at a heating rate of #=10°C min~'. Complex 1 decomposed with three exothermic
processes, while 2 had two exothermic peaks; the onset decomposition temperatures for 1
and 2 were 260 and 295 °C (figure 5), which showed that both complexes have good ther-
mal stability.

In the present work, Kissinger’s and Ozawa—Doyle’s methods are used to determine the
apparent activation energy (F) and the pre-exponential factor (4). The Kissinger (1) and
Ozawa—Doyle (2) equations are as follows:

din(B/T2)  E,

an) TR M
0.4567E,
p

where T}, is the peak temperature, °C; R is the gas constant, 8.314 ] M™'°C'; f is the linear
heating rate, °C min~'; and C is a constant.

We can infer that the exothermic process makes a dominant effect on the decomposition
of 1 and 2 from the DSC curves. Based on the DSC curves obtained under the conditions
of static air at four different heating rates of 5, 10, 15, and 20 °C min~ !, the values of the
peak temperature 7}, (°C), the apparent activation energies £y and E, (kJ M™!, where sub-
script k is Kissinger’s method and subscript o is Ozawa—Doyle’s method), the pre-exponen-
tial factor 4, (S'7) and linear coefficients R, and R, were determined by Kissinger’s
method and Ozawa-Doyle’s method. The detailed data and calculated kinetic parameters
are listed in table 5. The calculated results using both methods correspond well with each
other, and they are also all in the normal range of kinetic parameters for the thermal decom-
position reaction of solid materials [31]. The Arrhenius equation can be expressed using the

Heat flow(mW) endo up —

0 100 200 300 400 500
Temperature(°C)

Figure 5. DSC curves of 1 and 2 with a heating rate of 10 °C min™".
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Table 5. Peak temperatures of the first exothermic stage at different heating rates and
the kinetic parameters.*

Peak temperatures (°C)

Heating rates (°C min™') Complex 1 Complex 2

5 269.7 301.0

10 282.9 310.7

15 290.0 314.4

20 294.3 317.7

Ey (kTM™Y/In(4,/S™" /Ry 133.4/10.48/-0.9982 223.6/18.16/~0.9949
Eo (KIM YR, 135.6/-0.9984 221.8/-0.9953

“Subscript k: Kissinger’s method; Subscript o: Ozawa—Doyle’s method; R: linear correlation
coefficient.

calculators E, (the average of Ey and E,) and In Ay as follows: In k= 10.48-134.5 x 10*/RT
for 1 and Ink=18.16-222.7 x 10*/RT for 2. These equations can be used to estimate the
rate constants of the initial thermal decomposition process of the complexes.

3.5. Energies of combustion and enthalpies of formation

Energy of combustion and formation are significant characteristics to assess the energetic
properties of a new compound. In order to study the energies of combustion (AH = () and
the enthalpies of formation (A;H3y) of 1 and 2, constant volume energies of combustion
(Qy) of 1 and 2 were measured by oxygen bomb calorimetry as —7211.9 and —6953.7 kJ
M™!, respectively. The bomb combustion reaction equations might be as follows:

CgHngl’lzNngm + 1002 — 2Ml’102 + 8C02 + 14H20 + 14N2 (3)

CgH6CdyN»g013 + 90, — 2CdO + 8CO; + 13H,0 + 14N, )]
and the energies of combustion are as follows:

AH(1) = Oy = Oy + AnRT = —7186.25kI mol ™' (5)

AH(2) = O, = O, + AnRT = —6922.53 kI mol~! 6)

So, the energies of combustion for 1 and 2 were —7186.25 and 6922.53 kJ M~ both
were lower than [Cd(IMI),(N3),], (IMI=imidazole) [32] but higher than [Mg(CHZ);]
(ClO4), (CHZ = carbohydrazide) [6].

These two metal complexes have relatively thermodynamically stable structures. The
standard enthalpies of formation of 1 and 2 were back calculated from the energies of combus-
tion on the basis of equations. (3) and (4), and Hess’ Law as applied in thermochemical
equations (5) and (6). With the known enthalpies of formation of manganese dioxide
(AtHS05[MnO,, s]==519.7kIM "), cadmium oxide (AsHseg[CdO, s]=-2582kIM™"), car-
bon dioxide (ArHsos[CO,, g]=—393.5kIM™"), and water (A¢Hso[H,O, 1]=—285.8kIM ™),
the enthalpies of formation of 1 and 2 can now be calculated as:
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ArH3gg (1) = 2A¢Hsog (MnO3, 8) + 8ArHses (COy, g) + 14AsHsee (H20, 1) — AHC (1, 5)
= —1002.35kJmol ™!

()

AtHyog(2) = 2A¢Hy05(CdOy, s) + 8AcHs5(COy, g) + 13A¢HSeg (H20, 1) — AHC (2, s)
= —457.27kImol ™!

®)

4. Conclusion

Two new coordination polymers were prepared by reacting HATr with metal nitrates and
characterized via elemental analysis and IR spectroscopy. These complexes have a similar
configuration. X-ray single-crystal structures of 1 and 2 were obtained for the first time,
both central metal ions are six-coordinate with distorted octahedral structures by four nitro-
gens of two triazole rings and two terminal nitrogens of hydrazine groups. The structures
are made up of infinite 1-D chains running along the a axis of metal atoms linked by bridg-
ing-chelating HATr ligands. Furthermore, polymeric chains are held together forming a 2-D
network with hydrogen bounding interactions in 2. The non-isothermal kinetic analysis
results indicate that the Arrhenius equation can be expressed as In k=10.48-134.5 x 10°/RT
for 1 and Ink=18.16-222.7 x 10°/RT for 2, the energies of combustion and enthalpies of
formation of 1 and 2 were —7186.25, —6922.53, —1002.35, and —457.27kIM ", respec-
tively.

Supplementary material

Further information concerning the crystal structure determinations in CIF format is avail-
able in the Supporting Information from the Cambridge Crystallographic Data Center
(CCDC 979485 and 979484; http://www.ccdc.cam.ac.uk/data_request/cif; Cambridge Crys-
tallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223
336033; E-mail: deposit@ccdc.cam.ac.uk).
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