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Self-assembled energetic coordination polymers
based on multidentate pentazole cyclo-N;

Peng-Cheng Wang', Yuan-Gang Xu', Qian Wang, Yan-Li Shao, Qiu-Han Lin" and Ming Lu’

ABSTRACT Coordination to form polymer is emerging as a
new technology for modifying or enhancing the properties of
the existed energetic substances in energetic materials area. In
this work, guanidine cation CN;H" (Gu) and 3-amino-1,2,4-
triazole C,H,N, (ATz) were crystallized into NaN; and two
novel energetic coordination polymers (CPs), (NaN;);[(CH,-
N;)N;](N;);~ (1) and (NaNj),(C,H,N,) (2) were prepared re-
spectively via a self-assembly process. The crystal structure
reveals the co-existence of the chelating pentazole anion and
organic component in the solid state. In polymer 1, Na* and
N, were coordinated to form a cage structure in which gua-
nidine cation [C(NH,);]" was trapped; for polymer 2, a mixed-
ligand system was observed; N;” and ATz coordinate sepa-
rately with Na" and form two independent but interweaved
nets. In this way, coordination polymer has been successfully
utilized to modify specific properties of energetic materials
through crystallization. Benefiting from the coordination and
weak interactions, the decomposition temperatures of both
polymers increase from 111°C (1D structure [Na(H,O)(N;)]
-2H,0) to 118.4 and 126.5°C respectively. Moreover, no crys-
tallized H,0 was generated in products to afford the anhy-
drous compounds of pentazole salts with high heats of
formation (>800 kJ mol™'). Compared to traditional energetic
materials, the advantage in heats of formation is still obvious
for the cyclo-N, based CPs, which highlights cyclo-N; as a
promising energetic precursor for high energy density mate-
rials (HEDMs).

Keywords: pentazole, energetic coordination polymers, self-as-
sembled, stability, high heats of formation

INTRODUCTION

In the last two decades, nitrogen-rich and poly-nitrogen
compounds have received significant attention due to
their interesting chemical properties and potentiality to
serve as environmentally friendly high energy density

materials (HEDMs) [1-3]. These species release a large
amount of energy during the decomposition of single/
double bonded nitrogen in the condensed phase into
triple-bonded gas-phase inert N, molecules. Nitrogen-
rich compounds constitute a large family of interesting
compounds, which are certainly no less active than the
traditional CHON energetic materials [4,5]. It is worth
noting that they have boosted the development of en-
ergetic salts [6-8], energetic coordination polymers (CPs,
also defined as energetic metal organic frameworks
(MOFs) in some cases) [9-11], and energetic co-crystals
[12,13], and thus significantly expanded the range of
energetic materials.

In contrast, the experimental difficulties in studying
poly-nitrogen compounds have delayed their contribu-
tion to the field of energetic materials. For a very long
time, only the azide anion was used to produce energetic
salts or simple CPs [14,15]. In 1999, a major break-
through in poly-nitrogen area was achieved with the
preparation of the N;" ion and its relative stable energetic
salts were subsequently synthesized [16,17]. Un-
fortunately, owing to the unstable bonding interactions
with other anions, further developments of N," ion have
been limited. The pentazole anion cyclo-Ns~ was first
detected in 2002 via mass spectrometry (MS) [18,19] and
was not adopted for bulk production until recently [20-
26]. However, the anhydrous pentazole sample NaN; [21]
and CsNj [22] were only observed under extreme high
pressure and the metal-pentazole hydrates [24-26] de-
composed in the range of 100-110°C. Both high pressure
preparing method and hydrates samples are the dis-
advantages in terms of their application. Fortunately, the
cyclo-N;~ anion shows good adaptability to take part in
ionic, coordination, and hydrogen bonding interactions
[24,27]. Furthermore, there is a possibility to form either
energetic CPs or co-crystals by self-assembling, which is a
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new technology for modifying or enhancing the proper-
ties of existing energetic substances.

In this work, anhydrous coordination polymers
(NaN;)s[(CHgN;)N;](Ns) 5 (1) and (NaN;),(C,H,N,) (2)
have been synthesized with ion exchange method. The
formation of these crystals is mainly assisted by co-
ordination bonding between the metal ion Na®, inorganic
cyclo-N; and organic components, which exceed the
range of MOFs and shall be classified as CPs. Moreover,
the diverse structure and thermal stabilization reveal
another advantage of the crystal approach to access ex-
plosives with high performance.

EXPERIMENTAL SECTION

Safety precautions

Caution! The energetic coordination polymers with cy-
clo-N;~ are partly extremely high energetic compounds
that may detonate violently; therefore they should be
handled only on a very small scale while using appro-
priate safety precautions (safety glasses, face shield, lea-
ther coat, earthen equipment and shoes, Kevlar gloves
and ear plugs).

Materials and methods

All reagents and solvents were purchased from Sigma-
Aldrich, Aladdin, and Energy Chemical as analytical
grade and were used as received. The single crystal X-ray
diffraction (XRD) measurements were conducted on a
Bruker Smart Apex II diffractometer using Mo-Ka ra-
diation (A = 0.71073 A) with a graphite monochromator
at 170 K. XRD data were collected with Cu Ka radiation
on Bruker D8 ADVANCE scanning from 10° to 80°.
Fourier transform infrared spectroscopy (FT-IR) spectra
were recorded on a Thermo Nicolet IS10 instrument.
Raman spectra were collected using a Horiba-Jobin Yvon
Labram HR800 Raman spectrometer with a 514.532 nm
Ar" laser. A 50x objective was used to focus the laser
beam. Differential scanning calorimeter (DSC) plots were
acquired on a differential scanning calorimeter (Mettler
Toledo DSC-1) at a scan rate of 5°C min ' in perforated
stainless steel containers under a nitrogen flow of
50 mL min '. Transmission electron microscope (TEM)
was performed on FEI Tecnai G2 F30 S-TWIN.

All computations were performed using the Gaussian
09 program [28] invoking hybrid HF-DFT calculations
with the three-parameter gradient-corrected exchange
potential of Becke and the gradient-corrected correlation
potential of Lee, Yang, and Parr (B3LYP) [29,30] using
the 6-311G* basis set. The structures were optimized for
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energy minimization before spectra acquisition and fre-
quency calculations. The wave-functions of coordination
polymers generated from Gaussian were imported into
the software Multiwfn [31] to calculate the reduced
density gradient (RDG) which was used for revealing
noncovalent interactions [32] analysis.

Crystallography

Integration and scaling of intensity data was accom-
plished using the SAINT program [33]. The structures
were solved by intrinsic using SHELXT2014 and refine-
ment was carried out by a full-matrix least-squares
technique using SHELXT2014 [34]. The hydrogen atoms
were refined isotropically, and the heavy atoms were re-
fined anisotropically. N-H and O-H hydrogens were
located from different electron density maps, and C-H
hydrogens were placed in calculated positions and refined
with a riding model. Data were corrected for the effects of
absorption using SADABS [35].

Synthetic procedures
[Na(H,0)(N;)]-2H,0: This compound was prepared ac-
cording to our previously reported methods [21]. A so-
lution of arylpentazole (5.000 g, 26.18 mmol) and ferrous
glycinate (8.600 g, 42.16 mmol) in a mixed solution of
100 mL methyl alcohol and 100 mL acetonitrile was
stirred at -47°C. After 30 min, metachloroperbenzoic acid
(85%, 19.25 g, 94.82 mmol) was added in portions. The
reaction mixture was maintained at -43°C for 24 h. The
precipitate was removed by filtration, and the filtrate was
vaporized under reduced pressure. The residue was sus-
pended in 200 mL of water. The precipitate was filtered
off and washed with 50 mL water. The filtrate was con-
centrated. After removing all the solvent under vacuum,
the residue was purified by chromatography with ethyl
alcohol/ethyl acetate (1:10-1:3 gradient elution). Crude
NaN; hydrate was obtained as an off-white product
(427 mg, 19.56%).

[Nag(CHN,)(N.),]> (1): 1.0mmol of [Na(H,0)-
(N5)]-2H,0 (147 mg) and 1.0 mmol of guanidine hydro-
chloride (95.5 mg) was added to 15 mL methanol. The
colorless solution was evaporated to dryness followed by
repeated recrystallization in anhydrous ethanol to remove
the sodium nitrate. Single crystal of 2 was obtained by
maintaining 95% alcohol solutions at ambient tempera-
ture for several days. Colorless crystals; yield: 80%; T, =
118.4°C; IR (KBr): = 3,473, 3,354, 3,161, 1,653, 1,354,
1,225, 1,013, 729 cm '; Raman (514.532 nm, 25°C): 1,172,
1,008, 118 cm .

[(NaN;),(CH,N)]  (2):

1.0 mmol of [Na(H,0)-
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Table 1  Crystal data and structure refinement details of CPs 1 and 2
Sample 1 2
CCDC 1544794 1575478

Empirical formula CHgN,sNa; CH,N;Na
Temperature (K) 170 173
Crystal system Hexagonal Trigonal
Space group P65/mmc P3,21
a (&) 13.5635(11) 9.687(4)
b (A) 13.5635(11) 9.687(4)
c (A) 13.8295(12) 9.585(4)
a () 90.00 90.00
B 90.00 90.00
y (©) 120.00 120.00
Volume (A%) 2203.3(4) 779.0(6)
V4 1.99992 6
Peac (gcm™) 1.214 1.728
4 (mm™) 0.139 0.205
F(000) 806.0 408.0

Crystal size (mm°)

0.28%0.17x0.12

0.28%0.15x0.12

20 (°) 3.468 to 54.93 4.856 to 54.766
Reflections collected 11891 1948
Rin/Rygma 0.0564/0.0276 0.0503/0.0809
Data/restraints/ 975/0/54 1160/6/85
parameters
GOF on F 1.048 1.046
R/wWR, [I >= 20 (I)] 0.0339/0.0821 0.0485/0.1105
R,/WR, [all data] 0.0457/0.0879 0.0607/0.1240
Largest diff. 0.25/-0.23 0.27/0.26

peak/hole (e A7)

(N5)]-2H,0 (147 mg) and 1.0 mmol of 4-amino-1,2,4-
triazole (84 mg) was added to 15 mL methanol. Colorless
rod-like crystal of 2 was obtained by maintaining the
solutions at ambient temperature for several days. Col-
orless crystals; yield: 82%; T, = 126.5°C; IR (KBr): =3,367,
3,292, 3,123, 2,988, 2,038, 1,614, 1,517, 1,451, 1,370, 1,229,
1,188, 1,070, 974, 945, 872, 670, 624 cm '; Raman
(514.532 nm, 25°C): 3,321, 1,635, 1,553, 1,005, 525 cm ;
Elemental analysis calcd. (%) for Na,C,H,N, (270.13): H
1.49, N 72.59; found: H 1.51, N 72.51.

RESULTS AND DISCUSSION

Crystal structure

The prepared CPs are analyzed by single-crystal XRD as
shown in Table 1. Polymer 1 crystallizs into a 3D porous
metal-inorganic framework with hexagonal crystal sys-
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tem and belongs to the P6,/mmc space group. Here the
polymer 1 represents a negatively charged structure, be-
cause sometimes charge-balancing cations in the cages is
irregular and cannot be directly located in the crystal
structure analysis. The detailed crystallographic data are
provided in Supplementary Tables S1-S3. As depicted in
Fig. 1, each sodium center Na(I) is hexahedral linked to
pentazole linkers (Na-N bond length 2.462-2.499A), in-
volving a #5'-bonding-type coordination. There are two
types of pentazole rings in polymer 1. The first type is one
N; ring attached to three Na(I) ions with coordination
angle of ~90 and 140° (Na—N,—Na), analogous to imi-
dazolate rings in zeolite—imidazolate frameworks (ZIFs).
The N atoms in these Ny rings are not completely co-
plane, with N1-N2-N3-N4 and NI1-N5-N4-N3 torsion
angles of 0.5° and 0.7°, respectively. The second type is
one N; ring attached to four Na(I) ions with coordination
angle of ~150° (Na—N;—Na). These N; rings and Na(I)
are of perfect planarity and the plane is perpendicular to ¢
axis. Moreover, the N; rings in both types do not have
identical N-N bond lengths with average values found to
be 1.316 and 1.320 A respectively. Through these con-
nection modes, 8 Na(I) ions and 9 N rings stitch into a
cage of a ~7.5 A diameter cavity with guanidine cation [C
(NH,),]” placed in it. The cage as a repeat unit is further
extended into microporous zeolite-like 3D framework
with SOD topology (Fig. 1c). Upon removal of guest
molecules, the structure of polymer 1 has a porosity of
~35%, as calculated with PLATON software [36].

In contrast to CP 1, both N, and 4-amino-1,2,4-triazole
(ATz) rings act as a linker in 2 and form a different kind
of 3D porous framework with trigonal crystals in the
P3,21 space group (Tables S4, S5). As shown in Fig. 2 and
Fig. 4, all of the N atoms in the pentazole ring are co-
ordinated to Na(I). The atoms N2 and N5 participate in
constructing the DNA-like double helix structure. The
atoms N1, N3, and N4, together with the N atoms in the
ATz ring form links between the different helices, whose
dihedral angle with the ab plane is ~70°. The N atoms in
these Ns rings are not perfectly coplanar, with N1-N2-
N3-N4 and N1-N5-N4-N3 torsion angles being 0.5° and
0.2°, respectively. As all of the N atoms in the N; rings are
in the same chemical environment that is affected by the
weak coordination with the Na(I) ion and all the Na-N
bond length being ~2.5 A, the Nj ring retains almost
identical N-N bond lengths; these bonds are of length
1.317 A. Six groups of double helices construct a channel
of 9.5 A diameter, similar to that in zeolites (Fig. 2c).
However, in contrast to the typical zeolites, the channel in
2 is filled with coordinated ATz rings, which implies that

January 2019 | Vol.62 No. 1



SCIENCE CHINA Materials

ARTICLES

Figure 1 Crystal structure of 1. (a) The coordination mode of Na" in CP 1. (b) Perspective view of the coordination mode along ¢ axis. (c) A
topological net of simplified unit cell. (d) Unit cell stacking diagram view along b axis (4x4x4). (e) Unit cell stacking diagram view along c¢ axis
(4x4x4). Carbon, hydrogen, nitrogen, oxygen, and sodium atoms are shown in gray, white, blue, red, and purple respectively.
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Figure 2 Crystal structure of 2. (a) The coordination mode of Na" in CP 2. (b) A topological net of simplified unit cell. (c) Two-helical structure of
simplified unit cell. (d) Unit cell stacking diagram view along a axis (4x4x4). (e) Unit cell stacking diagram view along ¢ axis (4x4x4). Carbon,
hydrogen, nitrogen, oxygen, and sodium atoms are shown in gray, white, blue, red, and purple respectively.

the polymer is not porous.

Spectra analysis

A comparison of the spectra of CPs 1 and 2 together with
that of the starting material is shown in Fig. 3. This figure
reveals that several band shifts occur when the three CPs
are formed. Furthermore, it indicates the existence of
weak interactions between the individual components
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even when they are not directly coordinated. Both the
coordination bond and weak interactions cause a de-
formation of cyclo-N;  in frameworks. From the geo-
metric parameters of the N; ring in 1 and 2, it can be
concluded that the tri- and tetradentate cyclo-N5~ (N,-1A
and N;-1B in 1), pentadentate cyclo-N;~ anion (N;-2) all
represent C,, symmetry. However, the coordination effect
between Na" and cyclo-N;~ in the CPs is weaker than that
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Figure 3 Geometric parameter, FT-IR and Raman spectra of CPs 1 and
2. (a) Bond length of tri- quadri-, and pentadentate-cyclo-N; in CPs 1
and 2. (b) FT-IR spectra of CPs 1 and 2, Gu (guanidine hydrochloride),
and ATz (4-amino-1,2,4-triazole). (c) Raman spectra of CPs 1 and 2, Gu,
and ATz.

of previously reported transition metal-N;~ complexes. So
the bond lengths in cyclo-Ns, especially N;-2, vary
slightly and they are also close to Dy, symmetry, with IR
spectra at 1,225 and 1,229 cm™" observed respectively in
Fig. 3a. From Raman spectra, the typical cyclo-N; in C,,
symmetry with significantly different bond length in N;-
1B compared with previous transition metal complexes
represents a strong peak at 1,170-1,190 cm™ in Fig. 3b;
the other cyclo-N5™ in C,, symmetry including N;-1A and
N;-2 with similar bond length which is also close to Dy,
symmetry shows a strong peak at 1,000-1,010 cm ™. That
is to say although N;-1A and N;-2 belongs to C,, sym-
metry in theoretical, but they indeed present the prop-
erties of Dy, symmetry because of very close N-N bond
length. Combining previous reports and the results of this
paper, cyclo-Ns can provide up to five coordination po-
sitions and all of them show C,, symmetry. The absolute
configuration of Dy, symmetry is difficult to be achieved
even in the pentadentate cyclo-N, (N;-2) in which each N
atom is at almost the same chemical conditions or non-
dentate cyclo-N,~ [Mg(H,0)4(Ns),]-4H,0 [23].

The experimental powder XRD (PXRD) patterns for
the CPs 1 and 2 are shown in Fig. S4. Comparison of the
experimental XRD pattern with the calculated pattern for
the simulated unit cell shows good agreement of the re-
flection positions. The PXRD patterns of the CPs differed
from those of the constituents, confirming the formation
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Figure 4 Differential scanning calorimetry spectra of CPs 1 and 2. The
point of decomposition temperature is onset temperature.

of a new complex phase. HRTEM pictures confirm the
new formed phases of prepared samples are highly or-
dered structures (Fig. S5); meanwhile, they also show that
the cyclo-N5~ is unstable under electron beam.

Thermal properties

The DSC curves of the synthesized CPs are shown in Fig.
4. No endothermic peaks can be observed below 100°C,
which suggests that the polymers contain very little water.
The first exothermic peak of 1 and 2 is observed at 118.4
and 126.5°C (onset temperature). This suggests a de-
composition of the CPs takes place during the heating
sequence and from an assessment of the amount of heat
released. The products of CPs 1 and 2 heated at 118.4 and
126.5°C were tested with FeCl; solution and the color of
solution turned into red, which indicated that both of
them have decomposed from cyclo-N; to N5 (Fig. S6).
The decomposition point, compared with that of the 1D
structure [Na(H,0)(N;)]-2H,0, is increased by 7.4 and
15.5°C in 1 and 2, respectively. These observations in-
dicate that the coordination and hydrogen bonding in-
teractions (Fig. S7) is beneficial for stabilizing the N; ring.
From another point of view, the identical N-N bond
lengths are indicative of better conjugation and stability.

Detonation properties

The heat of detonation is greatly affected by the standard
enthalpies of formation of energetic CPs, which is cal-
culated using their constant-volume combustion energies.
The constant-volume combustion energies (Qy) of CP 1
and 2 were measured by an oxygen-bomb calorimeter,
from which the standard molar enthalpy of combustion
(AcH,,") is estimated by using an equation AcH,,’=AcU,,’°
+AnRT. The standard enthalpies of formation for CP 1

January 2019 | Vol.62 No. 1
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Table 2 Properties of 1 and 2 and comparison with TNT, RDX, and HMX

o N [0} AHY T Q' Dt P
(gem™) (%) (%) (k] mol ) (°C) (keal g™) (ms") (GPa)
1 1.19 83.48 -14.9 1015 118.4 0.329 4407 6.5
2 1.70 72.59 —41.5 902 126.5 1.650 7863 264
HMX 1.90 37.84 -21.6 105 279 1.320 8900 384
RDX 1.81 37.84 -21.6 80 210 1.386 8600 33.9
TNT 1.65 18.50 ~74.0 —67 290 0.897 7178 20.5

a) Recalculated from low-temperature X-ray densities (p = pr /(1 + ay(298 - Tj)); ay=1.5x10"*K ™). b) Nitrogen content. ¢) Oxygen balance. d)
Calculated heat of formation. e) Thermal decomposition temperature (onset) under nitrogen gas (DSC, 5°C min"). f) The heat of detonation. 2)

Detonation velocity. h) Detonation pressure.

and 2 are obtained via the known AH,° of the com-
bustion products and AcH,,” of CP 1 and 2 (see ESI).

Heat of detonation (Q), detonation velocity (D), and
detonation pressure (P) are pivotal parameters for en-
ergetic CPs. On the basis of the largest exothermic
principle proposed by Kamlet-Jacobs (K-J) [37], We
employed a widely used empirical method [38,39] pro-
posed by Pang and coworkers [40] to investigate the
detonation properties of metal-containing energetic CPs.
The detonation reactions of CP 1 and 2 are described by
Equation S5, 6, and the detonation properties are calcu-
lated by K-J equations (see Supporting Information). As
shown in Table 2, the nitrogen contents (>66%) and heats
of formation (>800 k] mol™) for the two CPs are much
higher than those of the traditional energetic materials
(TNT, RDX, and HMX). But only the heat of detonation
for CP 2 (1.65 kcal g ') is higher than those of TNT, RDX,
HMX, and CL-20 (about 1.5 kcal gfl). The D and P of CP
2 are calculated to be 7,863 ms ' and 26.44 GPa, re-
spectively, which are slightly higher than TNT. The poor
detonation performance of CP 1 is attributed to their low
density (<1.3 gcm™) caused by porous structure. From
another point of view, this porous structure may hold
other small energetic materials and improve the energetic
performance.

CONCLUSIONS

The target of our designs is to obtain multidimensional
structure that possess the potential high energy (provided
by N;) and better stability compared with previously re-
ported species (through coordination and hydrogen
bonding provided by framework). With this strategy,
guanidine hydrochloride and ATz standing for the cation
and neutral molecule with similar size are employed to
coordinate with NaN;. Two novel energetic CPs, (NaNj);-
[(CHEN;)N:](Ns) 5 and (NaN;),(C,H,N,), were synthe-
sized and characterized. From crystal structure analysis,
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the cyclo-N, anion shows a unique coordination ability
that some other polynitrogen species do not have. In CPs
1 and 2, it can form tri-, quadri- and pentadentate with
central Na" due to the various coordination positions and
represents two different structures. As a result of the
coordination effect, hydrogen bonding and structural
modification, cyclo-N;5 anions in CPs 1 and 2 possess
better thermal stability (118.4 and 126.5°C as onset de-
composition temperature) than that in NaNs and its hy-
drate  [Na(H,O)(N;)]-2H,0O. Moreover, the fully
coordination of possible positions prevents H,O entering
the crystal and generates anhydrate compounds, which is
a big forward step to obtain final energetic materials. The
3D CPs 1 and 2 also show high heats of formation
(>800 kJ mol '). Considering their detonation properties,
the anhydrous products of sodium-pentazole species with
better thermal stability and higher heats of formation are
potential to being applied in HEDMs.
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Z I NS B B 4R S REBLAL R &9
I, Fanl’, L, R, AR, ke

TE AEERERPD RO, I U R (T T AR 5 ) © N 2 B S DA 5 BRI DU RE R — FIORTROR. A SCRHIFH B8+ CHL He (GU) R
H-1,2,4- ZMEC,H,NL(ATZ) 5 NaN;— 255 i, 1l 5 4R R i & PR 18 RERC 2R 5 71 (CPs), (NaN;)s[(CH,H)N;](N5); (DA
(NaNg)(CHN,) (2). SRS, EEARET, BEM T E 7L T 5 HAA YRS 7. BaWL, Na "JINSTERIER, FHR
FHESF [CNH,):] FEI/E s RG22 — MRA AR R, N5 FIATZ5Na 3 BITE B A S 7B AR B AR . TR LE R0 1 i i 25
TERECA IR AW, SRS & REM IR EERER AT I, 4t TECAZ AN H TR, PIRNER& M I A IR 50 B 111°C (—ZES545[Na
(H,0)(N,)]-2H,0) 42 i % T 118.4f1126.5°C. AN, MATM I ER T T Py b i gl whok, o0 B a2 I HAVIRE R T e TE 7K 4 (>
800 kJ mol™). RAMIIRIZLLILZERE WAL KL 13 2 B ZE A, SR HINS VR A it LA B (HED M) B AT IR A, AR A A 5%
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