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Existing amphoteric energetic materials (EMs) are very scarce,
and their amphoteric structures are difficult to reproduce and
protonate. Herein, adjacent N—O and C-NH, groups (O—N=C-
NH;) were found to be a highly efficient and fairly balanced
amphoteric energetic structure for EMs by crystal engineering
and are the first discovered amphoteric structure caused by
tautomerization to the best of our knowledge. As the O—N=—C-
NH; structure has existed in many synthesized nitrogen-rich EMs,
our work will greatly enrich amphoteric EMs.

Energetic materials (EMs), such as explosives, propellants and
pyrotechnics, play an important role in the fields of
spaceflight, national defense and firework shows."”” To meet
the increasingly diversified demands for EMs, the efficiency
of developing new EMs needs to be improved. Because
pairing different energetic ions by simple ion exchange
reactions to synthesize energetic salts is a very efficient way to
discover new EMs in large quantities, many nonionic EMs,
especially nitrogen-rich EMs,*>” are often further employed as
ion precursors.>®'*® The key to ionizing EMs is their acid-
base properties. Acidic and alkaline EMs can be deprotonated
and protonated to give the corresponding energetic anions
and cations, respectively. Typical examples of deprotonation
and protonation of EMs are summarized in Scheme S1.f Most
EMs only can be deprotonated or protonated because they
only show acidity or alkalinity. Amphoteric EMs which can
produce both energetic anions and energetic cations are very
scarce at present. To the best of our knowledge, only five
amphoteric energetic compounds were reported in the
literature (Scheme S$21)."°>***** Moreover, although their

“School of Chemical Engineering & Integrated Military-Civilian Innovation Center
for Energetic Materials, Northwest University, Xi'an 710069, China.

E-mail: xukz@nwu.edu.cn

b Xi'an Modern Chemistry Research Institute, Xi'an 710065, China

t Electronic supplementary information (ESI) available. CCDC 1967830,
1967836, 1967846, 1968244, 1968247, 1968249, 1972805, 1972807, 1972810 and
1977527. For ESI and crystallographic data in CIF or other electronic format see
DOI: 10.1039/d0ce01427¢

1544 | CrystEngComm, 2021, 23, 1544-1549

by crystal engineeringf

Zhicun Feng, ©°2 Yu Zhang,? Yanan Li ®° and Kangzhen Xu @ *2

amphoteric mechanisms were revealed by their crystal
structures clearly, their amphoteric structures are difficult to
reproduce, and their protonation requires very strong acids
(like CF3SO3H and HCIO,) or severe conditions (like the use
of 90% HNO; and HCI gas). Thus, to facilitate the synthesis
of energetic salts, new highly efficient and easily available
amphoteric structures for EMs need to be found.

Here, we report that we found a highly efficient amphoteric
structure for EMs by crystal engineering while exploring the
synthesis of 2,4,6-triamino-1,3,5-triazine-1,3,5-trioxide (MTO).
MTO was suggested as a candidate for green EMs by Klapotke
in 2014 but has not yet been synthesized.”>** As shown in
Scheme 1, we tried oxidizing melamine to synthesize MTO.
Although the attempts to synthesize MTO failed, we
synthesized two analogues of MTO, namely, 2,4,6-triamino-
1,3,5-triazine-1,3-dioxide (1) and 4,6-diamino-3-hydroxy-2-oxo-
2,3-dihydro-1,3,5-triazine-1-oxide (2), unexpectedly. Among
them, 1 was first reported by Song et al recently,” and was
found to be able to self-assemble with oxidant molecules (like
H,0, and fuming nitric acid) to obtain self-assembled
energetic materials with better properties. 1 and 2 were
synthesized in the same reaction system at different
temperatures. 2 is actually a product from the hydrolysis of the
amino group between two N—O coordinate bonds of 1 at
higher temperature. To determine the tautomeric tendencies
between 1 and 1’, and 2 and 2’ shown in Scheme 1, the crystal
structures of 1-4H,0 and 2:0.5H,0 were obtained (Fig. 1). 1 is
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Scheme 1 N-Oxides of melamine.
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Fig. 1 Crystal structures of 1.4H,O and 2:0.5H,O showing their
tautomeric tendencies.

only soluble in water at high temperature, so the single crystals
of 1-4H,0 were obtained by slowly cooling its hot water
solution (Fig. Slat). However, 2 is insoluble in water and
common organic solvents. The single crystal growth of 2 was
unexpected and will be depicted together with that of metal
salts of 2 later. From the difference Fourier maps of the X-ray
diffraction data of single crystals of 1.4H,0 and 2-0.5H,0, we
found that there were two strong H atom signals around every
amino N atom but no H atom signal around O atoms for 1,
and there was a strong H atom signal around O(2) but no H
atom signal around O(3) for 2 (Fig. 1). Moreover, the C(1)-O(3)
bond distance of 2 (1.220 A) agrees well with the normal C=0
bond distance (1.19-1.23 A).2° Therefore, the crystal structures
indicated that the adjacent N—O and C-NH, groups (the
O—N=C-NH, structure) of 1 can persist stably, whereas the
adjacent N—O and C-OH groups (the O—N=C-OH structure)
of 2' tautomerized into the HO-N-C=O structure of 2. The
thermodynamic stability of the tautomers of 1 and 2 was
further supported by quantum chemical calculations (see ESIT
Note 1). The molecular total energies (sum of the electronic
and thermal energies) at 298.15 K of 1 and 2 were calculated to
be 40.77 and 29.69 k] mol™ less than those of 1’ and 2/,
respectively, which also supported that the O—N=—C-NH, and
HO-N-C=0O structures are more stable than the corresponding
HO-N-C=NH and O<—N=—C-OH tautomeric structures,
respectively.

To explain why 1 was difficult to further oxidize to form
MTO and why the amino group between its two N—O bonds
was easy to hydrolyze at high temperature, its crystal
structure was used to study the electron transfer of melamine
coordinated with two O atoms (see ESIt Note 2).> 2% As
shown in Fig. 2, it is obvious that the electron density around
N(6) decreased widely after N(4) and N(5) coordinated with
O(1) and O(2), respectively, which resulted in a considerable
decrease of its coordination ability. Thus, the difficulty level
of oxidizing N(6) of 1 to form another N—O coordinate bond
increased, which made MTO difficult to obtain. In addition,
the overall electron density around C(1) dropped more than
those around C(2) and (C3), which made it more vulnerable
to attacks from nucleophiles, so the amino group N(1)H, of 1
was easier to hydrolyze than its amino groups N(2)H, and
N(3)H,, resulting in the formation of 2 at high temperature.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Isosurface (left) and contour (right) maps of the electron
density difference between melamine and 1 (the red and blue parts
represent the regions in which the electron density increases and
decreases after melamine coordinated to two O atoms).

Although 1 and 2 were hardly soluble in water at room
temperature, we found that they could dissolve in both acidic
and alkaline solutions at room temperature, which betokened
that they are probably amphoteric EMs. To verify our guess,
we tried using nitric acid, NaOH and KOH to protonate and
deprotonate 1 and 2. As a result, we facilely obtained sodium
salts (1a and 2a), potassium salts (1b and 2b) and nitrate
salts (1c, 1d and 2c¢) of 1 and 2 (Scheme 2). To accurately
determine the amphoteric mechanisms of 1 and 2 as shown
in Scheme 2, the crystal structures of 1a-5H,0, 1b, 2a-4H,O0,
2b-2.5H,0, 1¢-H,0, 1d-H,0 and 2c¢ were determined (Fig. 3
and 4). The single crystals of 1¢-H,0, 1d-H,O and 2c¢ were
obtained from the cooling process when 1¢, 1d and 2c were
synthesized (Fig. S1at). Although 1a, 2a, 1b and 2b only can
dissolve in water, their single crystals were not directly grown
by volatilization of their water solutions, because 1" and 2~
can combine with H' ionized from H,O to re-form insoluble
1 and 2, which resulted in the formation of many crystals of
1-2H,0 and the abovementioned 1-4H,0 and 2-0.5H,0 in the
water solutions of 1a, 2a, 1b and 2b (Fig. Sibf). The
hydrolysis properties of 1~ can also be proved using the NMR
spectra (see ESIT Note 3). The single crystals of 1a-5H,0, 1b,
2a-4H,0 and 2b-2.5H,0 were grown by a vapor diffusion
method using the corresponding NaOH or KOH aqueous
solutions of 1a, 2a, 1b and 2b (Fig. Sict).

After analysing the signals of H atoms from the collected
X-ray diffraction data of 1¢-H,O and 1d-H,O (Fig. 3), we
found that all the protons from nitric acid were accepted by
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Scheme 2 Protonation and deprotonation of 1 and 2.
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Fig. 3 Crystal structures of the energetic salts of 1 showing its
amphoteric mechanism.
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Fig. 4 Crystal structures of the energetic salts of 2 showing its
amphoteric mechanism.

the O atoms of the N—O bonds, so the N—O bonds are
alkaline. Moreover, because the two N—O bonds of 1 make it
a diacidic base, not only dinitrate salt 1d reported by Song
et al®® but also a new mononitrate salt of 1 (1c) was
synthesized using equimolar diluted nitric acid. Thus, the
O<—N=—C-NH, structure can be easily protonated. As the
traditional method of obtaining nitrogen-rich energetic
cations was the protonation of N atoms (Scheme S1f), we
found that this way of protonating O atoms of N—O
coordinate bonds is a new efficient method of obtaining
nitrogen-rich energetic cations. According to the X-ray
diffraction data of 1a-5H,O and 1b (Fig. 3), there was only
one H atom signal around their N(1) atoms, and the C(1)-
N(1) bond distance of 1.303 A in 1-4H,0 shortened to 1.283
and 1.267 A in 1a-5H,0 and 1b, respectively, which indicated
that the O—N=C-NH, structure tautomerized into the HO-
N-C=NH structure during the deprotonation. Therefore,
although the O—N=C-NH, structure is more stable than its
tautomeric HO-N-C=NH and cannot be
deprotonated directly, the deprotonation of its tautomeric
structure under alkaline conditions can lead to the
tautomeric equilibrium between O—N—C-NH, and HO-N-
C=NH continuously moving in the HO-N-C=NH direction.
As a result, the O—N=—C-NH, structure can produce a large
number of energetic anions in the form of (O-N-C=NH)"
under alkaline conditions. According to the formation of
1la-1d, the O—N=—C-NH, structure can be easily protonated
and deprotonated using common acids and alkalis (diluted

structure
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nitric acid, NaOH and KOH) to give the corresponding
nitrogen-rich energetic cations and anions, respectively, so it
is a highly efficient amphoteric structure for constructing
amphoteric EMs. As far as we know, it is the first discovered
amphoteric structure caused by tautomerization. In addition,
we found that the O—N=—C-NH, structure has existed in
many synthesized nitrogen-rich EMs (Scheme $31),>°7% so
the O—~N=C-NH, structure is easy to construct and has high
potential to greatly enrich amphoteric EMs.

To further quantitatively characterize the acidity and
alkalinity of the tautomeric structures O~N=—C-NH, and
HO-N-C=NH, the first basic dissociation constant (Kj;) of 1
and the acidic dissociation constant (K,) of 1’ were evaluated
by determining the pH values of the water solutions of their
salts (see ESIT Note 4). K,; of 1 and K, of 1’ were measured to
be 3.20 x 107" and 1.19 x 107", respectively. The alkalinity of
1 is slightly weaker than that of aniline (K, = 3.98 x 107'9),
and the acidity of 1’ is comparable to that of phenol (K, =
1.02 x 107'9).%*® The close basic and acidic dissociation
constants of 1 and 1’ show that the alkalinity of the O—N—C-
NH, structure is close to the acidity of its tautomeric structure
HO-N-C=NH. Thus, the O—~N=C-NH, structure is a fairly
balanced amphoteric structure. In addition, the weak acidity
of 1" makes its conjugate base 1" a strong base, and the
O—N=C-NH, structure is more thermodynamically stable
than its tautomeric structure HO-N-C=NH, so it is difficult to
further deprotonate 1", although there is still a O—~N=—C-NH,
structure in its structure.

As shown in Fig. 4, the N—O bond of 2 was also
protonated using nitric acid. However, only the mononitrate
salt 2¢ was obtained because there was only one N—O bond
in 2 after the other tautomerized into the HO-N-C=O
structure with the C-OH group. The HO-N-C=O0 structure of
2 was also deprotonated under alkaline conditions because
there was no H atom signal around the O(1) and O(2) atoms
of 2a-4H,0 and 2b-2.5H,0 according to their X-ray diffraction
data (Fig. 4), resulting in the formation of energetic anions in
the form of (O-N-C=O). Because the O—N=—C-OH
structure mainly exists as the more stable HO-N-C=O
structure, it loses the ability to be protonated. Thus,
amphoteric energetic compounds cannot be achieved using
the O—N=C-OH structure alone.

Groups with negative and positive surface electrostatic
potentials (ESPs) have potential to accept and give protons,
respectively.”” To promote understanding of the acid-base
properties of the O—~N—C-NH, and HO-N-C=O0 structures,
the ESPs of 1, 1/, 2 and 2’ were calculated (see ESI{ Note
5).>2° As shown in Fig. 5, the ESPs around N(1)H, and O(2)
of 1 are positive and negative, respectively, indicating that
N(1)H, and O(2) are inclined to give and accept protons,
respectively. Such inclinations should provide some kind of
driving force for the tautomerization between O—N=C-NH,
and HO-N-C=NH. After the O(2) atom of 1 participated in
the tautomerization, the ESPs around it changed in the
positive direction, which gave 1’ the potential to be
deprotonated. For 2', the ESPs around O(2) are lower than

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 ESPs (at 0.001 a.u.) of 1, 1, 2 and 2' showing the maximum
(yellow pellets) and minimum (green pellets) points.

those of 1, so the isomerization from 2’ to 2 proceeds more
easily than that from 1 to 1'. The ESPs around O(1) and O(2)
of 2 are at the negative and positive extremes, respectively,
which gives 2 amphoteric properties.

The structure refinement results of all the crystals are
given in Tables S1 and S2.F Affected by the strong
electrostatic attraction of the O atoms of N—O bonds and
nitrate ions, 1-4H,0, 1¢-H,0, 1d-H,0 and 2:0.5H,0 can easily
attract lattice water to bond with the O atoms using hydrogen
bonds (Fig. S2f). For 1a-5H,0, 2a-4H,0 and 2b-2.5H,0,
because the ionic radii of their metal ions, especially Na', are
short, the resulting strong electric fields in water caused
much coordinated water in their crystal structures. All the
bond distances between the C and N atoms of the
synthesized nine compounds are in the range of 1.267-1.384
A, which correspond to a conjugated double C=N bond
(1.34-1.38 A),%° indicating that their triazine moieties exhibit
extensive 1 conjugations.

Both 1 and 2 are planar molecules, and the molecular
packing of their crystals consists of wave-shaped layers with
extensive intermolecular hydrogen bonds and m-n molecular
stacking (Fig. S31). Sodium salts 1a-5H,0 and 2a-4H,O and
potassium salts 1b and 2b-2.5H,O are complexes. Among
them, 2a-4H,0 and 2b-2.5H,0 are one-dimensional (1D)
metal-organic frameworks (MOFs) (Fig. S4t), and 1b is a
three-dimensional (3D) MOF (Fig. 6a). In 1b, every K' is five-
coordinated by four 17, and every 1" coordinates with four

Q= :
cA/‘\
3764 A% 00
T

10-H0

Fig. 6 (a) Structure of 3D MOF 1b showing n-n stacking (the dashed
lines); (b) 3D layered packing and 2D molecular sheets of crystals
1c-H,0, 1d-H,0 and 2c showing hydrogen bonds (the dashed lines).
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K, which makes K' and 1~ connected as a 3D
supramolecular framework with n-m and hydrogen bond
interactions (Fig. S5t). Nitrate salts 1d-H,O and 2c exhibit
similar 3D graphite-like layered packing, whereas nitrate salt
1c¢-H,O, like 1.4H,0 and 2-0.5H,0, exhibits wave-layered
packing (Fig. 6b). There are seven kinds of hydrogen bonds
within the two-dimensional (2D) molecular sheets of 1¢-H,O
and 1d-H,O. Then their 2D layer structures are connected by
three kinds of hydrogen bonds between the layers. For crystal
2¢, there are three kinds of hydrogen bonds within the 2D
molecular sheets and two kinds of hydrogen bonds between
the sheets. The detailed hydrogen bond information of all
the crystals is summarized in Table $3.1°%°

The constant volume combustion energies of all the newly
synthesized energetic compounds were measured by oxygen
bomb calorimetry, and then were used to calculate their heat
of formation (AdH,,) (see ESI} Note 6). Their physical and
energetic properties, including decomposition temperature
(Tq4), detonation pressure (P), detonation velocity (vp) and
impact sensitivity (IS), are summarized in Table S47 in detail.
1a (Tq = 325 °C, P = 20.7 GPa, vp, = 6572 m s ', IS > 23.5 J)
and 2 (T4 = 293 °C, P = 22.8 GPa, v, = 6976 m s, IS > 23.5
J) show very high thermal stability and low impact sensitivity,
and possess detonation properties comparable to 1 (P = 20.7
GPa, vp, = 6924 m s ')*® and 2,4,6-trinitrotoluene (TNT) (P =
19.4 GPa, vp = 6915 m s ').*® Metal salts 1b, 2a and 2b (T4 =
287-317 °C, P = 14.9-16.3 GPa, vp, = 5606-5767 m s ', IS >
23.5 J, AfHy, < 215.6 k] mol™') have thermal stability and
impact sensitivity similar to sodium salt 1a, but their
detonation properties are lower than those of la (AH,, =
-164.2 k] mol™) because of their lower negative A¢H,,. Such
differences between the A¢H,, values may mainly come from
the differences of types and quantities of the coordinate
bonds between the metal salts. The strong n conjugations on
the triazine moieties and m-n molecular stacking in the
crystal structures, which can stabilize molecules,** should be
related with the high stability of the above heat-resistant
insensitive compounds. The stability and detonation
properties of mononitrate salts 1c¢ (Tq = 226 °C, P = 24.1 GPa,
vp=7459 ms ', IS =6.9 J) and 2c¢ (T4 = 194 °C, P = 25.3 GPa,
vp=7503ms ', IS = 6.9 ]J) are lower and better than those of
the metal salts, respectively, because of the introduction of
the energetic nitrate ions. 1¢ and 2c¢ exhibit higher thermal
stability, more appropriate impact sensitivities and slightly
better = detonation  performance than  2-diazo-4,6-
dinitrophenol (DDNP) (P = 24.2 GPa, vp = 6900 m s ', Ty =
157 °C, IS = 1 J),"* and do not contain chlorine or heavy
metals, so they have good potential as green primary
explosives. Compared with 1¢ and 2¢, although dinitrate salt
1d (T4 = 180 °C, P = 34.2 GPa, vp, = 8900 m s, IS = 14 J)*®
exhibits poorer thermal stability, it has better detonation
properties and lower impact sensitivity because of the higher
energetic nitrate ion content and the resulting more
electrostatic attraction. In addition, the above layered
packing aided by extensive intermolecular hydrogen bond
interactions, which can increase the packing compactness

CrystEngComm, 2021, 23,1544-1549 | 1547
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and strengthen anisotropy of EMs to facilitate their ready
shear slide and low mechanical sensitivity,*" is closely
related to the low impact sensitivity of the nitrate salts. The
facile synthesis of these series of energetic salts with
different properties using common inorganic acids and
alkalis shows that our ways of obtaining amphoteric EMs are
easy and efficient.

Conclusions

In summary, the adjacent N—O and C-NH, groups (the
O+—N=C-NH, structure) were found to be a highly efficient
and fairly balanced amphoteric structure for EMs. The
amphoteric mechanism of the O<—N=—C-NH, structure was
revealed by crystal engineering and quantum chemical
calculations in detail. Its alkalinity is from the N—O
coordinate bond, and its acidity is from the N-OH group
resulting from its tautomeric structure HO-N-C=NH. To the
best of our knowledge, this is the first discovered amphoteric
structure caused by tautomerization. As the O—N—C-NH,
structure has existed in many synthesized nitrogen-rich EMs,
and previously reported amphoteric EMs were very scarce
and were difficult to protonate, our work will greatly enrich
amphoteric EMs. In addition, the crystal analysis showed that
amphoteric EMs cannot be achieved using the similar
O—N=C-OH structure alone because its tautomeric
structure HO-N-C=O is more stable than itself. Two
amphoteric nitrogen-rich EMs were found in this paper, and
their seven energetic salts with different properties were
synthesized. Their anions and cations can be combined with
more energetic cations and anions (such as hydrazinium
cations, hydroxylammonium cations, dinitramide anions
et al), respectively, to obtain more promising nitrogen-rich
energetic salts.
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