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The molecular geometry, electronic structure, infrared spectra and thermochemical properties of cobalt
and nickel tris(carbohydrazide) perchlorates (CoCP and NiCP) as well as copper bis(carbohydrazide) per-
chlorate (CuCP) were investigated using the Heyd-Scuseria-Ernzerhof (HSE) screened hybrid density
functional. The results show that both perchlorate ions coordinate with the copper atom, and the inter-
actions between copper and perchlorate are ionic, whereas all the metal-carbohydrazide interactions
are covalent. Due to the delocalization from the on_y bond orbital to the n*y antibond orbital, the amino
stretching vibrations of these complexes show considerable red-shift compared with those of free car-
bohydrazide ligand. The calculated heats of reaction and formation indicate that the formations of these
complexes are exothermic, and the order of their thermal stability is NiCP > CoCP > CuCP. These agree well
with the experimental results. Finally, we find that there is a relationship between the energy gap and
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1. Introduction

Transition metal perchlorate complexes with nitrogen-rich
ligands have attracted considerable attention, since they have supe-
rior explosive performances and can be widely used as lead-free
primary explosives [1-20]. Carbohydrazide (CHZ) is an interest-
ing azotic ligand with several lone-pair electrons. The structures
and properties of its energetic complexes have been extensively
studied experimentally [11-20]. There are two different cases for
coordination of the CHZ ligand in transition metal CHZ perchlorates.
Sinditskii etal.[12] and Zhanget al. [13,15,17,19] investigated their
molecular and crystal structures by means of X-ray single crystal
diffraction, and reported that CHZ coordinates through the carbonyl
O and amino N atoms, forming a five-membered ring. Further-
more, these complexes have six-coordinated octahedron features.
Recently, Talawar et al. [20] also characterized the molecular struc-
tures of CoCP, NiCP and CuCP by the metal content analysis, IR
spectra and electron spectroscopy. As displayed in Fig. 1, CHZ coor-
dinates through both end amino N atoms, forming a six-membered
ring. For CoCP and NiCP, three CHZ molecules simultaneously coor-
dinate with the metal atom. However, for CuCP, only two CHZ
molecules are coordinated to the copper atom.
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From these previously reported experimental results [11-20],
we find that, the stretching vibrations of the coordinated amino
groups of the CHZ complexes are shifted to lower wave number
compared with those of free CHZ ligand. Moreover, perchlorate
complexes containing different metal atoms have obvious differ-
ences in properties such as thermal stability and impact sensitivity.
It is well known that the macroscopic behavior is ultimately con-
trolled by microscopic properties such as the electronic structure
and interatomic forces. Thus, there is significant interest in the
basic properties of such energetic systems. Additionally, the inves-
tigation of the microscopic properties of energetic transition metal
complexes remains a challenging task. Theoretical calculations can
play an important role in investigating the physical and chemical
properties of complex compounds at the atomic level and in estab-
lishing the relationships between their structures and properties.
To the best of our knowledge, no theoretical work has appeared on
the title complexes.

Electronic structure calculations using the HSE screened hybrid
density functional produce results which compare very well to
experiment for equilibrium structures and properties of both
molecules and solids [21-28]. Therefore, in the present work,
the molecular geometry, infrared spectra, electronic structure and
thermochemical properties of Co, Ni and Cu CHZ perchlorate com-
plexes with the coordination model of six-membered ring are
systematically investigated using the HSE functional. Our main
purpose here is to examine the differences in the microscopic prop-
erties, and to understand their structure-property relationships.
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Fig. 1. The optimized structures of CoCP, NiCP and CuCP (hydrogen atoms are omitted for clarity).

2. Computational method

The equilibrium geometries and harmonic vibrational frequen-
cies of CoCP, NiCP and CuCP were calculated using the spin-
unrestricted HSE functional [21,22]. The SDD pseudo-potential and
basis set [29], that is, the energy-adjusted Stuttgart-Dresden effec-
tive core potential together with the [6s5p3d1f] valence basis, was
employed on the metal atoms, and the 6-31G** basis set[30,31] was
used for the remaining atoms. Some previous theoretical studies
[32-34] show that the density functional/SDD basis set combina-
tion can reproduce the geometries of transition metal complexes
with reasonable accuracy. Natural bond orbital (NBO) analyses
[35] were performed subsequently at the same level of theory on
each optimized structure. To better understand the metal-ligand
bonding scheme, the molecular orbital analyses were also per-
formed on the optimized structures of [Co(CHZ);]?*, [Ni(CHZ)3]?*
and [Cu(CHZ),]?* cations, respectively. Their molecular orbital dia-
grams were made using the GaussView program.

There are several methods to predict gas phase heats of forma-
tion from quantum mechanical calculations [36-42]. One method
mainly uses known heats of formation of isolated atoms and
calculated atomization energies to predict gas phase heats of for-
mation of molecules [36,37]. Another method is based on Hess’
Law [38] and uses a combination of quantum mechanical and
experimental information. The third method of predicting gas
phase heats of formation is atom and group-equivalent schemes
[39-42]. In this work, the gas phase heats of formation of the
studied compounds were calculated using the first approach spec-
ified in “Thermochemistry in Gaussian” white paper available
at http://www.gaussian.com/g_whitepap/thermo.htm [37]. Herein,
the calculation of heats of formation can be split into a couple of
steps. The first step is to calculate the heats of formation of the
molecule at 0K, and it can be expressed as:

AfH*(M, 0K) = ZfoHO(X, 0K) — ZDO(M) 1)

atoms

where M stands for the molecule, X represents each element which
makes up M, and x is the number of atoms of X in M. AH°(X, 0K) is
the heat of formation of the atomic elements at 0K, and their val-
ues are taken from JANAF Thermochemical Tables [43]. > Do(M)
is atomization energy of the molecule, which is readily calculated
from the total energies of the molecule (¢9(M)), the zero point
energy of the molecule (ezpg(M)) and the constituent atoms:

D DoM) =) " xeo(X) — £0(M) — ezpE(M) (2)

atoms

The second step is to calculate the heats of formation of the
molecule at 298 K:

AfH°(M, 298K) = AfH°(M, 0K) + (H;,(298K) — H},(0K))

- Z X(H(298 K) — Hz,(0K)) (3)

atoms

where Hp (298K) — Hy,(0K) and Hj5(298K) — Hy(0K) are the
enthalpy corrections of the molecule and atomic elements, respec-
tively. Because Hj(298K)—Hy(0K) does not depend on the
accuracy of the heat of formation of the atom, it is the same for
both the calculated and experimental data. Here, the enthalpy
corrections of atomic elements are obtained from JANAF Thermo-
chemical Tables [43]. The enthalpy correction for the molecule
equals Hcorr — €zpe(M), where Heory is the value printed out in the
line labeled “Thermal correction to Enthalpy” in Gaussian output.
According to Ref. [37], the number of atoms of each element is
the same on both sides of the reaction, all the atomic information
cancels out, and so the heats of reaction can be calculated simply
by the following equation, which only needs the molecular data:

ArHO(298K) = Z (‘90 + Hcorr)products - Z (‘90 + Hcorr)reactams
(4)

All of the calculations were carried out with a development version
of the Gaussian suite of codes [44].

3. Results and discussion
3.1. Geometric structure

The optimized geometries of CoCP, NiCP and CuCP are shown
in Fig. 1. All of them have C; symmetry and are energetic minima,
that is, they have no imaginary vibrational frequency. As shown
in Fig. 1, the optimized structures of CoCP and NiCP are very simi-
lar. Three CHZ molecules simultaneously coordinate with the metal
atom to form a slightly distorted octahedron. However, CuCP is
quite different from them in geometric structure, particularly in
the coordination of the perchlorate ions. As previously experimen-
tally reported for [Cu(ethylenediamine),(nitroformate),] [45] and
[Cu(ethylenediamine),(5-nitrotetrazolate),| [46], although only
two neutral bidentate ligand molecules are coordinated to the
copper atom, the complex also has hexa-coordinated octahedron
feature, because both outer anions are also coordinated with the
central metal atom.

The selected calculated bond lengths and bond angles of the
three complexes are summarized in Table 1. As the bond length of
M-N decreases, the bond angle of N-M-N increases. This trend is
identical to the CHZ complexes which form five-membered rings
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Table 1

The selected bond lengths (A) and bond angles (°) for the title complexes.2.
Species M-N M-0 N-M-N
CoCP 2.160 86.8
NiCP 2114 88.1
CuCP 2.058 2.295 88.7

@ Values are averaged.

[47,48]. It is noted that the bond length of Cu-O0 is longer than that
of Cu-N though the atomic radius of oxygen is shorter than that
of nitrogen [49]. This indicates that the interaction between the
Cu and N atoms is much stronger than that between the Cu and O
atoms.

3.2. Electronic structure

Natural population analysis was evaluated in terms of natu-
ral atomic orbital occupancies. Table 2 shows the atomic charge
distribution, electron configuration of the metal atom, as well as
the electron occupancy (eqcc) and Wiberg bond index (WBI) of
M-N bond. Here we can see that the effective valences of the
metal atoms approach 1, much smaller than 2, so the metal-ligand
interactions in these complexes have strong covalent character.
The atomic charge on each coordinated nitrogen atom is about
—0.73, more negative than that of the corresponding nitrogen
atom of the free CHZ ligand, indicating charge transfers when CHZ
molecule coordinates with the metal atom. Moreover, as previously
expected, negative charge of nearly —1 resides on each perchlorate
ion.

The formal electron configurations of Co, Ni and Cu atoms are
3d74s2,3d84s% and 3d'94s!, respectively. As shown in Table 2, com-
pared with these formal electron configurations, the 4s populations
decrease, whereas almost all of the 3d and 4p populations increase,
except the 3d population of Cu atom. This is because the 4s valence
orbital of the Cu atom is only occupied by one electron, and it
must transfer a few 3d electrons to form the current valence. From
detailed NBO analysis, we can conclude that the population excess
over the formal configuration mainly arises from strong donations
from lone-pair electrons on the coordinated nitrogen atoms, as well
as on-y and on_n bond orbitals of the ligands.

The WBI arises from the manipulation of the density matrix in
the orthogonal natural atomic orbital basis derived through the nat-
ural population analysis. The WBI expresses the sum of squares
of density matrix elements and relates to the bond characteristic
closely [50,51]. As presented in Table 2, the WBIs of M-N bonds are
larger than 0.28, and the ey of M-N bonding orbitals are close to
1. Thus, the bonding between the metal atoms and the CHZ ligands
is covalent. However, the average WBI of Cu-0 is only 0.19, much
smaller than that of Cu-N. Additionally, there is no Cu-0 bonding
orbital. Therefore, the interaction between the Cu atom and the
perchlorate ion is ionic in nature and the electrostatic interaction
dominates the corresponding metal-ligand interaction [47,48].

Table 2

Atomic charge on each metal atom, coordinated N atom and perchlorate ion; elec-
tron configuration of the metal atom; as well as eq.c and WBI of M-N bond for the
studied compounds.?.

Species  Atomic charge Electron configuration M-N

M N ClO4 4s 3d 4p G WBI
CoCP 0840 -0.741 -0862 029 728 050 0983 0.281
NiCP 0764 -0.729 -0.861 0.29 833 053 0984 0.291
CuCP 0858 -0.726 -0.793 033 929 047 0973 0.300

To further study the characteristic of M-N bonds, a detailed
NBO analysis of [Co(CHZ)3 ]2, [Ni(CHZ)3]?* and [Cu(CHZ);, |%* is per-
formed. Their molecular orbital pictures made using the GaussView
program are displayed in Fig. 2. Apparently, their highest occu-
pied molecular orbitals (HOMOs) mainly represent nonbonding
orbitals occupied by the lone-pair electrons of the O and N atoms,
and the nonbonding 3d orbitals of the metal atoms. HOMO_qq
for [Co(CHZ)3]2* and [Ni(CHZ)3]?** and HOMO_;, for [Cu(CHZ),]?*
are m-bond orbitals largely responsible for the coordinate bonding
between the central atom and the vicinal N atoms. For [Co(CHZ)3]%*
and [Ni(CHZ);]?*, the covalent 7 bonds arise from a valence bond-
ing electron density overlap between the sp3d? hybridization
valence orbitals of the metal atom and the sp%5 hybridization coor-
dinated N atoms. For [Cu(CHZ),]?*, the 7 bonds result from the
same interactions, but the Cu and adjacent N atoms have sp2d and
sp3- hybridizations, respectively. Note that, for all of the three
complex cations, the valence bonding electron is predominantly
donated by the coordinated N atoms, with only about 10% localiza-
tion on the central metal atom.

3.3. Infrared spectra

To investigate the influence of coordination on vibrational prop-
erties, we compared the simulated infrared spectra of the three
complexes with that of free CHZ ligand (see Fig. 3). Since density
functional methods usually overestimate the harmonic vibrational
frequencies and no scale factor is available for the HSE level of
theory, all theoretical frequencies reported here are listed as cal-
culated and are slightly larger than the experimental data [20].
From Fig. 3, it can be found that the IR spectra of CoCP and NiCP
are almost the same, but that of CuCP is somewhat different from
them. This is because CuCP differs obviously from CoCP and NiCP in
geometric structure. Herein, only some typical vibrational modes
were analyzed and discussed. For individual CHZ ligand, the strong
absorption peak observed at 1837 cm~! is raised from the stretch-
ing vibrations of carbonyl group. The two weak peaks about 3504
and 3674 cm~! can be assigned to the symmetric and asymmetric
stretching vibrations of the amino group, respectively. For the three
complexes, the IR stretching band corresponding to the carbonyl
group almost remains unchanged, in line with the structural feature
that the carbonyl oxygen atoms do not coordinate with the metal
atom. However, as shown in Fig. 3, the symmetric and asymmet-
ric stretching vibrations of NH, are shifted to lower wave number
(around 3350 and 3560 cm™!, respectively, or 3330 and 3500 cm™!
for CuCP) compared to those of free CHZ ligand. This trend of vibra-
tional frequency is in good agreement with the experimental result
[20] and it theoretically confirms that FTIR is an effective and reli-
able method to characterize the coordination model.

Why do the amino stretching vibrations in the complexes
show considerable red-shift? This is due to donor-acceptor
(bond-antibond) interactions between the ligand and the metal
atom, especially the delocalization from on_y bond orbital to n*y
antibond orbital [47,48]. As can be seen from Table 3, the ey of the
localized on_y bond orbital decreases as CHZ coordinates with the
metal atom. Subsequently, the resulting bond length increases, but
the WBI and vibrational frequency decrease remarkably.

Table 3
Bond length (b, A), e,cc and WBI of amino N-H bond of the free CHZ ligand and its
complexes.?.

Species e b WBI

CHZ 1.992 1.018 0.824
CoCP 1.983 1.024 0.746
NiCP 1.983 1.025 0.745
CuCP 1.983 1.027 0.744

2 Values are averaged except the natural population of the metal atom.

2 Values are averaged.
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Fig. 2. Some molecular orbital pictures of [Co(CHZ)3]?*, [Ni(CHZ)3]** and [Cu(CHZ), ]**.

3.4. Heats of reaction and formation

The metal CHZ perchlorates are experimentally synthesized
by the following reaction: M(ClO4); + nCHZ — [M(CHZ),](ClO4);

Table 4

Calculated heats of reaction (A;H°, kcal/mol) and formation (AsH°, kcal/mol) at
298K, and experimental initial decomposition temperature (T;,°C) of the three
complexes.

[13,15,17,19,20]. For CoCP and NiCP, n equals 3; for CuCP, n equals Species Qugr Sock g
2. Here, we calculated the heats of reaction of the aforementioned AH° —44.7 —68.9 —-88.4
reactions using Eq. (4). The corresponding computed heats of reac- AfH 103.3 59.6 54.9
tion are listed in Table 4. It can be seen that all the values of the T 120 220 260
heats of reaction are negative. Therefore, the formations of these
complexes are exothermic, which is in agreement with the exper-
imental result [20].
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Fig. 3. The calculated IR spectra of free CHZ ligand and its complexes.
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Itis well known that the evaluation of explosive performances of
energetic materials requires the knowledge of the heats of forma-
tion. Unfortunately, it may be impractical or dangerous to measure
the heats of formation of energetic materials and unstable com-
pounds experimentally. However, the computational approaches
have shown great advantages for obtaining the heats of formation
of these demanding materials [52-57]. A previous theoretical study
[58] in which the heats of formation are also computed using the
method specified in “Thermochemistry in Gaussian” white paper
reveals that the inclusion of exact exchange terms in DFT methods
generally results in more consistently accurate results for the heats
of formation of transition metal systems. Therefore, the presented
heats of formation calculated at the HSE/SDD/6-31G** level of the-
ory are accurate and reliable. The gas phase heats of formation of
the studied compounds are shown in Table 4 together with their
experimental initial decomposition temperature [20]. The heats of
formation of CoCP, NiCP and CuCP are positive, indicating that these
three compounds are thermodynamically unstable in gas phase.
Furthermore, heat of formation is one of the important factors that
go into thermal stability. Just according to the calculated heats of
formation, we can conclude that NiCP is the most stable; CuCP is
the least stable; and CoCP has the moderate stability. Obviously,
this theoretical thermal stability order agrees well with the exper-
imental thermal stabilities deduced from the initial decomposition
temperature [20].

3.5. Correlation of energy gap with impact sensitivity

In this section, an attempt is made to correlate the impact sen-
sitivity of the three complexes with their electronic structure. The
energy gap between the HOMO and LUMO (lowest unoccupied
molecular orbital) is an important parameter to characterize the
electronic structure of molecules. Gilman [59-62] has emphasized
the role of energy gap closure in the explosion of molecules suffer-
ing shear strain. It is well known that the HOMO-LUMO gap retains
close connection to some molecular properties. Here we discuss
the correlation of energy gap with impact sensitivity. The energy
gaps of the three complexes computed using the HSE functional are
listed in Table 5 along with their experimental impact sensitivities
[20]. Energetic materials with smaller hsgy value are more sensitive
to impact. Thus, from Table 5, it can be seen that the HOMO-LUMO
gap increases in the order of CuCP, CoCP, NiCP, while the exper-
imental impact sensitivity decreases in the following sequence:
CuCP > CoCP > NiCP. That is to say, the smaller energy gap corre-
sponds to the higher impact sensitivity. The initiating reaction of
detonation due to external mechanical stimulus is taken to be an
electronic excitation process [63-65], thus a possible explanation
may be that the smaller the energy gap, the easier the electron
transfers from the HOMO to the LUMO and the easier the energetic
molecule explosively decomposes.

A previous investigation has also shown [66] that there is a rea-
sonable correlation between the impact sensitivity of 50 organic
explosives and the HOMO-LUMO energy gap. In periodic solids, of
course, the HOMO and LUMO form the valence band and the con-
duction band, respectively. So the equivalent of HOMO-LUMO gap
is the band gap. Numerous theoretical studies [67-74] on the ener-
getic solids have shown that the band gap can be correlated with the
impact sensitivity. Beyond all doubt, these observations and results

Table 5
Calculated energy gap (AE, eV) and experimental impact sensitivity (hsey, cm) for
the studied complexes.

Species CuCP CoCP NiCP
AE 3.59 4.55 5.80
hsox 11 55 60

strongly support our conclusion here that there is the relationship
between the energy gap and impact sensitivity.

4. Conclusions

We have performed a detailed density functional theory study
of the geometry, electronic structure, infrared spectra, and thermo-
chemical properties of CoCP, NiCP and CuCP. The obtained results
show that all of the three complexes have six-coordinated octa-
hedron features. Both perchlorate ions also coordinate with the
copper atom. Detailed NBO analyses indicate that the Cu-O coordi-
nation bonds are ionic in nature, whereas the M-N coordination
bonds are covalent, and the bonding electron is predominantly
donated by nitrogen. As previously reported in experiment, the
stretching vibrations of amino group show considerable red-shift
because of the donor-acceptor interactions between the ligand
and metal atom. The calculated thermochemical properties indi-
cate that the formations of these complexes are exothermic and the
order of their thermal stability is NiCP > CoCP > CuCP. These are in
agreement with the experimental results. It is also found that there
is a relationship between the energy gap and impact sensitivity for
the three complexes.

Acknowledgments

This work was supported by the National Natural Science Foun-
dation of China (Grant No. 20471008), the State Key Laboratory
of Explosion Science and Technology, Beijing Institute of Technol-
ogy (Grant No. KFJJ08-06, Grant No. ZDKT08-1-4), the 111 project
in China (Grant No. B07012), and the program for new century
excellent talents in university. Huisheng Huang is grateful for
the financial aids from the China Scholarship Council (Grant No.
2008100950) and thanks Professor Gustavo E. Scuseria for his hos-
pitality during his stay at Rice University where these calculations
were carried out.

References

[1] B. Morosin, R.G. Dunn, R. Assink, T.M. Massis, ]J. Fronabarger, E.N.
Duesler, The secondary explosive tetraammine-cis-bis(5-nitro-2H-tetrazolato-
N?)cobalt(Ill) perchlorate at 293 and 213K, Acta Crystallogr. C 53 (1997)
1609-1611.

[2] M.B. Talawar, A.P. Agrawal, S.N. Asthana, Energetic co-ordination compounds:
synthesis, characterization and thermolysis studies on bis-(5-nitro-2H-
tetrazolato-N? tetraammine cobalt(Ill) perchlorate (BNCP) and its new
transition metal (Ni/Cu/Zn) perchlorate analogues, ]J. Hazard. Mater. A 120
(2005) 25-35.

[3] A.Y. Zhilin, M.A. llyushin, L.V. Tselinskii, Y.A. Nikitina, A.S. Kozlov, L.V. Shugalei,
Complex energetic perchlorates of cobalt(Ill) amminates, with cyclopen-
tamethylenetetrazole as ligand, Russ. J. Appl. Chem. 78 (2005) 188-192.

[4] A.Y. Zhilin, M.A. Ilyushin, LV. Tselinskii, A.S. Kozlov, LS. Lisker, High-energy-
capacity cobalt(IIl) tetrazolates, Russ. ]. Appl. Chem. 76 (2003) 572-576.

[5] G. Singh, S.P. Felix, D.K. Pandey, Studies on energetic compounds. Part 37.
Kinetics of thermal decomposition of perchlorate complexes of some transition
metals with ethylenediamine, Thermochim. Acta 411 (2004) 61-71.

[6] G. Singh, C.P. Singh, S.M. Mannanb, Kinetics of thermolysis of some transition
metal perchlorate complexes with 1,4-diaminobutane ligand, Thermochim.
Acta 437 (2005) 21-25.

[7] RK. Weese, A.K. Burnham, Properties of CP: coefficient of thermal expansion,
decomposition kinetics, reaction to spark, friction and impact, Propell. Explos.
Pyrotech. 31 (2006) 239-245.

[8] Y. Cui, J. Zhang, T. Zhang, L. Yang, ]. Zhang, X. Hu, Synthesis, structural inves-
tigation, thermal decomposition mechanism and sensitivity properties of an
energetic compound [Cd(DAT)s](ClO4), (DAT=1,5-diaminotetrazole), J. Haz-
ard. Mater. 160 (2008) 45-50.

[9] K. Karaghiosoff, T.M. Klapotke, C.M. Sabaté, Energetic silver salts with 5-
aminotetrazole ligands, Chem. Eur. J. 15 (2009) 1164-1176.

[10] V.P. Sinditskii, V.V. Serushkin, Design and combustion behaviour of explosive
coordination compounds, Def. Sci. J. 46 (1996) 371-383.

[11] V.P.Sinditskii, A.E. Fogelzang, M.D. Dutov, V.V. Serushkin, S.P. Yarkov, B.S. Svet-
lov, Complex-compounds of carbohydrazide with copper(Il) salts, Zh. Neorg.
Khim. 31 (1986) 1759-1765.

[12] V.P. Sinditskii, A.E. Fogelzang, M.D. Dutov, V.I. Sokol, V.V. Serushkin, B.S. Svet-
lov, M.A. Poraikoshits, Structure of complex-compounds of metal chlorides,



26 H. Huang et al. / Journal of Hazardous Materials 179 (2010) 21-27

sulfates, nitrates and perchlorates with carbohydrazide, Zh. Neorg. Khim. 32
(1987) 1944-1949.

[13] ]J.-G. Zhang, T.-L. Zhang, Z.-R. Wei, K.-B. Yu, Studies on preparation, crystal
structure and application of [Mn(CHZ);](ClO4),2, Chem. ]J. Chin. Univ. 22 (2001)
895-897.

[14] Y.-H. Sun, T.-L. Zhang, ].-G. Zhang, L. Yang, X.-]. Qiao, Decomposition kinetics of
manganese tris (carbohydrazide) perchlorate (MnCP) derived from the filament
control voltage of the T-jump/FTIR spectroscopy, Int. ]J. Therm. Sci. 45 (2006)
814-818.

[15] C.-H. Lu, T.-L. Zhang, L.-B. Ren, Preparation, molecular structure and explo-
sive properties of [Co(CHZ)3;](ClO4);, Chin. ]J. Explos. Propell. 23 (2000)
31-33.

[16] Y.-H. Sun, T.-L. Zhang, ].-G. Zhang, L. Yang, X.-]. Qiao, Kinetics of flash pyrolysis
of [Co(CHZ)3](Cl04), and [Ni(CHZ)3](ClO4),, Acta Phys. Chem. Sin. 22 (2006)
649-652.

[17] C.-H. Lu, T.-L. Zhang, R.-J. Cai, Synthesis, molecular structures and explosive
properties of [M(CHZ)3](ClO4), (M=Cd, Ni, Mn), in: Proceedings of 3rd Inter-
national Autumn Seminar on Propellants, Explosives and Pyrotechnics, Beijing,
China, 1999, p. 33.

[18] Y.H. Sun, T.L. Zhang, ].G. Zhang, X.J. Qiao, L. Yang, Flash pyrolysis study of zinc
carbohydrazide perchlorate using T-jump/FTIR spectroscopy, Combust. Flame
145 (2006) 643-646.

[19] Z.-R. Wei, T.-L. Zhang, C.-H. Lu, K.-B. Yu, A study of preparation and molecular
structure of [Cd(NH2NHCONHNH; )3](ClO4)3, Chin. J. Inorg. Chem. 15 (1999)
482-486.

[20] M.B. Talawar, A.P. Agrawal, J.S. Chhabra, S.N. Asthaha, Studies on lead-free
initiators: synthsis, characterization and performance evaluation of transition
metal complexes of carbohydrazide, J. Hazard. Mater. A 113 (2004) 57-65.

[21] J. Heyd, G.E. Scuseria, M. Ernzerhof, Hybrid functionals based on a screened
Coulomb potential, J. Chem. Phys. 118 (2003) 8207-8215.

[22] J. Heyd, G.E. Scuseria, M. Ernzerhof, Erratum: “Hybrid functionals based on a
screened Coulomb potential” [J. Chem. Phys. 118, 8207, 2003], J. Chem. Phys.
124 (2006) 219906.

[23] ]J.Heyd, G.E. Scuseria, Assessment and validation of a screened Coulomb hybrid
density functional, J. Chem. Phys. 120 (2004) 7274-7280.

[24] J. Heyd, G.E. Scuseria, Efficient hybrid density functional calculations in solid:
assessment of the Heyd-Scuseria-Ernzerhof screened Coulomb hybrid func-
tional, J. Chem. Phys. 121 (2004) 1187-1192.

[25] A.V.Krukau, O.A. Vydrov, A.F.Izmaylov, G.E. Scuseria, Influence of the exchange
screening parameter on the performance of screened hybrid functionals, J.
Chem. Phys. 125 (2006) 224106-224110.

[26] J. Paier, M. Marsman, K. Hummer, G. Kresse, I.C. Gerber, J.G. Angyan, Screened
hybrid density functionals applied to solids, J. Chem. Phys. 124 (2006)
154709-154721.

[27] J. Paier, M. Marsman, G. Kresse, Why does the B3LYP hybrid functional fail for
metal? J. Chem. Phys. 127 (2007) 024103-024112.

[28] C.Franchini, R. Podloucky, J. Paier, M. Marsman, G. Kresse, Ground-state prop-
erties of multivalent manganese oxides: density functional and hybrid density
functional calculations, Phys. Rev. B 75 (2007) 195128-195138.

[29] M. Dolg, U.Wedig, H. Stoll, H. Preuss, Energy-adjusted ab initio pseudopotenials
for the fist row transition elements, ]. Chem. Phys. 86 (1987) 866-872.

[30] W.J. Hehre, R. Ditchfield, J.A. Pople, Self-consistent molecular orbital methods.
XII. Further extensions of Gaussian-type basis sets for use in molecular orbital
studies of organic molecules, J. Chem. Phys. 56 (1972) 2257-2261.

[31] P.C. Hariharan, J.A. Pople, The influence of polarization functions on
molecular orbital hydrogenation energies, Theor. Chim. Acta 28 (1973)
213-222.

[32] M. Biihl, H. Kabrede, Geometries of transition-metal complexes from density-
functional theory, J. Chem. Theory Comput. 2 (2006) 1282-1290.

[33] W.P.Oziminski, P. Garnuszek, E. Bednarek, J.C. Dobrowolski, The platinum com-
plexes with histamine: Pt(II)(Hist)Cl,, Pt(II)(Iodo-Hist)Cl, and Pt(IV)(Hist),Cl,,
Inorg. Chim. Acta 360 (2007) 1902-1914.

[34] B.Sarkar, S. Patra, ]. Fiedler, R.B. Sunoj, D. Janardanan, S.M. Mobin, M. Niemeyer,
G.K. Lahiri, W. Kaim, Theoretical and experimental evidence for a new kind of
spin-coupled singlet species: isomeric mixed-valent complexes bridged by a
radical anion ligand, Angew. Chem. Int. Ed. 44 (2005) 5655-5658.

[35] A.E.Reed, L.A. Curtiss, F. Weinhold, Intermolecular interactions from a natural
bond orbital, donor-acceptor viewpoint, Chem. Rev. 88 (1988) 899-926.

[36] L.A. Curtiss, K. Raghavachari, P.C. Redfern, ].A. Pople, Assessment of Gaussian-2
and density functional theories for the computation of enthalpies of formation,
J. Chem. Phys. 106 (1997) 1063-1079.

[37] ]J.W. Ochterski, Thermochemistry in Gaussian, Gaussian, Inc, 2000.

[38] P.W. Atkins, Physical Chemistry, Oxford University Press, Oxford, 1982.

[39] D. Habibollahzadeh, M.E. Grice, M.C. Concha, ].S. Murray, P. Politzer, Nonlocal
density functional calculation of gas phase heats of formation, J. Comput. Chem.
16 (1995) 654-658.

[40] P. Politzer, Y. Ma, P. Lane, M.C. Concha, Computational prediction of standard
gas, liquid, and solid-phase heats of formation and heats of vaporization and
sublimation, Int. J. Quant. Chem. 105 (2005) 341-347.

[41] B.M. Rice, S.V. Pai, ]. Hare, Predicting heats of formation of energetic materials
using quantum mechanical calculations, Combust. Flame 118 (1999) 445-458.

[42] E.F.C. Byrd, B.M. Rice, Improved prediction of heats of formation of energetic
materials using quantum mechanical calculations, J. Phys. Chem. A 110 (2006)
1005-1013.

[43] M.W. Chase ]Jr., C.A. Davies, J.R. Downey Jr., D.J. Frurip, R.A. McDonald, A.N.
Syverud, JANAF Thermochemical Tables, J. Phys. Ref. Data 14 (Suppl. 1) (1985).

[44] MJ]. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, ].R. Cheeseman,
J.A. Montgomery, T. Vreven, K.N. Kudin, J.C. Burant, ].M. Millam, S.S. Iyengar, J.
Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A. Petersson,
H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, ].E. Knox, H.P. Hratchian,
J.B. Cross, C. Adamo, ]. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev, AJ.
Austin, R. Cammi, C. Pomelli, JW. Ochterski, P.Y. Ayala, K. Morokuma, G.A.
Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S. Dapprich, A.D. Daniels,
M.C. Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K. Raghavachari, ].B. Foresman,
J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, ]. Cioslowski, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, . Komaromi, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham,
C.Y. Peng, A. Nanayakkara, M. Challacombe, P.M.W. Gill, B. Johnson, W. Chen,
M.W. Wong, C. Gonzalez, ]J.A. Pople, Gaussian Development Version, Revision
F.02 ed., Gaussian, Inc., Wallingford, CT, 2006.

[45] L. Yang, ]. Zhang, T. Zhang, J. Zhang, Y. Cui, Crystal structures, thermal decom-
positions and sensitivity properties of [Cu(ethylenediamine),(nitroformate), |
and [Cd(ethylenediamine)s|(nitroformate),, J. Hazard. Mater. 164 (2009)
962-967.

[46] T.M.Klapotke, C.M. Sabaté, Safe 5-nitrotetrazolate anion transfer reagents, Dal-
ton Trans. (2009) 1835-1841.

[47] H. Huang, T. Zhang, J. Zhang, L. Wang, A screened hybrid density functional
study on energetic complexes: alkaline-earth metal carbohydrazide perchlo-
rates, J. Mol. Struct. (THEOCHEM) 915 (2009) 43-46.

[48] H. Huang, T. Zhang, J. Zhang, L. Wang, A screened hybrid density functional
study on energetic complexes: metal carbohydrazide nitrates, Int. ]. Quantum
Chem. (2009), doi:10.1002/qua.20709.

[49] http://en.wikipedia.org/wiki/Periodic_table.

[50] K.B. Wiberg, Application of the pople-santry-segal CNDO method to the cyclo-
propylcarbinyl and cyclobutyl cation and to bicyclobutane, Tetrahedron 24
(1968) 1083-1096.

[51] K.T. Petrov, T. Veszprémi, Hydrogen and silyl bridges in group 13
and 14 atom containing molecules, Int. J. Quantum Chem. 109 (2009)
2526-2541.

[52] D.A. Dixon, D. Feller, K.O. Christe, W.W. Wilson, A. Vij, V. Vij, H.D.B. Jenkins,
R.M. Olson, M.S. Gordon, Enthalpies of formation of gas-phase N3~, Ns* and
N5~ from ab initio molecular orbital theory, stability predications for N5*N3~
and N5*Ns—, and experimental evidence for the instability of Ns*N5;~, J. Am.
Chem. Soc. 126 (2004) 834-843.

[53] L.Turker, T. Atalar, Quantum chemistry study on 5-nitro-2,4-dihydro-3H-1,2,4-
triazol-3-one (NTO) and some of its constitutional isomers, J. Hazard. Mater. A
137 (2006) 1333-1344.

[54] L.M.Wang, D.E. Heard, M.J. Pilling, P. Seakins, A Gaussian-3X predication on the
enthalpies of formation of chlorinated phenols and dibenzo-p-dioxins, J. Phys.
Chem. A 112 (2008) 1832-1840.

[55] J. Zhang, H. Zheng, T. Zhang, L. Fen, Theoretical study for high-energy-
density compounds from cyclophosphazene. IIl. A quantum chemistry
study: High nitrogen-contented energetic compound of 1,1,3,3,5,5,7,7-
octaazido-cyclo-tetraphosphazene: N4P4(N3)g, Inorg. Chim. Acta 361 (2008)
4143-4147.

[56] W.-G. Xu, X.-F. Liu, S.-X. Lu, Theoretical investigation on the heats of forma-
tion and the interactions among the isocyano groups in polyisocyanoprismanes
CeHp_n(NC), (n=1-6), ]. Hazard. Mater. 162 (2009) 1317-1321.

[57] X.-W.Fan, X.-H.Ju, H.-M. Xiao, L. Qiu, Theoretical studies on heats of formation,
group interactions, and bond dissociation energies in neopentyl difluoroamino
compounds, J. Mol. Struct. (THEOCHEM) 801 (2006) 55-62.

[58] K.E. Riley, KM. Merz, Assessment of density functional theory methods for
the computation of heats of formation and ionization potentials of sys-
tems containing third row transition metals, ]J. Phys. Chem. A 111 (2007)
6044-6053.

[59] JJ. Gilman, Mechanochemistry, Science 274 (1996) 65.

[60] JJ. Gilman, Fast, faster, and fastest cracks, Philos. Mag. Lett. 77 (1998)
79-82.

[61] JJ. Gilman, Shear-induced metallization, Philos. Mag. B 67 (1993)
207-214.

[62] JJ. Gilman, Micromechanics of shear banding, Mech. Mater. 17 (1994) 83—
96

[63] M.M. KuKlja, E.V. Stefanovich, A.B. Kunz, An excitonic mechanism of detonation
initiation in explosives, J. Chem. Phys. 112 (2000) 3417-3423.

[64] T. Luty, P. Ordon, CJ. Eckhardt, A model for mechanochemical transforma-
tions: applications to molecular hardness, instabilities, and shock initiation of
reaction, J. Chem. Phys. 117 (2002) 1775-1785.

[65] W.L. Faust, Explosive molecular ionic crystals, Science 245 (1989) 37-42.

[66] A.V. Belik, V.A. Potemkin, N.S. Zefirov, Correlation between geometrical struc-
ture of molecules and impact sensitivity of explosives, Dokl. Akad. Nauk. SSSR
308 (1989) 882-886.

[67] H.-M. Xiao, Y.-F. Li, Banding and electronic structures of metal azides, Sci. China
Ser. B 38 (1995) 538-545.

[68] X.J. Xu, W.H. Zhu, H.M. Xiao, DFT studies on the four polymorphs of crystalline
CL-20 and the influences of hydrostatic pressure on &-CL-20 crystal, J. Phys.
Chem. B 111 (2007) 2090-2097.

[69] W.H. Zhu, ].J. Xiao, G.F. Ji, F. Zhao, H.M. Xiao, First-principles study of the four
polymorphs of crystalline octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine, J.
Phys. Chem. B 111 (2007) 12715-12722.

[70] W.H. Zhu, H.M. Xiao, Ab initio study of electronic structure and optical proper-
ties of heavy-metal azides: TIN3, AgN3, and CuNs, J. Comput. Chem. 29 (2008)
176-184.


http://en.wikipedia.org/wiki/Periodic_table

H. Huang et al. / Journal of Hazardous Materials 179 (2010) 21-27 27

[71] W.H. Zhu, H.M. Xiao, First-principles study of electronic, absorption, and ther-
modynamic properties of crystalline styphnic acid and its metal salts, ]. Phys.
Chem. B 113 (2009) 10315-10321.

[72] W.H. Zhu, X.W. Zhang, T. Wei, H.M. Xiao, First-principles study of crystalline
mono-amino-2,4,6-trinitrobenzene, 1,3-diamino-2,4,6-trinitrobenzene, and
1,3,5-triamino-2,4,6-trinitrobenzene, J. Mol. Struct. (THEOCHEM) 900 (2009)
84-89.

[73] H.Zhang, F. Cheung, F. Zhao, X.-L. Cheng, Band gaps and the possible effect on
impact sensitivity for some nitro aromatic explosive materials, Int. J. Quantum
Chem. 109 (2009) 1547-1552.

[74] H.Zhang,L.-J. Xu, F.-C.Zhang, X.-L. Cheng, G.-W. An, First principles study on the
structure and electronic properties of 2-nitrimino-1-nitroimidazolidine, Int. J.
Quantum Chem. 109 (2009) 720-725.



	A screened hybrid density functional study on energetic complexes: Cobalt, nickel and copper carbohydrazide perchlorates
	Introduction
	Computational method
	Results and discussion
	Geometric structure
	Electronic structure
	Infrared spectra
	Heats of reaction and formation
	Correlation of energy gap with impact sensitivity

	Conclusions
	Acknowledgments
	References


