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Two formamidine-type transition metal complexes of N,N'-bis(4-acetyl-5-methylpyrazol-3-yl)
formamidine (ampf) have been synthesized by a template reaction in methanolic solution of the
corresponding metal perchlorates and 4-acetyl-3-amino-5-methylpyrazole (aamp) precursor in the
presence of triethyl orthoformate. Compounds of composition [M(ampf)(H,0);](ClO4),-H,O
(M=Co", Ni") have been formed. The crystal and molecular structures of the compounds have
been determined by X-ray crystallography. The complexes were characterized by IR spectroscopy.
The thermal stability and the decomposition kinetics of the two potential explosives were deter-
mined by thermal methods.

Keywords: Co" perchlorate; Ni" perchlorate; N,N-Bis(4-acetyl-5-methylpyrazol-3-yl)formamidine;
Thermal decomposition

1. Introduction

Pyrazole derivatives and their coordination compounds with transition metals have
attracted attention due to applications in thin film precursors [1-3] or catalysts [4-6].
Many show remarkable biological activity [7-13]. Pyrazole-functionalized silica is applied
for quantitative extraction and elimination of Pb" from natural water [14], while trinitropy-
razole derivatives were considered as potential candidates for high-energy density materials
[15].

Ecologically safe “green” energetic materials have been sought [16] to replace lead
azide, mercuric fulminate, efc. with less toxic complexes [17, 18]. Metal complexes of
nitrogen-rich ligands may be suitable replacements [19, 20]. Coordination compounds

*Corresponding author. Email: hberta@uns.ac.rs

Journal of Coordination Chemistry
ISSN 0095-8972 print/ISSN 1029-0389 online © 2013 Taylor & Francis
http://dx.doi.org/10.1080/00958972.2012.761338



Downloaded by [Renmin University of China] at 10:51 13 October 2013

454 B. Hollo et al.

mostly based on tetrazole derivatives were reported as energetic materials [21-26]. Our
recent studies focused on compounds for special applications [27, 28]. Even with a
negative oxygen balance, due to the relatively high nitrogen content of N,N'-bis(4-acetyl-
5-methylpyrazol-3-yl)formamidine (ampf), its complexes could be candidates for high
chemical energy sources. Complexes of Co" and Ni" with ampf, methanol and nitrate,
synthesized recently in our laboratory [27, 28], after desolvation are relatively stable to
200 °C. Above this temperature, the decomposition takes place with a low-intensity exo-
thermic peak even in an inert atmosphere. To examine the influence of anion on complex
formation and its impact on thermal properties of potential explosives, metal perchlorate
complexes with ampf ligand are prepared. Here, we report the synthesis, crystal structure,
thermal properties, and decomposition kinetics of ampf complexes with perchlorate counter
ion [M(ampf)(H,0);](ClO4),-H,O (M=Co, Ni). The assignment of the FT-IR spectra
supported by density functional theory computations is attached as supporting material.

2. Experimental

2.1. Cautions

As perchlorates are energetic materials, special attention should be paid to protective mea-
sures during syntheses and the compounds must be handled with great care. At small-scale
preparations, we encountered no difficulties.

2.2. Materials and measurements

All chemicals were commercial products of analytical reagent grade. IR data were col-
lected on a Thermo Nicolet NEXUS 670 FT-IR spectrometer at room temperature using
KBr disks from 4000 to 400 cm ™', while in the far IR, 600-180cm ™!, using Csl pellets. In
all measurements, a resolution of 4cm ' was applied. Simultaneous thermogravimetry/dif-
ferential scanning calorimetry data were obtained using SDT Q600 TA Instruments thermal
analyzer at heating rates of 10, 5, and 2°Cmin " in nitrogen (100 cm® min') and alumina
sample pan with corresponding empty reference pan. The sample mass was 0.5-0.7 mg.
The molar conductivities of freshly prepared 1-10 > moldm  solutions of the complexes
were determined at room temperature using a digital conductivity meter Jenway 4010.

2.3. Synthesis of the complexes

Syntheses of the complexes were carried out by reaction of the corresponding metal per-
chlorates and precursor 4-acetyl-3-amino-5-methylpyrazole (aamp). From tested metal/
ligand mole ratios, only that of 0.8/1.0 resulted in single crystal formation. The mixture of
metal perchlorate and ligand precursor (0.8 and 1.0 mmol, respectively) was dissolved in
10cm® MeOH by mild heating. To the warm solution, 3 cm’® triethyl orthoformate (teof)
was added continuing the heating for an additional five minutes. In 5 days, the cobalt com-
pound precipitated in the form of orange crystals, while the nickel compound formed light
blue crystals. The crystals were filtered off, washed with MeOH, and air dried. The solu-
bility of the compounds in EtOH, MeOH, and acetone is low, but they are soluble in
dimethylformamide (DMF).
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[Co(ampf)(H,0)5](C104),-H,O (1), C13H24Nq014CLCo:  M,=618.20, yield: 30%,
Am(dmf)=115Secm?mol '. Selected FT-IR (KBr, cm™'): 1617(vs), 1549(vs), 1416(m),
1208(m), 1145-1114(s), 1090-1040(s), 630(m), 452(m).

[N1(ampﬂ(H20)3](CIO4)2HQO (2), C13H24N6014C12Ni1 Mr =61 796, yleld 23%,
Ap(dmf)=121 Sem? mol™'. Selected FT-IR (KBr, cm™'): 1621(s), 1599(s), 1421(m), 1207
(m), 1146-1110(s), 1088—1036(s), 636(s), 459(m).

2.4. Crystal structure determination and refinement

Diffraction data were collected on an Oxford Diffraction Gemini S four-circle goniometer
equipped with a Sapphire charge-coupled device detector and a graphite monochromated
Mo K, (A=0.71073 A) X-radiation source. The crystal to detector distance was 45.0 mm.
Data were reduced using the Oxford Diffraction program CrysAlis"™™ [29]. A semi-empiri-
cal absorption correction based on the intensities of equivalent reflections was applied, and
the data were corrected for Lorentz, polarization, and background effects [30]. The struc-
tures of the complexes were solved by direct methods [31] and refined on F* by full-
matrix least squares [32] with anisotropic temperature factors for non-H atoms. Hydrogens
belonging to ampf were placed at calculated positions and refined with isotropic displace-
ment parameters set to 1.2 times (1.5 for methyl) the equivalent isotropic U value of the
parent atom. All hydrogens of water were found in the difference Fourier map and refined
isotropic. The software used to prepare publication material included PLATON [33] and
WinGX [34]. The crystallographic data and structure refinement parameters of 1 and 2 are

Table 1. Crystallographic data and structure refinement parameters for 1 and 2.

Compound 1 2
Empirical formula [C0C13H22N605](C104)2H20 [NiC13H22N605](C104)2H20
M, 618.20 617.96
Crystal size 0.10 x 0.06 x 0.04 0.17 x 0.16 x 0.03
2 (A) MoK, 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P21/ P21/
a [A] 14.9067(9) 14.8880(3)
b [A] 13.4979(7) 13.5083(2)
c[A] 13.1760(8) 13.0861(3)
BI°] 110.338(7) 110.295(5)
v [A%] 2485.8(3) 2468.39(8)
VA 4 4
D, [gem™] 1.652 1.663
Abs. coeff. [mm '] 0.982 1.080
F(000) 1268 1272
0 range [°] 2.96-25.00 3.13-25.00
Index ranges —17<h<17 —14<h<17
—13<k<16 —16<k<15
—15<I<15 —15<I<15
Reflns. collected 11,117 12,331
Indep. reflns. 4361 4329
Parameters # 361 361
R, 0.0523 0.0386
Gof. on F* 1.080 1.058

Completeness 0.998 0.998
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summarized in table 1. Selected metal-ligand bond distances and angles for both com-
plexes are listed in table 2.

3. Results and discussion

3.1. Synthesis of the complexes

The synthesis of aamp [35] and its reaction with metal hydrates was already described
[36, 37]. Addition of teof alters the reaction route. Teof serves as dehydrating and ligand
forming agent. The methylene group of CH(C,Hs0); binds two aamp molecules and gives
complexes with N,N'-bis(4-acetyl-5-methylpyrazol-3-yl)formamidine ligand.

Despite that teof is added in excess, during 5days moisture from air decomposes the
excess CH(C,H50)3, and complexes with coordinated and crystal water are formed due to
the highly hygroscopic character of perchlorates. The molar conductivities of the com-
plexes are less than that for 2:1 electrolytes [38] and probably refer to ion pairing or to
lower mobility of the bulky complex cation in solution.

3.2. Crystal and molecular structures of the complexes

The molecular structures of the complexes with the corresponding atom numbering scheme
are presented in figure 1. Their geometry is octahedral and slightly distorted. The ampf
coordinates through N, N and O atoms of ampf ligand (in NNO mode) and forms two six-
membered metallocycles with the central atom in the equatorial plane. The condensed
metallocycles disturb the planarity of ampf. The fourth coordination place in the equatorial
plane and the axial positions are occupied by waters. The asymmetric unit also comprises
a lattice water. The M—L bonds are longer than 2.000 A in both compounds; Co-ligand
bonds being a bit longer than the corresponding Ni-ligand bonds are due to larger ionic

Table 2. Selected bond lengths [A] and angles [°] for 1 and 2.

1

Co-01 2.108(3) Co-04 2.052(3)
Co-02 2.113(4) Co-N1 2.087(3)
Co-03 2.114(4) Co-N3 2.057(3)
04-Co N1 91.5(1) 02 Co-03 83.9(2)
N1-Co-N3 87.5(1) 03-Co-N1 96.0(1)
N3-Co-02 87.9(1) N3-Co-04 175.8(1)
04-Co-02 93.1(1) N1-Co-02 175.4(1)
N1-Co-O1 93.8(1) 01-Co-03 167.2(1)
01-Co-02 87.0(1)

2

Ni-O1 2.084(3) Ni-04 2.012(2)
Ni-02 2.076(3) Ni-N1 2.045(2)
Ni-03 2.091(4) Ni-N3 2.016(2)
04 Ni N1 93.22(9) 02-Ni-03 84.6(1)
N1-Ni-N3 88.1(1) 03-Ni-NI 95.6(1)
N3-Ni-02 87.8(1) N3-Ni-04 176.34(9)
04-Ni-02 90.9(1) N1-Ni-02 175.9(1)
N1-Ni-O1 93.3(1) 01-Ni-03 168.4(1)
O1-Ni-02 87.1(1)
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Figure 1. The molecular structure [39] of 1. Hydrogens are omitted for clarity. The molecular structure of 2 is
identical.

radius of Co". The ampf donors bond stronger to the metal center in both compounds than
water as supported by somewhat longer M—OH, bonds. The values of angles N1-M-O1
and N1-M-03 are larger while the O2-M-0O1 and O2-M-03 are lesser than 90° referring
to a higher repulsion between ampf and axially positioned water than between water mole-
cules in the equatorial and axial positions. The six-membered metallocycles (M—N1-C2—
C3-C4-04 and M-NI1-C1-N2—C8-N3) deviate from planarity in both complexes. The
values of the torsion angles of N1-M-N3-C8 and O4-M-N1-C2 from the two metallocy-
cles are —10.3(3)° and 8.7(3)° in 1 and —10.7(3)° and 8.2(2)° in 2, similar to the structures
with ampf published earlier [27, 28]. The trans angles in 1 and 2 are less than 180°. On
the basis of the crystallographic data, we conclude that the complexes are isomorphous
and isostructural.

Beside the ionic interactions, perchlorate ions are strongly bonded to complex cations
by hydrogen bonds. Perchlorate ions are bonded to all surrounding water and ampf
molecules, generating three-dimensional (3D) hydrogen-bonded networks in the crystal.
A part of 3D H-bonding between complex cations, perchlorates, and crystalline water
molecules is viewed nearly along the a axis which is shown in figure 2. H-bonds
between complex cations are responsible for formation of relatively well-separated
column-like arrangement consisting of structural units arranged in layers perpendicular to
the b axis. The layers in direction of the a axis form interspaces approximately
positioned on (%, Y%, ¢) and (%4, %, c). The lattice water stabilizes the structure by
hydrogen bonds. The most important H-bond distances with corresponding angles are
listed in table 3.

Despite nitrate and perchlorate compounds with similar composition formed, the struc-
tures of the complexes with perchlorate are significantly different. In the perchlorate com-
pounds [M(amp_f)(H20)3]2+, M=Co", Ni", with distorted octahedral geometry in the
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Co=z0O =

Figure 2. A part of the 3D H-bonding (dashed lines) between complex cations, perchlorates, and crystalline
water viewed nearly along the a axis. M=Co" and Ni"". Hydrogens are omitted for clarity.

Table 3. H-bond distances [A] and angles [°] in 1 and 2.

D...A [A] D-H...A [°]

Donor-H. . .acceptor 1 2 1 2

Ol-Hlwa...06 (x, 2=y, —Y2+2) 2.762(6) 2.758(5) 169(5) 164(4)
Ol1-Hlwb...Ol11 (x, y, 2) 2.912(6) 2.935(4) 157(7) 170(5)
02-H2wa. . .NS5 (x, Yoa—y, —Y2+2) 2.766(5) 2.776(3) 175(6) 169(5)
02-H2wb...014 (1—x, —'2+y, 1.5—2) 2.927(7) 2.898(5) 162(7) 158(4)
03-H3wa. ..06 (x, y, z) 2.794(5) 2.806(4) 165(6) 170(5)
03-H3wb...012 (1—x, —}2+y, 1.5—2) 2.943(7) 2.989(5) 163(8) 142(5)
06-H6wa. . .O5(2—x, —Y2+y, 2.5—2) 2.810(5) 2.816(4) 173(6) 172(5)
06-H6wb. . .09 (x, y, 2) 2.865(7) 2.859(5) 172(6) 150(6)
N2-H2...07 2—x, —Y2+y, 2.5—2) 2.948(6) 2.916(5) 132.1(3) 132.4(2)
N2-H2...05 (x, y, 2) 2.747(4) 2.740(3) 130.6(2) 129.8(2)
N4-H4...08 2—x, —y, 2—2) 2.970(7) 2.960(5) 159.1(3) 158.0(2)
N6-H6...013 (1—x, 1—y, 2—2) 2.934(6) 2.928(5) 172.6(3) 171.0(2)

second coordination sphere is surrounded by perchlorate ions and, besides the water from
the first coordination sphere, with a water of crystallization, too. As a consequence, the
number of H-bonds is three times higher than corresponding nitrates. In addition, in the
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perchlorate compounds links between cations by H-bonds are mainly established through
anions (cation—anion—cation pattern). On the contrary, in the corresponding nitrates, H-
bonds link the cation centers directly.

The experimentally determined density of 1.6(1)gcm > for both complexes agrees well
with the calculated ones. The densities of 1 and 2 are higher by about 8% compared to the
densities of the corresponding nitrate compounds. Packing of 1 and 2 is realized by 3D H-
bond networks and the interspace becomes more dense than nitrates.

Both the different coordination mode and the higher density of perchlorate compounds
suggest enhanced energy release potential. This is supported by the thermal measurements:
the decomposition of the perchlorates is accompanied by a significantly higher exothermic
effect compared to the corresponding nitrates [27, 28].

3.3. Thermal data and kinetics of decomposition of 1 and 2

Decomposition of 1 and 2 starts with endothermic water loss at room temperature. By con-
trolled rate thermal analysis, the water content of both compounds is removed almost com-
pletely at ~ 150 °C. Some water residue, probably due to restricted diffusion, evaporates at a
very slow rate (<0.02% min ") to above 200 °C when a rapid, highly exothermic decomposi-
tion begins. The thermal stability and the released energy accompanying the decomposition
of the anhydrous cobalt(II) compound (1) is somewhat lower than that of 2. Decomposition
around 350 °C turns into slow endothermic reaction and in nitrogen it is not completed at
600 °C. Despite the sensitivity of potential explosives like 1 and 2 toward thermal decompo-
sition, the repeated measurements show very similar decomposition patterns.

According to the higher sensitivity of the balance compared to the heat flow measure-
ment, the kinetic calculations are based on the derivative thermogravimetry (DTG) data.

Decomposition of the solvent-free compounds consists of overlapping processes. For the
best fit, three constituent peaks were extracted from the corresponding DTG signal for each
complex. The result of the peak extraction at 5°C min ™" is shown in figures 3 and 4. Isostruc-
tural compounds usually have very similar decomposition patterns [40, 41]. However, with
sensitive equipment even slight differences in the decomposition can be detected [42]. The
process with the highest peak temperature is clearly dominant in the decomposition of 2
while in 1 the process with central peak temperature is principal at all three heating rates. The
mass loss data and peak maxima for separated processes are presented in table 4.

The thermal behavior of 1 and 2 is determined by the most intensive process. Therefore,
nonisothermal kinetic parameters are calculated on the basis of the dominant process for
both compounds, for 1 the second, while for 2 the third peak. However, a closer look to
these processes shows that they actually start even before the water residue is completely
removed, at a very slow rate (see figures 3 and 4). For determination of kinetic parameters,
the model-free Kissinger plot [43] and the Ozawa’s method [44] were used.

The calculation of kinetic parameters is based on the following equations:

LORIROI v
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Figure 4. Extracted DTG curves for 2.

Table 4. Mass loss data and the corresponding peak temperatures for the extracted peaks for 1 and 2 at f=2, 5,
and 10°Cmin' heating rates.

BI°Cmin”"] Amy [76] 4 [°C] Amy [%] 1 [°C] Ams [%6] 5 [°C]
1

2 43 218.0 359 252.1 13 2883
5 6.9 2325 35.7 265.5 35 295.8
10 3.7 242.9 422 273.6 2.1 316.0
2

2 3.6 261.4 10.1 280.8 43.2 303.9
5 3.8 268.4 8.4 292.4 48.9 315.1
10 5.2 283.2 4.8 3003 46.7 324.0
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Table 5. Nonisothermal kinetic parameters for the dominating exothermic process for 1 and 2.

Kissinger’s method Ozawa’s method
1 2 1 2
Ey [kImol '] 167.6 220.3 164.1 218.8
log(A) [s 14.0 17.4 11.3 12.8
r 0.996 0.999 0.997 0.999
AR\ 0.4567E
logh, = In( 2% ) - 222070 @)
Eo RTpi

In the equations f; denotes the heating rate, T}, is the peak temperature for the corre-
sponding heating rate, 4,/4, and E\/E, are the pre-exponential constant and the apparent
activation energy calculated by the Kissinger’s/Ozawa’s method, respectively. R is the gas
constant. The nonisothermal kinetic parameters presented in table 5 are calculated using
the data for heating rates p;=2, 5, and 10°Cmin'. The corresponding values of 4 and E
determined on the basis of the two methods are in good accord.

Comparison of the value of the average activation energy of 166kJmol ™' for 1 with lit-
erature data for energetic cobalt(Il) complexes [19, 20] shows that the values are similar.
For 2 the average value of E,=220kJmol™" is much higher than that found in Ni(Il) 1,4-
diaminobutane [45] and imidazole [46] complexes. While the strain in the metallocycles
enhances the energy release [47], the measured density of 1.6(1)gem™ for 1 and 2 is
common for metal complexes. The 3D hydrogen-bonded networks in the crystal stabilize
the compounds at low temperatures.

4. Conclusion

Two formamidine-type complexes with perchlorate ions have been synthesized and character-
ized by single crystal X-ray analysis, FT-IR spectrometry, and thermal analysis. The presence
of perchlorate affects the structure of the compounds. When using nitrate salts, besides an
NNO coordination mode of ampf, one anion coordinates to the metal. In perchlorate com-
pounds, the octahedron surrounding the metal center is established by the same coordination
mode of the ligand. However, instead of perchlorate coordination, three water molecules
occupy the remaining coordination sites around Co and Ni. The composition, the strain in the
metallocycles and the packing of [M(ampf)(H,0)3](ClO4),-H,O (M=Co, Ni) compounds
refer to their enhanced energy release potential and may be regarded as high chemical energy
sources. In spite of the fact that the new compounds have a somewhat lower nitrogen content
(<20%) and a negative oxygen balance, their apparent activation energy falls in the range
found in energetic cobalt(Il) and nickel(Il) complexes. Though the compounds are isomor-
phic and isostructural, their thermal decomposition patterns are significantly different.

Supplementary material

Crystallographic data (excluding structure factors) for 1 and 2 are deposited at the Cam-
bridge Crystallographic Data Center under codes CCDC 865873 and CCDC 865874,
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respectively. These data can be obtained free of charge via http://www.ccde.cam.ac.uk/cgi-
bin/catreq.cgi. Supplementary data associated with this article can be found in the online
version.
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