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The generally encountered contradiction between large energy content and stability poses great difficulty
in designing nitrogen-rich high-energy-density materials. Although N—N ylide bonds have been classified as
the fourth type of homonuclear N—N bonds (besides >N-N<, -N=N-, and N=N), accessible energetic
molecules with N-N ylide bonds have rarely been explored. In this study, 225 molecules with six types of
novel structures containing N-N ylide bonds were designed using density functional theory and CBS-
QB3 methods. To guide future synthesis, the effects of substitution on the thermal stability, detonation
velocity, and detonation pressure of the structures were evaluated under the premise that the N-N ylide
skeleton remains stable. The calculations show that the bond dissociation energy values of the N-N

ylide bonds of the designed 225 structures were in the range of 61.21-437.52 kJ mol™?, except for
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Accepted 19th January 2024 N-"NNH,. Many of the designed structures with N-N ylide bonds exhibit high detonation properties,
which are superior to those of traditional energetic compounds. This study convincingly demonstrates
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1. Introduction

High energy density materials (HEDMs) play an important role
in military and civil fields.*® Finding an ideal HEDM molecule
is always an extraordinary challenge due to the great difficulty in
achieving the intrinsic requirements, i.e., structural stability (to
allow safe usage) and large energy release (to ensure excellent
detonation properties). It is known that among the known N-N
bond-containing non-salt-like high-energy materials, the N-N
bonds in the skeleton structure mostly take the form of N-N
single or double bonds. This is due to the large energy differ-
ence between the N-N single bond (~160 kJ mol "), double
bond (~420 kJ mol "), and triple bond (close to 1 MJ mol "),
which means that there is a higher energy release, meeting the
requirements of candidate energetic materials.”®
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Among the known N-N bond-containing HEDM compounds
(Scheme 1), the skeletal N-N bond mostly takes the normal N-N
single or double bonding forms. The N-N ylide bond is the
fourth homonuclear N-N bond, and the other three normal N-N
key types are >N-N<, -N=N-, and N=N. Since the first report of
synthesis in the 1950s,’ the N-N ylide family has grown into two
known structural types, i.e., the pyridine type (sp® type) and the
aminimide type (sp® type).’>*? Due to their zwitterionic prop-
erties, they exhibit unique physicochemical properties and are
therefore widely used in a variety of applications, such as
polymer additives in binders and surfactants.’** In recent
years, the development of more concise and efficient methods
for the generation and application of N-N ylide to synthesize
highly functional compounds has been of great interest."**” The
bond energy of the N-N ylide bond is similar to that of an N-N
single bond, which is very advantageous as a high-energy
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Scheme 1 Some known HEDMs containing normal N-N single or
double bonds. Hydrogen atoms attached to carbon are not shown.
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structure. However, skeleton structures with N-N ylide bonds
have barely been investigated in the high energy density mate-
rial field. The successful synthesis of new types of energetic
compounds with N-O ylide bonds in recent years'®>* has greatly
increased our confidence in the introduction of N-N ylide bond-
containing structures into the field of energetic materials.

In this work, we report a novel class of skeleton energetic
structures, i.e., N-N ylide bond-based structures. Six types of
structures were designed with different substitution effects,
leading to 225 molecules in total. A thorough study of their
thermal stability and detonation properties showed that
appropriate substitution effects can provide both structural
thermal stability and energy enrichment, satisfying the ever-
challenging and severe criteria of stability and detonation.
Our work exemplifies for the first time that structures with the
N-N ylide bond can act as promising HEDMs. This work opens
up a new avenue for energetic compounds, namely HEDMs,
with a fourth type of homonuclear N-N bond, i.e., the N-N ylide
bond.

2. Computational methods

The density functional theory method (DFT) is a powerful tool
for studying the structures and energetic properties of energetic
materials.>*>* The electronic structures, heats of formation,
thermal stabilities, and impact sensitivities were studied by DFT
using the Gaussian 09 (ref. 25) program packages. For energy
refinement, the composite CBS-QB3 method?*® was applied; the
B3LYP/6-311G(2d,d,p) geometries and frequencies were used,
followed by a series of high-level single-point energy
calculations.

The bond dissociation energies (BDE) of the designed
structures were calculated using the following equations.*”

BDE(A-B) = E(A-) + E(B-) — E(A-B) (1)

where BDE(A-B) is the BDE of A-B at the CBS-QB3 (0 K) level;
E(A-), E(B-), and E(A-B) are the total energies of A-, B, and A-B,
respectively.

The heat of formation in the gas phase (AHgg,s) was deter-
mined using the atomization equation. The known enthalpies
of formation of N(g), H(g), O(g), and C(g) were taken from the
NIST Chemistry Webbook.>®

To estimate the detonation performance of the title
compounds, their solid-phase heats of formation (AHggliq)
were calculated. According to Hess's law,*?® AH; 54 can be
obtained by

AI—If,solid = AHf,gzls - APIsub (2)

where the predicted heat of sublimation (AHy,) is represented
as shown below in eqn (3), as given by Rice et al.*

AI_Isub = aAz + B(Vatotalz)”z + Y (3)

where A is the surface area of the isosurface of the 0.001 elec-
trons per Bohr® electronic density, v is the degree of balance
between the positive and negative potentials on the isosurface;
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Ootal” iS @ measure of the variability of the electrostatic poten-
tial; the coefficients «, 8, and y were determined to be « = 11.17
x107*kJmol ' A™* 8 =6.90k] mol ', and v = 12.41 k] mol .
The computational procedures proposed by Bulat et al.’>* were
used to compute the descriptors A, v, and oy ®. The related
data in the equation (i.e. 4, v, and o >) Were calculated using
Lu's procedure.*®

The detonation velocity (D in km s~') and detonation pres-
sure (P in GPa) of the title compounds were estimated using eqn
(4) and (5).**

D = 1.01(NM°>0%°3(1 + 1.3p) (4)
P = 1.558p’NM Q"3 (5)

where N is the number of moles of gas produced per gram of
explosive and M is the mean molecular weight of the gaseous
detonation products. Q is the heat of detonation (cal g~ '), and it
equals the negative of the enthalpy change AH during the
reaction. p is the density of the explosive (g cm ). To obtain the
theoretical density, we applied the improved equation proposed
by Politzer et al,* according to which the interaction index
V0o iS:

b a(—V((jffm)) 1 Bv(owd) + ¥ (6)

where M is the molecular mass (g mol™') and V(0.001) is the
volume of the 0.001 electrons Bohr® contour of the electronic
density of the molecule (cm® per molecule). The coefficients «,
6, and vy were 0.9183, 0.0028, and 0.0443, respectively.

3. Results and discussion

3.1 Optimized structures

The simplest form of the N-N ylide bond structure is H;N-NH,
which is an isomer of the energetic structure H,N-NH,. In order
to prevent the transfer of H over H;N'—, the N-N ylide bond is
broken. Six types of N-N ylide bond skeleton structures were
designed to maintain the N-N ylide bond type by using rigid
five- and six-membered ring structures. For ease of discussion,
these six N-N ylide-type structures are categorized as pyridine
type (sp” type) and aminimide type (sp® type) (Fig. 1).

In the six optimized types of N-N ylide bond skeleton
structures, the bond length of the N-N ylide bond was between

sp?type:  N-N ylide

1 n

CHy
N'—NR

sp*type:  N-N ylide I

< 5 ;I\"—'.\R

i v
R: -H, -CHj,, -OH, -NH,, -COOH, -CN, -NO,

Fig. 1 Design of the six types of structures.
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1.30 and 1.44 A, which is slightly shorter than that of H;NNH
(1.46 A) and longer than that of the classical N-N double bond
(1.24 A). Further, Mayer bond order calculations showed that
the N-N ylide bond can be considered a single bond. The
highest occupied orbital (HOMO) and lowest unoccupied
orbital (LUMO) of the six types of N-N ylide bond skeleton
structures were calculated, and their electronic properties were
analyzed. The HOMO-LUMO orbitals of the N-N ylide bond
skeleton structures (R = H) are shown in Fig. 2. The HOMO-
LUMO gap ranged from 4.17 to 4.80 eV, which is larger than that
of H;NNH (3.81 eV), indicating that these structures can be
considered thermodynamically stable (see Table 1 and Fig. 2).

For future experimental synthesis, the substitution effects of
different groups were calculated. Selected representative ener-
getic substituted groups, i.e., -CH;, -OH, -NH,, -COOH, —CN,
and -NO,, were used to replace H of -NH in the N-N ylide
bonds. Meanwhile, CH with N in the five- and six-membered
ring rigid skeletons was replaced by an isoelectronic body.
The purpose of this study is to explore the influence of
substituents on structural thermal stability and energetic
properties. A total of 225 structures containing N-N ylide bonds
with the functional group and isoelectronic substitutions were
optimized at the B3LYP/6-31G(2d,d,p) level. The cartesian
coordinates of the optimized structures, bond lengths, and
bond dissociation energies of the N-N ylide bonds in all these
structures are listed in the ESI (Tables S1-S3).}

3.2 Bond dissociation energies

Bond dissociation energies (BDE) provide useful information
regarding the thermal stability of structures.?”*® The higher the
BDE, the better the thermal stability. The calculated BDEs of the
N-N ylide bonds of the 225 designed structures are listed in
Table S3.T Their BDE values were found to be in the range from
61.21 to 437.52 k] mol ', except for N-'NNH,. In general, the
structures substituted with electron-withdrawing groups have
larger BDEs than those substituted with electron-donating
groups, which might indicate higher thermal stability.

3.3 Detonation performance

It is well known that ideal energetic materials not only require
high thermal conductivity but also must exhibit excellent
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Fig. 2 HOMO-LUMO orbitals and HOMO-LUMO gaps of the six
types of N=N ylide bond skeleton structures (R=H) at the B3LYP/6-
311G(2d,d,p) level.
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Table 1 Bond length (A), Mayer bond indices, highest Occupied
molecular orbital (HOMO), lowest unoccupied molecular orbital
(LUMO), and HOMO-LUMO gaps (AE) (eV) of the six types of N-N
ylide bond skeleton structures (R=H) designed at the B3LYP/6-
311G(2d,d,p) level

Bond length Bond index HOMO LUMO AE
sp>1 1.31 1.28 —5.16 —0.99 417
sp*II 1.30 1.32 —4.96 —0.16 4.80
sp>1 1.44 0.95 —3.86 0.66 4.52
sp’-11 1.43 0.97 —3.87 0.49 4.36
sp>-I11 1.43 0.97 —3.84 0.36 4.20
sp>-IV 1.43 0.97 —3.95 0.40 4.35
H;NNH ~ 1.46 0.95 —3.88 —0.07 3.81
N,H, 1.49 0.97 —5.59 1.07 6.66
N,H, 1.24 1.89 —6.63 —1.56 5.07
detonation performance (density p = 1.9 g cm ™, detonation

velocity D = 9.0 km s, and P = 40.0 GPa). For comparison, the
properties of known species, such as 2,4,6-trinitrotoluene
(TNT), 1,3,5-trinitro-1,3,5-triazinane (RDX), and 1,3,5,7-
tetranitro-1,3,5,7-tetrazocane (HMX), are also provided. The
heats of formation, crystal density (p), detonation velocity (D),
and detonation pressure (P) of the 225 structures were calcu-
lated, and the results are listed in Table S4.t

The solid-phase heats of formation (AHggq) of the 225
structures are shown in Fig. 3. All structures were found to have
positive heat of formation values from 28.94 k] mol ' to
1276.21 k] mol . In each type of structural skeleton, the heat of
formation was higher as the number of isoelectronic bodies (N)
increased (see Fig. 3).

The p values of all the designed structures are shown in
Fig. 4. In each type of structural skeleton, the p value increased
as the number of isoelectronic bodies (N) increased. In general,
among molecules with the same skeleton structure but different

Fig. 3 Heat of formation (AH soia) (kJ mol™) of 225 structures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Crystal density p (g cm™) of the 225 structures.

substituents, the densities of the electron-withdrawing-group-
substituted structures were greater than those of the electron-
donating-group-substituted structures.

The detonation velocity and detonation pressure are extremely
important for the detonation performance of energetic materials.
The D values of all 225 designed structures were found to be
between 5.25 and 11.43 km s, whereas the P values of all 225
designed structures were found to be from 9.19 to 60.64 GPa.
Among them, sp*III-7 (R = -NO,) has the highest detonation
performance, while sp>I-1(R = -CH,) has the lowest detonation
performance. In each type of structural skeleton, the detonation
velocity and detonation pressure increased with the number of
isoelectronic bodies (N) (see Fig. 5 and 6). In general, among
molecules of the same structural type but with different

Fig. 5 Detonation velocity D (km s™%) of the 225 structures.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 6 Detonation pressure P (GPa) of the 225 structures.

substituents, the electron-withdrawing-group-substituted struc-
tures (R = -NO,) has higher detonation velocity and detonation
pressure, whereas the electron-donating substituted structure
(R = -CHj,) has lower detonation velocity and detonation pressure.

Thus, quite promisingly, with an increase in N content in the
skeleton structure, the structures containing the N-N ylide bond
exhibit much better AH; q1i4, p, D, and P values while retaining
appreciable thermal stability. On comparing with the calculated
substitution effect, it is found that the structures substituted with
electron-withdrawing groups have higher detonation perfor-
mances than those with electron-donating substituents.

4. Conclusions

In this study, we designed six types of N-N ylide bond-based
energetic structures. To ensure thermal stability and detona-
tion properties, different types of substituents (substituent
effect) and N content regulation (isoelectronic substitution) in
the skeleton structure were employed to obtain 225 structures.
In general, the results reveal that the electron-withdrawing-
group substitution effect is more beneficial to thermal
stability and detonation properties. In addition, the detonation
properties of each type of N-N ylide bond-based skeleton
structure improve with increasing N content, and some even
exceed the values of classical energetic structures. The six types
of N-N ylide bond-based structures designed in this work
possess excellent thermal stability and detonation properties.
Among them, sp>-III-7 (R = -NO,) has the highest detonation
properties (D, P). The combination of the thermal stability and
detonation properties suggests that the designed six types of
N-N ylide bond-based structures are metastable HEDM candi-
dates worthy of further investigation.
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