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Abstract

Metal carbohydrazide perchlorates (M(CHZ)3(ClO4)2, simplified as MCP, M = alkali

earth metals, Mn, Fe, Co, Ni, Cu, Zn, and Cd) are a series of stable and high-energetic

compounds, in which ZnCP as an environment-friendly and high energetic primary

explosive has been applied broadly in recent 10 years. Based on the traditional view-

points, the cleavage of Zn-N coordinative bond initializes the decomposition, where

the perchlorate is only an oxidizing agent in ZnCP. However, by applying CPMD

method, we prove the decomposition is not only from the cleavage of coordinative

bond, but also with the synergetic homolysis of the Cl-O bond of perchlorate. We

find the relationship between the explosive performance and the centre metal in

ZnCP. The electronic structure suggests Zn2+ is a stabilizer in the complex under the

ambient condition. But in the decomposition, Zn2+ is a catalyst and an anion-carrier

in the explosion. For ZnCP, the initial process of the decomposition proceeds as the

synergetic oxygen transferring mechanism, but it is a stepwise ring-opening mecha-

nism in the deflagration to detonation transition process. The total explosion path-

ways of ZnCP are descripted in our simulation.
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1 | INTRODUCTION

The traditional primary explosives containing heavy metal such as lead azide, lead styphnate, or mercury fulminate have been washed out caused

by their environmental pollution and very dangerous mechanic sensitivity.[1–4] There is a new series of energetic complexes containing the ligand

of carbohydrazide (, CHZ) with the external anion of perchlorate attracts many attentions in recent 10 years.[5–7] From 1988 to 2010, Sinditskii

and Zhang et al. synthesized the transitional metallic carbohydrazide perchlorate (including Mn, Co, Ni, Zn, Cd, and Cu) and studied their struc-

tures, thermal properties, sensitivities, and explosive properties.[8–14] ZnCP and CdCP appear the best explosive performances, which have been

generalized into the application in the industry based on the Talawar's research.[11]

Zinc carbohydrazide perchlorate (ZnCP, or named GTX in industry) is a kind of environment-friendly energetic primary explosives with accept-

able thermal stability, excellent fluidity and high density, which is synthesized by mixing CHZ and aqueous Zn(ClO4)2 with the molar ratio of 3:1

under 80�C.[9] ZnCP is different from the other compounds of metallic carbohydrazide perchlorate (MCP, M = alkali earth metals, Mn, Fe, Co, Ni,

Cu, Zn, Cd),[15] although all the MCP complexes appear the similar coordination pathways between the centre metals and the energetic ligands.

The initial decomposition temperature of most of them are above 240�C except CuCP (120�C) and FeCP (152.7�C).[14] As for ZnCP, there are

intensive continuous exothermic decomposition processes at 280~340�C. This indicates its excellent thermal stability at normal condition and
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excellent energetic characters in the explosion. Base on the experimental structure,[9] the three carbohydrazides as three bidentate ligands coordi-

nate with Zn2+ through the oxygen atoms in carbonyl groups and the terminal nitrogen atoms to form three 5-membered rings, while two perchlo-

rate anions balance the charges of center metal cation by Column interaction. The previous research indicates there are a large number of

intramolecular hydrogen bonds in the structure to stabilize the structure efficiently.[11,14] The DSC analysis of ZnCP indicates it is stable before

heating to 270�C. The main product in the decomposition is predicted as ZnO based on the experiment.[9]

As for its already application in the industry field and its excellent performances in the explosion, it should be an interesting topic to under-

stand what is the role of Zn2+ and ClO4
− in the equilibrium state and the decomposition. We applied CPMD method to simulate the explosion by

rising the temperature continuously to understand all the pathways in the process. This will help us to understand the speciality of ZnCP in the

family of MCP primary explosives.

2 | METHOD

There are five coordination positions in each molecular CHZ, we first discuss all the possible structures with different coordination pathways

between Zn2+ and CHZ in gas phase. All of them are optimized and analyzed under the level of BP86 with the basis set of 6-31+G(d,p) for C/H/

O/N atoms and Lanl2dz for Zn[16,17] in Gaussian 09 package[18] (Figure 1).

The optimization and electronic structure of crystal ZnCP is implemented in CASTEP program[19] based on the experimental XRD data.[9] The

GGA-PBE approximation is used for the exchange-correlation function in the optimization.[20] The PBE-type ultrasoft pseudopotentials with

valence states Zn (3d104s2), C(2s22p2), N(2s22p3), O(2s22p1), and H(1s1) were used to describe the core electrons. The 4 × 4 × 2 Monkhorst-Pack

meshes[21] are used for the Brillouin-zone integration in the optimization. A plane wave basis set with the cut-off energy of 550 eV has been used.

Structural relaxations including atomic positions, cell structures were carried out by BFGS method[22] until the residual forces and stresses were

less than 0.005 eV/Å and 0.05 Gpa. The optimized structures have been showed in Figure 2. The HSE06 functional are applied to calculate the

electronic properties based on the optimized crystal structure.

All the dynamic calculations were performed with Quantum Espresso 6.0 package.[23] We accomplish CPMD calculations[24] on the basis of

the optimized unit cell after making P1 symmetry. The time step is set as 4.0 a.u. (~0.1 fs) in the simulation. The kinetic energy cutoff for wave

functions is 40 Ry (544 eV) with the effective electron mass of 600 a.u. The PBE exchange-correlation functional was chosen, and core electrons

are taken into account using PBE-type ultrasoft pseudopotentials, for which the dimension of the grid is 21 × 21 × 21. In the simulation of CPMD,

the duration of the simulation was set as ~62.5 ps (around 625 000 steps). The oscillation frequency of the No_se thermostat[25] is set as 600 THz.

An NVT ensemble (keep number-volume-temperature as constants) was employed for the simulation box and the external temperature was grad-

ually increased by an increment of 100 K at the range of 100~3000 K. The extra high temperature is set for accelerate the decomposition, so that

we can possibly observe all the decomposition pathways in the finite time simulation. The time of the simulation for each step has been set as

1~5 ps (10 000~50 000 steps) for reaching the balanced system under the corresponding temperature. We keep studying the decomposition in

~62.5 ps including 625 000 steps in total. The reaction energies are analyzed by M06-2x/6-311 + G(d,p)[16] theoretical level in Gaussian 09 pro-

gram based on the results of CPMD simulation.

3 | RESULTS AND DISCUSSIONS

3.1 | The coordination environment of [Zn(CHZ)3]
2+

Based on the single-crystal structure,[9] three ligands coordinate with Zn2+ through N1 and O3 atoms (Figure 1B). In the complex, Zn2+ adopts

sp3d2 hybridization to provide six empty degenerate orbitals in the structure. As for the ligands, N1 and N5 atoms adopt sp3 hybridization. N2,

N4, C6, and O3 atoms adopt sp2 hybridization. Theoretically, all the N1/N2/O3/N4/N5 atoms in molecular CHZ are the potential coordination

sites in the complex (labeled in Figure 1, CHZ) caused by their abilities of donating lone electron pairs to the centre anion.

We calculated six possible coordination modes (A-F showed in Figure 1) between Zn2+ and CHZ ligands to understand the most stable coordi-

nation structure.[9] In the calculation, CHZ is considered as the bidentate ligand, where they coordinate with Zn2+ through the same two coordina-

tion atoms. We optimized their structures to compare their typical bond lengths, atomic charges, and Wiberg bond index (WBI), which is showed

in Figure 1. The total electronic energies of the six compounds are showed in Table 1, where B appears the lowest electronic energy, suggesting

its highest chemical stability, which is consistent with the experiment very well. In structure B, Zn-N1-N2-C6-O3 forms a planar five-membered

ring with the dihedral of 4� of N1-Zn-O3-C6. Except the angle of N1-Zn-O3 (77�), the other bond angle including Zn-O3-C6, O3-C6-N2, and

C6-N2-N1 are all around 120�. The bond lengths of the ligands are averaged after the coordination, suggesting the conjugative effect among

N1/Zn/O3/C6 decrease the electronic energy of the structure.

The stability of B should be related to this five-membered ring with the strongest conjugative effect (5c-4e bond) among the six structures.

For A, it is a triangle structure of N1-Zn-N2, leading to the polarized charge distribution in the complex. E is a four-membered ring with a weaker
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conjugative effect compared with that of B. In the structure C, D, and F, the carbonyl group is between the coordination bonds, where the

electron-withdrawing effect of the carbonyl group (Compare with B, the atomic charges of N and Zn both decreased) weakens the conjugative

effect and increase the electronic energy.

We calculate the reaction Gibbs free energies for the six isomers based on the corresponding synthesis reactions[9] of Zn2+ + 3CHZ ! [Zn

(CHZ)3]
2+, where the results are listed in Table 1. The formation of B decreases the chemical potential the most in the six reactions. Therefore, B

is the most stable conformation because of its delocalized 5c-4e bond, which appears the lowest chemical potential as the product of the synthe-

sized reaction.

As showed as Figure 1B, the WBI indicates Zn-N bond is the weakest bond in the compound, even weaker than that of Zn-O bond. So theo-

retically, the cleavage of Zn-N bond triggers the decomposition. The differences among the three WBI values of Zn-N bonds (0.19/0.185/0.186).

The calculated bond dissociation energy (BDE) of the first Zn-N coordinative bond in [Zn(CHZ)3]
2+ is 28.3 kcal/mol. The second and the third

F IGURE 1 The optimized six isomers of [Zn(CHZ)]2+ with the corresponding bond lengths, NBO atomic charges, and Wiberg bond index of
the coordination bonds (WBI). The optimized CHZ and the atom labels are boxed on the upper left. Purple: Zn, Blue: N, Red: O, Gray: C, White: H
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BDEs of Zn-N bonds in [Zn(CHZ)2]
2+ and [Zn(CHZ)]2+ are 20.7 kcal/mol and 12.7 kcal/mol. Both the WBI results and BDEs are suggesting the

three Zn-N bonds break stepwisely in the decomposition.

3.2 | Optimized structure of crystalline ZnCP

The crystal parameters are calculated as a = 10.04 Å (10.00 Å), b = 8.55 Å (8.43 Å), c = 21.35 Å (21.22 Å), β = 100.8� (100.9�), where the results in

the brackets are from the experiment. In crystalline ZnCP, each Zn2+ coordinates to three CHZ groups through N3/N30/N300 and O1/O10/O100 (d

(Zn-N1) = 2.17 Å, d(Zn-O3) = 2.17 Å, ∠(N2-Zn-O1) = 77.3�) with P21/N symmetry and monoclinic syngony (Figure 2A,B). Compared with the gas-

phase structure in Figure 1, the typical bond lengths in the five-membered ring are further averaged in the crystal structure caused by the

Madelung's energy and the Coulomb's interaction.

The electronic populations for Zn-O3 and Zn-N1 bonds are 0.19 and 0.12, respectively, which is consistent with the results of the gas-phase

structure, where Zn-N bond is more stable than that of Zn-O bond. The results of electronic population are similar with that of the WBI analysis

for molecular CHZ.

F IGURE 2 A, The optimized structure of
crystalline ZnCP; B, The conformation of
molecular [Zn(CHZ)3]

2+ in the crystal with the
labels at the corresponding atoms; C, The total
and partial density of states (DOS and pDOS)
of ZnCP

TABLE 1 The total electronic energy
Etot and formation Gibbs free energies
for the six isomers of complex ions
(kcal/mol)

[Zn(CHZ)3]
2+ A B C D E F

Etot 55.1 0a 65.5 74 55.2 115.6

ΔfGm
Θ −262.84 −324.43 −243.96 −243.79 −257.52 −200.26

aWe set the total electronic energy of B as zero for the comparison in B to F.
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We design three-step reactions for obtaining the energies of the stepwise ring-opening Zn-(CHZ)3 group as: [Zn-(CHZ)3]
2+ ! [Zn-(CHZ)2]

2

+ + CHZ, [Zn-(CHZ)2]
2+ ! [Zn-(CHZ)]2+ + CHZ and [Zn-(CHZ)]2+ ! Zn2+ + CHZ. All the structures of the ring-opening reactions are optimized

based on the solid ground-state ZnCP with the same theoretical level, where we only calculate one molecule in the cell with freezing all the other

atoms. The molecular CHZ are optimized in a cell of 30 × 30 × 30 Å. The energy of the first ring-opening is −149 kcal/mol. However, the second

and the third ring-opening reactions are endothermically, with the energies of 143 and 62 kcal/mol, which suggest it is more stable for [Zn-

(CHZ)2]
2+ than that of [Zn-(CHZ)3]

2+. The different reaction energies further suggest the stepwise mechanism in the decomposition.

We applied HSE06 functional to calculate the total and partial density of states (DOS and pDOS) for ZnCP as showed in Figure 2C. The band

gap of ZnCP is 5.02 eV, indicating its insulativity and stability. There are two energy regions of the valence electronic states from −20 ~ 0 eV. In

the lowest energy region, the energy bands at around −15 eV are mainly composed of C/N 2 seconds and 2p states with few contributions of O

2 seconds states. The top of the valence bands (−12 ~ 0 eV) are mainly composed of C 2p, N 2p, O 2p, and Zn 3d states, and of small part of O

2 seconds states, indicating the covalent properties of C-N, Zn-O, and Zn-N bonds. The overlap of the pDOS suggests there are more covalence

components in Zn-O1 bond compare with that of Zn-N2 bond. The covalence characters between Cl and O(Cl) atom can be found in DOS around

−6~ −8 eV. The overlap of Zn 3d and O(Cl) 2p electrons around −4 eV indicates there are obvious covalence components between Zn and O(Cl)

atom except for the Coulomb's interaction. The results of electronic population and DOS analysis both indicate the weakest bond is Zn-N1, which

should be the bond to trigger the continuous explosion in the decomposition.

3.3 | The thermal decomposition of solid ZnCP

Based on the optimized structure of ZnCP, we apply CPMD method to study its decomposition mechanism with the increased temperature. To

satisfy the requirements of the simulation, we test and confirm the virtual mass of electronics (600 a.u.) and the cut off energy (40 Ry, around

544 eV) to make sure the system is adiabatic with an appropriate force field for all the atoms. The atomic force field are listed in Table S1. The

temperature of ions, kinetic energies of virtual electrons and the total electronic energies are converged in a 1000-step energy initiation before

rising temperature for the system. All the relative results of tests are showed in Figure S1.

3.3.1 | The synergetic O transferring mechanism in the initiation of the decomposition

As showed in Scheme 1, the decomposition starts from the splitting of Cl-O bond, which is different from our hypothesis based on the analysis of

population. The population of Zn-N/Zn-O bond is 0.12/0.19. However, the population of Cl-O bond is 0.42, appearing higher stability than that

of Zn-O/Zn-N bonds. There is no doubt that Zn-N bond is the weakest bond in the structure. It vibrates dramatically and even breaks at

42.6684 ps (2200 K). However, there are no new fragments or new radical generated with the vibration of Zn-N bonds. As descripted in

Scheme 2, we find it is a reversible process of splitting and reconnection of Zn-N bond.

SCHEME 1 The splitting of Cl-O bond triggers the decomposition. The number showed on the arrows are suggesting the first formation time
of the corresponding structure

SCHEME 2 The reversible process of splitting and reconnection of Zn-N bond before the decomposition

WANG ET AL. 5 of 10



Actually, the departure of a CHZ ligand suggests the decomposition. At 44.1575 ps (2200 K), we first observe the breaking of Cl-O. Then O

radical as an attacking group gets close to the terminal N-H through H atom of one of the CHZ ligand, resulting in the synergetic bond cleavages

of Zn-N bond and Zn-O bond, corresponding to the ring-opening and the departure of one ligand.

We compare the reaction Gibbs free energies of the first ring-opening reaction of (1) and (2) (highlighted in Schemes 1 and 2) by applying

M06-2X method and 6-311+G(d,p) basis set. The ring-opening without O radical (Reaction (2)) requires the energy of 32.08 kcal/mol. However, it

is only 4.69 kcal/mol for the reaction (1) catalyzed by O radical.

Therefore, the initiation is triggered by the splitting of Cl-O bond, which further catalysis the first ring-opening reaction with the splitting of

Zn-N and Zn-O bonds synergetically. The sketch map of synergetic O transferring mechanism is showed as Figure 3.

3.3.2 | The stepwise mechanism in the explosion

It is stepwise mechanism for the three ligands dissociated from the center cation, where the three 5-membered rings open at 42.73 ps,

51.0281 ps, and 51.0358 ps, respectively. With the participation of O radical and ClO4
− in the first ring-opening step, CHZ loses hydrogen radical

successively started from the terminal N-H bond, where 2 equiv. H2O are formed by the combination of H� and �OH (Scheme 3). The enthalpies

of H2O-formation at 47.9996 and 48.5299 ps are −116.1 and −23.03 kcal/mol. The second combination of H� and �OH is accompanied with the

homolysis of the terminal N-H bond. The other two CHZ groups decompose as the similar way after the corresponding ring-opening reaction.

After completing the hemolysis of N-H bonds of CHZ, [(CHZ)2Zn]
2+ as a Lewis acid interacts with the strong Lewis acid of to terminate the

decomposition (Schemes 4 and 5). The combination of [(CHZ)2Zn]
2+ and terminal N atom results in the charge redistribution in the structure,

where N2O is formed caused by the splitting of C-N bond with the enthalpy of −150.73 kcal/mol (49.9115 ps). With the participation of pre-

formed H2O, [(CHZ)2Zn]
2+ transforms to (CHZ)2Zn(OH)2 caused by the Column interaction at 50.6120 ps (Scheme 4). Then the fragment of CHZ

interacts with Cl− and ClO4
− to terminate the first decomposition process from 51.7934 ps to 51.7944 ps (initialized by the departure of the first

F IGURE 3 The sketch map of synergetic O transferring
mechanism of ring-opening reaction

SCHEME 3 The cleavage of N-H
bonds in CHZ groups
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CHZ group, showed in Scheme 5). The enthalpies of formation of CO (51.7934 ps) and H2O/N2 (51.7944 ps) are −40.57 and − 222.63 kcal/mol

(in Scheme 5).

As showed in Scheme 6, We observe the second ring-opening reaction of [Zn(CHZ)2]
2+ triggered by the splitting of Zn-O bond at 51.0281 ps.

Different from the first ring-opening reaction, the neighbored Zn2+ catalyzes the decomposition of the second CHZ group, rather than the cataly-

sis of O radical. The generated H� combines with OH� to form water at 51.0281 ps with the enthalpy of −116.10 kcal/mol. We first find the

SCHEME 4 The role of Zn2+ played in the decomposition of CHZ

SCHEME 5 The first chain termination after the first departure of CHZ

SCHEME 6 The departure of the second CHZ

SCHEME 7 The termination of the
decomposition
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cleavage of N-N bond in CHZ's decomposition, results in the formation of -NH2, which is further reacted with H radical to form NH3 at

51.4229 ps. The positive enthalpy of reaction at 51.4229 ps (Scheme 6) is 36.5 kcal/mol. We observe the similar pathways in the generation of

N2, H2O, and NH3 in the decomposition of the second CHZ group, where the similar pathways can be found in Scheme 5.

At 51.0358 ps, we observe the last ring-opening reaction triggered by the cleavage of Zn-O bond. The cleavage of N-N bond and C-N bond

generate the hydrazino group and amino group. With the participation of ClO4
− and the hydrogen transferring, the final products are ZnCl2, NH3

F IGURE 4 The typical intermediates and products in the three-step decomposition process with the corresponding mechanisms, and
enthalpies, the time and temperature of their appearance

F IGURE 5 The relationship between the total energy and the simulation time (temperature). The lives of all the products are showed in
the box
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and CO2 (Scheme 7). We keep the temperature at 3000 K for another 5 ps (50 000 step), where we do not find any other new fragments pro-

duced. Therefore, we terminated the simulation at 3000 K. Different from the experimental speculation about the final product of Zn2+.[9] We did

not find the generation of ZnO and Zn(OH)2 at the last 10 ps (100 000 steps). The final products in the decomposition are ZnCl2, H2O, NH3, N2,

N2O, CO, and CO2. Based on the analysis of the simulation, the decomposition equation of ZnCP is as Equation (1).

Zn N2H3-CO-N2H3ð Þ3 ClO4ð Þ2 !ZnCl2 + 3H2O+4NH3 +N2 +3N2O+2CO2 +CO ð1Þ

It is the stepwise mechanism in the decomposition of ZnCP through three ring-opening steps (Figure 4). We summarize all the intermediates

and products in the whole decomposition process, including the products, the simplified mechanisms, the formation time of products and their

corresponding enthalpies (Three different colors in Figure 3). HCl and Zn(OH)2 in the decomposition of the first step are the intermediates, which

supply OH−, H+, and Cl− as catalysts in the continuous decomposition. Some typical products are snapshotted from the simulation as showed in

Figure S2.

The lives of all the products listed in Equation (1) are showed in the box of Figure 5. As showed in the bar chart, water is the main product

generated from the first ring-opening step to the termination. The incontinuity of the life of ZnCl2 is caused by temporary appearances of

Zn(OH)2 from 54 to 58 ps.

The relationship between the total energy and the simulation time (temperature) are showed in Figure 4. It is the process of deflagration to

detonation transition from 36 to 56 ps in the simulation (2000-2800 K), which is initialized by the synergetically bond cleavage of both Zn-N and

Cl-O bonds.

4 | CONCLUSION

In this paper, we analyze the structure and the explosion mechanisms of ZnCP. ZnCP as a popular primary explosive appears attracting stabilities

and high energy. In the most stable structure, O atom and one of the terminal N atoms as the coordination atoms participate in forming the

delocalized 5c-4e bond in the coordination structure. The weakest bond in ZnCP is Zn-N bond with the bond energy of 32.08 kcal/mol, which is

the solicitation bond in the explosion. Three Zn-N bonds appear different WBI values and BDEs, which suggest the three-step mechanism in the

decomposition.

As for the role of Zn2+, the electronic structure suggests Zn2+ is a stabilizer in the complex under the ambient condition. But in the decomposi-

tion, Zn2+ is a catalyst and an anion-carrier in the explosion.

Different for the traditional viewpoints that the cleavage of coordinative bonds triggers the continuous decomposition, we prove it is a syner-

getic O transferring mechanism in the initial period and a stepwise mechanism for ring-opening in the midterm. The synergetic cleavage of Cl-O

and Zn-N bond triggers the first ring-opening reaction and the continuous decomposition. The second ring-opening reaction is catalyzed by the

neighbored Zn2+. The third step of the ring-opening is caused by the weaker stability of [Zn-CHZ]2+ with the departure of CHZ groups.

ZnCP is already applied in the modern industry caused by its special stability and the high energy content in the explosion. This study is a the-

oretical research to reveal how Zn2+ affects the explosion, which is a significant step to make clear the explosive mechanisms in primary explo-

sives with different metals.
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