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1 | INTRODUCTION

Stable full-nitrogen energetic materials, such as Ny, N3~ N4, N5*, [cyclo-Ns]~, Ng, polymeric nitrogen, etc., attract much interest because of their

[1-5

extreme high-energy contents and environment-friendly products.l*~>! With the successful synthesis of complex (Ns)g(H30)3(NH4)4Cl, confirma-

tion of the structure of cyclopentazolate anion ([cyclo-Ns]7) is important because of its very broad application in the energetic area. In 2002, Vij

et al. first pointed out the structure of [cyclo-Ns]™ in the gas phase.l! Haas et al. demonstrated the existence of [cyclo-Ns]~ in anhydrous
tetrahydrofuran (THF) solution by using liquid chromatography and mass spectrometry.m The enthalpy of formation of the complex containing
[cyclo-Nis]™ is 8000 to 20 000 kJ/kg (3-8 times 2,4,6-trinitrotoluene (TNT) equivalency).!

In the crystal state, there are three effective pathways to stabilize [cyclo-Ns]™. First, the cross-link of hydrogen bond is a main reason to stabi-
lize [cyclo-Ns]~,"*! such as the [cyclo-Ns]~ in the complex of (Ns)s(Hz0)3(NH4)4Cl. Second, the derivative metallic complexes or energetic ionic
salts indicate that [cyclo-Ns]™ can be stabilized by metal cations as well, such as [Na(H,O)(Ns),]-2H,0, [TM(H20)4(N5s),]-4H,0, (TM = Mn, Fe, Co,
and Zn), and [Mg(H,0)(Ns),]-4H,0.°"11 |n addition, the energetic metal-inorganic frameworks (MIFs) are also synthesized successfully, such as
[Na(H,0)(Ns)]-2H,0 and [Nag(Ns)s(H20)3]n.2*¥ Finally, the anhydrous and nonmetallic ionic salts are prepared, which indicates that [cyclo-Ns]~
can be stabilized based on Coulomb interaction, such as 3,9-diamino-6,7-dihydro-5H-bis([1,2,4]triazolo)-[4,3-e:3",4'g][1,2,4,5]tetrazepine-
2,10-diium((DABTT?* (Ns)~,), N-carbamoylguanidinium ((Gu)*(Ns)™), and oxalohydrazinium pentazolate ((Oxahy)*(Ns)")..X4 It is normal to use the
metal-free energetic cations to stabilize [cyclo-Ns] ™ to form energetic ionic salts for better energetic performances.

In the crystal phase, [cyclo-Ns]~ can be stabilized by the Coulomb interactions, hydrogen bond, or coordination with metal cations.*> Rather
than stabilizing the crystal, it is an interesting problem to find the determined factor for stabilizing the individual molecular [cyclo-Ns]™. Based on
the Lewis acid-base theory, in order to enhance the stability of [cyclo-Ns]~, an effective method is to weaken the repulsion of lone pairs on N

atoms by introducing Lewis acidic ligands to combine with N atoms.
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Therefore, we consider BH; and AgCN as two representative Lewis acids to stabilize [cyclo-Ns]~, where BH3 and AgCN are both traditional
Lewis acids. BH; represents the traditional metal-free ligands. AgCN as a soft acid (Ag” is easy to be polarized) is usually utilized as a protective
group for high-activity clusters. Moreover, the argentophilic interaction!'® between the neighbored molecular AgCN represents the effect of
metallophilicity on the stabilization. [N5(H,O)s] ™ is also designed to evaluate the effect of an intramolecular hydrogen bond on the stabilization in
the anion. Based on the optimized structures, we compare their electronic structures and thermal stabilities to conclude that introducing Lewis
acid to the system is the most effective pathway to stabilize the [cyclo-Ns]™.

2 | COMPUTATION METHOD

We have applied four different theoretical methods and basis sets to optimize the systems, where the calculated N—N bond length (A) has been
compared with the experimental results from [cyclo-Ns]™ in Table S1. Then, we confirm the results by applying the MO062X/Def2TZVP!7-18] the-
oretical level to optimize all the structures in the GAUSSIAN 09 package.*”! To investigate the stabilities of [Ns(BHs)s]™, [Ns(AgCN)s]™, and

[Ns(H,0)s]~, we calculate the binding energies between [cyclo-Ns]~ and the ligands. Electrostatic potential (ESP)2Y!

analysis is performed to
research the electron distribution. Chemical bonding analysis is carried out using the adaptive natural density partitioning (AANDP) method.2~3°!
The visualization of the molecular orbital is displayed using the MOLEKEL 5.4 package.** Noncovalent interaction (NCI) plots are completed by
using Multiwfn®%2¢! and VMDE”! packages to confirm the argentophilic interaction in [N5(AgCN)s]~. The Wiberg bond index (WBI)[38] is also cal-
culated in the Multiwfn package.

In addition, we have implemented the Car-Parrinello molecular dynamics (CPMD) simulation®” to compare the initial decomposition of
[cyclo-Ns]~, [N5(BH3)s] ™, and [N5(AgCN)s]~. We build a 30 x 30 x 30 A box for each structure to avoid the interaction between the individual
anions. The total length of the simulation is about 2 ps (20 000 steps), with the fictitious electronic mass of 500 DO based on the convergence
test. Electron density cutoff energies of 40 Ry (544 eV) are set for the CPMD simulation with the Perdew-Burke-Ernzerhof function. We
employed an NVT ensemble with oscillation frequencies of 550 THz!*?! to control the temperature. All the CPMD simulations are performed
using Quantum Espresso package 6.0.14%!

3 | RESULTS AND DISCUSSION
3.1 | Geometry structure and chemical stability

The optimized structures of [cyclo-Ns]~, NH3BH3, [N5(BH3)s]~, [Ns(AgCN)s]~, and [Ns(H,O)s]™ are shown in Figure 1, where NH3BH; is calculated
for the comparison of B—N bond under different conditions. The positive frequencies in [N5(BH3)s]™ and [N5(AgCN)s]~ indicate that both the
structures are the minimum points of the corresponding potential energy surfaces. [N5(H,O)s]™ is also optimized but with virtual frequencies of
—23.84 cm™Y, indicating that H,O cannot stabilize the individual [cyclo-Ns]~ without intermolecular hydrogen bonds.

All the structures are compared, including the unstable [N5(H,0)s]~, to obtain the possible factors affecting the stability of [cyclo-Ns]™. The
calculated average bond distance of [cyclo-Ns]™ is 1.31 A, which is consistent with the experimental data (1.32 A),® and its bond length is aver-
aged between N—N and N=N bond, caused by the delocalization of the p electrons. The B—N bond length in the classic Lewis pairs of NH3BH3
(Figure 1) is 1.65 A, while the B—N length in [N5(BH5)s] ™ is 1.64 A, which indicates that the interaction of the B—N bond in [N5(BH3)s] ™ is stronger
than that of NH3BHj. The average N—N bond lengths of C; [Ns(BH3)s]™, D5, [Ns(AgCN)s]™, and Cs;, [Ns(H,0)s]™ are all 1.30 A at the same theo-
retical level.
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The energy gap between the highest occupied molecular orbital and the lowest unoccupied molecular orbital (HOMO-LUMO) is 7.48 eV for
[Ns(BH3)s]~, 6.99 eV for [N5(AgCN)s]~, and 11.61 eV for [N5(H,0)s]~. The calculated binding energy of the B—N bond of NH3BH3 is —44.8 kcal/
mol, which is reasonable compared to the previous theoretical calculation value (=37.5 # 3.6 kcal/mol).[*?! To investigate the interaction between
ligands and the anion, we studied the stabilization energies of [cyclo-Ns]~ affected by different numbers of ligands in [N5(BH3)s]™, [N5(H>O)s]™,
and [N5(AgCN)s]~ on the basis of Equation (1), where all the anions are simplified as [NsL,]~, and L and n indicate the ligands and the coordination
number, respectively. We define the binding energy (E,) of N-ligand as Equation (1):

Ey (N—ligand) = ([NsLa] ™) - E (NsLy-1] ") - E (L) (1)

The relationship between the interaction of the N-ligand and the coordination number is shown in Figure 2. The results of binding energy (Ep)
indicate that BH; and AgCN stabilize the [cyclo-Ns]~ effectively because the lone-pair electrons on the [cyclo-Ns]™ are shared by the Lewis acid
in the coordination. As shown in Figure 2, the binding energy is very strong when the coordination number is 1 or 2 in [Ns(BH3)s5]™ and
[N5(AgCN)s]~. When the coordination number increases, the binding energy decreases significantly. As for [N5(H,0)s]™, the ligand of H,O com-
bines with the [cyclo-Ns]™ by hydrogen bond through an H atom. So, the interaction between the anion and the ligands is very weak. Based on
these results, [cyclo-Ns]™ is stabilized mainly by the effective coordination of ligands to reduce the repulsion between the lone-pair electrons
rather than the intramolecular hydrogen bonds. The binding energy of AgCN-[Ns]™ is smaller than that of H3B-[Ns]~, which is caused by the
strong deformability of Ag®. It also should be noted that the argentophilic interaction hinders the strength between AgCN and [cyclo-Ns]~
(as shown in Figure 3).

3.2 | Electronic structure

As for [cyclo-Ns]7, all the five nitrogen atoms adopt sp? hybridization to form a Ds, symmetric conformation with a 5-center, 6-electron
delocalized bond. In the meantime, the lone pair electrons localized on each nitrogen can be regarded as the active electron donor. It should be
noted that the alkalinity of [cyclo-Ns]™ is even stronger than that of NH,. 143!

The ESP of [cyclo-Ns]~, [Ns(BH3)s5] ™, [Ns(AgCN)s]~, and [N5(H,O)s] ™ are compared respectively in Figure 4. As plotted in Figure 4A, it is obvi-
ous that the charge is homogeneously distributed in the plane of [cyclo-Ns]~, where the p-electrons are delocalized to form a conjugated = bond.
However, the repulsion of the lone-pair electrons localized on each N atom results in the instability of [cyclo-Ns]~, which can be a nucleophile
with excellent activity. As show in Figure 4B-D, we notice that the charge of the ring is dispersed according to the coordination of the ligands of
BH3, AgCN and H,O. Although the conjugacy effect of the ring is weakened by introducing the Lewis acids, the repulsion between the neigh-
bored lone-pair electrons of [cyclo-Ns]~ is decreased, which is the determined factor to stabilize the anion. Comparing (b) and (c), [N5(AgCN)s]~ is
seriously polarized because CN™ is a stronger electron-withdrawing group than that of BHs. As for the ESP of [N5(H,O)s]~, the hydrogen bond is
too weak to disperse the charge density of the ring, which is consistent with the corresponding results of bonding energy. Therefore, both BH3
and AgCN are the appropriate ligands in the stabilization of [cyclo-Ns] ™.

On the basis of the optimized structures of [N5(BH3)s]™ and [N5(AgCN)s]~, we adopt the ADNDP method to understand the relationship
between the electron donors and acceptors. According to Figure 5, about 23% of the lone-pair electrons of the N atom are donated to the empty
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FIGURE 4 The electrostatic
potential (ESP) of [cyclo-Ns]~,
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[N5(H,0)s] . Red and green colors as
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hybrid orbital B atom in [N5(BH3)s]~. However, for the traditional B-N bonds in BH3NH3, 20% of electrons is donated from the lone-pair electrons
of N atoms, which are fewer than that in BH3NHs. As for [N5(AgCN)s]™, the ratio is only 5%. (Full results of AANDP are shown in Figures S1 and
S2.) Therefore, compared with the BH3 ligand, the proportion of electron transferring on [N5(AgCN)s]™ is much smaller than that of [N5(BH3)s] ™.
This is because (I) Ag* as a soft acid is easier to be polarized than BHg, and (Il) the argentophilic interaction hinders the strength between electron
donor and acceptor. Therefore, BH; appears to have the best performance in the stabilization. The results are consistent with that of the ESP

analysis (Figure 4).

3.3 | CPMD simulation

On the basis of the energy relaxation in the NVT ensemble, we apply CPMD simulation to compare the thermal stabilities of [cyclo-Ns]™,
[N5(BH3)s]~, and [N5(AgCN)s]~ at 700 K, where the temperature is increased to 700 K directly. The high temperature is used to accelerate the



Iternationa 1 Journal of

WANG ET AL QUANTU _WILEY_L %7

CHEMISTRY

decomposition. The simulation period is 2 ps (20 000 steps) for each structure, where the first 5000 steps are used to equilibrate the system with
a changed temperature. The period is enough to compare the initial decomposition mechanisms of the three compounds.

The relationship between molecular electronic energy (a.u.) and the time of simulation (ps) is shown in Figure 6. We observe that all the struc-
tures decompose at different times at 700 K, where the initial decomposition processes of the three compounds are summarized in Scheme 1.
Without the protection of BH3; and AgCN, the ring opening of [cyclo-Ns] ™ is observed in the first 0.125 ps, triggered by the splitting of the N—N
bond. The extensive fluctuation at around 1 ps indicates the complete decomposition of the individual anion. However, we can only find the
extensive stretching vibration and splitting of B—N bond in [N5(BHz)s]™ or Ag—N bonds in [N5(AgCN)s]~, rather than the ring opening of [cyclo-
Ns]~, indicating that both BH3; and AgCN stabilize [cyclo-Ns]~ effectively. The energy fluctuation with the same amplitude of [N5(BHs3)s]™ or
[N5(AgCN)s]~ suggests that the [cyclo-Ns]™ is protected by the ligands with no ring opening in the decomposition. In addition, we note that the
vibration of the Ag—N bond is more extensive in the decomposition than that of the B—N bond (Figure 6), which is consistent with the analysis of
electronic structure, where the WBI of Ag—N and B—N bonds are 0.45 and 0.95 a.u., respectively.
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SCHEME 1 The initial decomposition processes of [cyclo-Ns]~, [N5(BH3)s]™, and [N5(AgCN)s]~ under 700 K
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4 | CONCLUSION

In this work, we demonstrate a new method to stabilize the popular full-nitrogen energetic anion [cyclo-Ns]™ based on the Lewis acid-base theory.
Considering the effect of intramolecular hydrogen bonds and metallic ligands in the stabilization, we compare [cyclo-Ns]~, [Ns(H,O)s],
[N5(BH3)s], and [N5(AgCN)s]~, including the electronic structures, bonding properties, the interactions between ligands and anion, and the
corresponding thermal stabilities at high temperature (700 K). The individual [cyclo-Ns]~ is mainly stabilized by strong Lewis acids, such as BH5 or
AgCN, rather than the intramolecular hydrogen bonds or Coulomb interaction. The strategy of the stabilization of [cyclo-Ns]™ is to reduce the
repulsion of the neighbored lone pairs of N atoms.

Our insights into compounds with relatively high thermal stabilities under ambient conditions will guide the research and synthesis of new

high-energy compounds containing [cyclo-Ns]~ and help design strategies to stabilize other unstable energetic compounds.
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