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Abstract: Energetic metal organic frameworks (MOFs) with
energetic anions as ligands can be used as new-generation
explosives. Many powerful anions have been introduced
into energetic MOFs to improve the properties; however,
the hydroxyl as a common group for energetic MOFs has
rarely been studied. In this article, we present two examples
of energetic MOFs ([Cu(atz)(NO5)(OH)],) and [Zn(ata)(OH)]
(atz=4-amino-1,2,4-triazole; ata=>5-amino-1H-tetrazole)
with the hydroxyl group as the ligand. Crystal structure

analyses reveal that the two compounds possess compact
two-dimensional (2-D) structures with densities up to
241 gcm™® and 2.54 gcm 3, respectively. These two com-
pounds have excellent physicochemical properties. The re-
sults demonstrate that a hydroxyl group as the ligands
could commendably increase the densities of energetic
MOFs, thereby enhancing the detonation performance. It is
anticipated this work will open a new direction for the de-
velopment of energetic MOFs.
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1 Introduction

Development of superior energetic materials is becoming
increasingly important in materials science research [1-6].
High-energy MOFs (HE-MOFs) which make use of high ni-
trogen content azole heterocycles and their derivatives as
ligands are a unique class due to their interesting struc-
tures. These energetic ligands [7] and the abundant oxy-
gen-containing anions [8] have been a huge advantage to
obtain HE-MOFs with high heat of detonation. HE-MOFs
have porous frame materials, which may be beneficial for
convective transport [9-11] and thus will influence the en-
ergetic performance. In addition, all the sensitive anions are
trapped inside the frame structure [8], making the energetic
MOFs mechanically insensitive. From these inherent advan-
tages [7-8], it is predicted that HE-MOFs could also become
suitable candidates for energetic materials.

Most HE-MOFs have 1D channels [8] incorporating elec-
tronegative anions for charge balance. As an important part
of HE-MOFs, these groups [12] exert a huge influence on
the properties of the MOFs backbone. In order to improve
the performances of these polymers, many other more
powerful groups have been introduced into HE-MOFs for
their high oxygen content and high energy (such as dini-
tramide ions [12], azides [13] and perchlorates [14]). For ex-
ample, a dinitramide ion could improve [12] the oxygen bal-
ance and density when compared to a nitro group, while
the introduction of an azido ligand enhances the nitrogen
content. Since HE-MOFs are an emerging class of energetic
material and possess very regular channels, introducing a
dinitramide ion could increase [12] the sensitivity to me-
chanical stimulation, perhaps owing to excess compression
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of functional groups onto a limited backbone. Some power-
ful anions (azides or perchlorates) could cause serious envi-
ronmental pollution [15-17], which restrict the range of ap-
plication. Hence, finding suitable groups for high-energy
MOFs remains a challenge.

The hydroxyl group is a common group for energetic
materials and it may improve the oxygen balance and the
densities. For example, the introduction [18] of the hydroxyl
group to 5-aminotetrazole could increase the density from
1.502 gcm ™ (5-aminotetrazole) to 1.695 gcm > (1-hydroxy-
5-aminotetrazole), while the density of 1-hydroxy-5-amino-
tetrazole was also higher than that of the corresponding
1,5-diaminotetrazole (1.571 gcm ™). Organic explosives [19]
with hydroxyl groups do not show superiority in improving
the heat of detonation, or other properties, when compared
to those of other groups. However, the hydroxyl group is an
easily ionized functional group with strongly electrophilic
characteristics, which may strengthen [20] hydrogen bonds,
obviously improving [21-23] for the density of energetic
materials. For example, the density of TNP (2, 4, 6-trini-
trophenol) is 1.763 gcm 3 and the density of TNT (2, 4, 6-
Trinitrotoluene) is 1.643 gcm™. Improving the densities
may be beneficial to the detonation properties since deto-
nation pressure and velocity are two principal detonation
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parameters, and are proportional to the initial density of
pure or mixtures of energetic compounds. Although a lot of
MOFs with the hydroxyl group as the ligand have a remark-
ably high density (such as 2.223 gecm™? for {[Cug(atz)s(H,0),
(143-OH),(SO,)s]-5.25H,03,, [24]; 2.189 gecm™ for {[Cu,(atz),(u-
OH),(SO,)]-3H,0}, [24]; 2.296 gcm 3 for {[Cu,(atz)¢(H,0)6(u5-
OH),(SO,)¢l-2H,08, [24]; 2.873gcm™ for {[Zn,SO,(OH),
(C,N,Hg)osl-3H,0},  [25]  (GN,Hg_ethylenediamine) and
2.805gcm3 for {[Zn,SO,(OH)4(C,N,Hg)osl,-18H,0},  [25]),
there has been no research on potential MOFs as energetic
materials due to the lack of an energetic ligand which rap-
idly releases heat during combustion.

Herein, we present two examples of energetic MOFs
with the hydroxyl group as the ligand. Two energetic MOFs,
[Cu(atz)(NO;)(OH)], [26] and [Zn(ata)(OH)] [27] (atz=4-ami-
no-1,2,4-triazole; ata=5-amino-1H-tetrazole), were prepared
using a coordination chemistry strategy. Crystal structure
analyses revealed that the above compounds possess com-
pact two-dimensional (2-D) structures with densities up to
241 gcm™® and 2.54 gcm3, respectively. Their relatively
high densities are presumably due to the hydroxyl groups;
these MOFs have close layer-by-layer stacking in the solid
state, resulting in a high density. In addition, the above
framework results in superior insensitivity, thermostability
and a high theoretical detonation pressure. Moreover, all of
these properties indicate that the two compounds have the
potential to be insensitive explosives.

2 Experimental Section
2.1 Chemical and Materials

Copper dinitrate trihydrate and dimethylformamide were all
purchased from Beijing Chemical Reagent Company with-
out further purification. atz, ata and Zinc nitrate hexahy-
drate was purchased from Sigma-Aldrich corporation.

2.2 Synthesis of the Energetic metal Organic Framework

The copper complex MOFs species, [Cu(atz)(NO3)(OH)],, (1),
was synthesized using a hydrothermal method - a simple
reaction of copper dinitrate trihydrate with atz in water
(Scheme 1). atz (0.084 g, 10 mmol) was suspended in 10 mL
dimethylformamide, with stirring at room temperature until
the solution is clear and transparent. The solvent was re-
moved and the solution transferred into a 50 mL volumetric
flask. A solution of copper dinitrate trihydrate (0.483 g,
20 mmol) in 20 mL water was added whilst keeping the
temperature at 90°C. In order to speed up the reactions,
one drop of dense nitric acid (about 0.03 mL) was added.
The reaction mixture was left standing for 36 h at 90°C.
Dark blue bulk crystals (suitable for X-ray structure determi-
nation) of target product from a clear green solution were
acquired. The solid was collected by filtration, washed with
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Scheme 1. Synthesis and coordination mode for 1 and 2

deionized water, and vacuum dried at 60°C. The crystal
structure of (1) is confirmed by X-ray analysis to be equal to
the one reported by Liu, et al [26]. Elemental analysis of
C,HsCuN;0, (226.66) (%): calculated - C 10.60, H 2.22, N
30.91; experimental - C 10.33, H 2.78, N 31.65.

The zinc complex, [Zn(ata)(OH)], (2), was synthesized us-
ing the same hydrothermal method - a simple reaction of
zinc nitrate hexahydrate with ata (Scheme 1). The crystal
structure of (2) is confirmed by X-ray analysis to be equal to
the one reported by Wang et al [27]. ata (0.085 g, 10 mmol)
was suspended in 10 mL dimethylformamide, with stirring
at room temperature until the solution was clear and trans-
parent. The solvent was removed and the solution trans-
ferred into a 50 mL hydrothermal reaction vessel. A solution
of zinc nitrate hexahydrate (0.483 g, 20 mmol) in 20 mL wa-
ter was added whilst keeping the temperature at 160 °C.
The reaction mixture was left standing for 40 h at 160°C.
Colourless bulk crystals (suitable for X-ray structure determi-
nation) were acquired. The solid was collected by filtration,
washed with deionized water, and vacuum dried at 60°C.
Elemental analysis of CH;ONsZn (166.45) (%): calculated — C
7.2, H 1.8, N 54.1; experimental - C 7.6, H 2.8, N 52.7.

3 Results and Discussion
3.1 Crystal Structure

Nitrogen-rich 2-D porous MOF, (1), belongs to the triclinic P-
1 space group where hydroxyl groups bridge linear
—Cu—0O—Cu- chains, interconnected together by atz ligands.
The crystal structure of (1) is confirmed by X-ray analysis to
be equal to the one reported by Liu [26], et al. As depicted
in Figure 1, the asymmetric unit is made up of two Cu(ll)
species, two atz ligands, two hydroxyl groups and two ni-
trate anions. The Cu atom exhibits two different coordina-
tion modes when binding to atz ligands. The first mode is a
hexadentate Cu(1) atom coordinated by two O atoms from
two symmetric hydroxyl groups (Cu(1)-O(3)=1.94 A), two
O atoms from two symmetric nitrate groups (Cu(1)-O(3)=
Cu(1)—-0(2)=2.57 R) and two N atoms from two atz ligands.
Another is Cu(2) atoms in a disparate environment, where
hexadentate Cu(2) atoms are bridged by two O atoms from
two symmetric hydroxyl groups (Cu(2)—O(3)=Cu(2)-0(4) =
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Figure 1. Coordination environment of M (ll) ions in title compound
((1)=up, (2) =down; for (1) M: Cu and (2) M: Zn; with some hydro-
gen atoms are omitted for clarity).

1.95 A) and four N atoms from four atz ligands. The hydrox-
yl groups act as a bridge to link two adjacent Cu atoms,
forming —Cu-O—Cu- chains (Cu(1)—0(3) = Cu(2)—0(4)—Cu(3)).
In the structure of (1), the nitrate groups and the Contains
hydrogen(C —H, N-H) groups of the atz ligands form di-
verse hydrogen bonding (e.g., dashed line, Figure 1). The
N—H--O hydrogen-bonding distances (O...N distances) vary
from 2.90 A to 3.1 A, which is considerably approach with
previously reported distances (2.8 A-3.0 &) [28] indicating
hydrogen-bonding interactions. Two different copper coor-
dination environments make up compound (1) and form a
2-D compacted polymeric sheet. Portions of the 2-D sheet
polymer appear to be arranged in a “ladder” motif (Fig-
ure 2). The adjacent layers are linked by weak interlayer
O—H--O hydrogen-bonding (dashed line, Figure 2), yielding
a stable 3-D supramolecular network.

Single-crystal structural analysis indicates that (2) is a
grid-like coplanar 2-D layer with hydroxyl groups bridging
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Figure 2. 3-D supramolecular network of the title compounds ((1)=
left, (2) =right, with some hydrogen atoms omitted for clarity).

linear —Zn—O—Zn— chains, interconnected by ata ligands
(Figure 1). The crystal structure of (2) is confirmed by X-ray
analysis to be analogous to the one reported by Wang [27]
with similar coordination mode and different space group.
The Zn atoms exhibit just one (tetradentate) coordination
mode, formed by two O atoms from two symmetric hydrox-
yl groups (Zn(1)-O(1)=2Zn(1)-0(2)=1.94 A) and two N
atoms from two ata ligands (Zn(1)-N(1)=2Zn(1)-N(2)=
2.00 A). Just like (1), the 2-D layers are stabilized by the in-
tramolecular N—H--N hydrogen bonding interactions (dash-
ed line, Figure 1). The 2-D layers of (2) are further interlinked
by the strong N—H-+N and O—H--N hydrogen bonding inter-
actions (dashed line, Figure 2) and stack into a 3D supra-
molecular framework.

According to single-crystal structural analysis, (1) and (2)
possess high densities (2.41 gcm™ for (1) and 2.54 gcm™
for (2)), which are presumably a result of the hydroxyl
groups. As shown in Figure 1, the hydroxyl groups and met-
allic ion array features regular intervals with powerful
—Cu—O0—Cu— or —Zn—0—Zn— chain connection. It should be
noted that the minimum distance between two adjacent
metallic ions for (2) is extremely short (3.37 A), lower than
for the MOFs with the same ligands and metal ions re-
ported to date, including Zn,(ata); (6.0 &) [27] and [Zn(ata),
(NO)1, (6.1 A and CCDC: 1028765). Similarly, (1) possesses
extremely short distances (3.4 A), as (2). It is possible that
two adjacent metallic ions are close due to strong coor-
dinate bonds and the small size of hydroxyl groups, thus il-
lustrating the hydroxyl groups play an important role, com-
pacting the structure and increasing the density. Extensive
hydrogen bonds (dashed line, Figure 2) between the layers
results in close layer stacking, giving a high density.

3.2 Evaluation of Physicochemical Properties

To evaluate the possibility of compounds (1) and (2) as suit-
able explosives, the physicochemical properties of density,
oxygen balance, nitrogen content and sensitivity were in-
vestigated. As show in Table 1, the density of (1) and (2) is
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Table 1. Physicochemical properties of MOFs and some energetic materials.
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Property p° N® Qo © Tyl AHgy, ¢ Df pe Ish Fs' ESD’
[gem™] [%] [%] [°q kJg™ [kms™'] [GPa] ] [N] U]

1 241 30.91 —24.72 288 3.158 7.459 29.71 1 180 12.13

2 254 54.1 —33.60 338 2,553 8.628 39.67 >40 >360 >2475

TNT 1,65 185 —73.96 244 3.751 7.178 205 15 353 0.57

RDX * 1.81 37.80 —21.60 210 5.796 8.600 33.92 7.5 120 0.2

HMX 1.95 3738 —21.60 287 5.520 8.900 38.39 7.4 - 02

CL-20' 2.04 3836 0 221 6.164 9730 444 4 48 0.13

[Cu(Htztr)], ¥ 244 49.08 —56.09 355 16.553 10.40 56.48 32 >360 >2475

Pb(Htztr),(H,0)" 2519 39.40 —4503 340 5.683 7.715 3157 >40 >360 -

Pb(H2tztr)(0) ™ 3511 27.20 —28.86 318 1.066 8.122 40.12 >40 >360 -

CHHP 2.00 2358 —13.01 231 3.137 6.205 17.96 08 - -

ZnHHP * 2.12 2361 —49.99 293 2.927 7.016 23.58 - - -

2 Density. ® Nitrogen content. < Oxygen balance. ¢ The onset decomposition temperature (DSC). ¢ the heat of detonation. f The detonation
velocity (calculated by EXPLO5 v6.01). ¢ detonation pressure (calculated by EXPLO5 v6.01). " Impact sensitivity. ' Friction sensitivity.
J Electrostatic sensitivity. © Properties are taken from Ref [31]. ' Properties are taken from ref. [12] ™ Properties are taken from Ref [32].

3

241 gecm™® and 2.54 gecm 3, respectively. The density of (1)
and (2) is higher than that of the organic explosives TNT
(1.65gcm™3) and RDX (1.81 gcm™) (Table 1), but is also
higher than that of the MOFs with the same ligands and
metal ions reported to date (Figure 3), including [Cu(atz),
(NOs),], (1.811 gem™) [29], [Cu(atz),(NO,),], (2.072 gcm™)
[26], Zn,(ata); (1.68208 gcm™) [27] and [Zn(ata),(NO,)],
(2.12076 gcm ™ and CCDC: 1028765).

26
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Figure 3. Bar chart representation of the literature density values
for the MOFs with the same ligands and metal ions reported to
date.

In addition, the oxygen balance and nitrogen content
for (1) and (2) is acceptable. The nitrogen content of (2) is
54.10%, assuring halogen free, low smoking and friendly to
the environment products. For compound (1), the sensitiv-
ities (IS=11J; FS=180N; EDS=12.13J) are lower than
those of traditional energetic materials such as RDX (IS=
7.5J); FS=120N; EDS=0.2J)) (Table 1). In addition, com-
pound (2) is an insensitive energetic material. In contrast,
the extreme sensitivities to electrostatic discharge [30-31]
of RDX (0.2J) and CL-20 (0.13J) (Table 1) are exceedingly
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dangerous because external disturbance can easily set them
off.

3.3 Thermostabilities

The thermostabilities of (1) and (2) were investigated using
thermogravimetric analysis. The decomposition temper-
atures of (1) and (2) were measured to be 288 °C and 338°C,
respectively (Figure 4), which is higher than that of RDX
(210°C, Table 1), one of the most energetic materials com-
monly employed. From Figure 4, we learn about materials
that leave very few solid residues after combustion (28 % for
(1) and 46 % for (2)), which is an important characteristic for
environmentally friendly energetic materials.

3.4 Computational Assessment

To estimate the heat of detonation (AHg,) of the above ma-
terials, and to see how they compare to those of common
energetic materials, a precise rotating-oxygen bomb calo-
rimeter [31] was used for energetic MOFs. Approximately
500 mg of the samples were pressed with an oxygen bomb
[33], which is a well-defined amount of benzoic acid (calcu-
lated: 1000 mg) pressed to form a tablet, ensuring better
combustion. The recorded data is the average of six single
measurements. The experimental results for the constant
volume combustion energies (A.U) of energetic compounds
(1) and (2) are 5949.8 Jg~' and 7109.3 Jg~', respectively. On
the basis of the formula AHg., =AU, +[ng (products)—ng
(reactants)] RT (where ng is the total molar amount of gases
in the products or reactants, R=8.314Jmol 'K, T=
298.15 K), the standard molar enthalpies of combustion (A,
Hom) can be derived as being 1340.95 kJmol™' for (1) and
1171.51 kJmol™ for (2). The combustion reaction Equations
are listed as (1) and (2):

Propellants Explos. Pyrotech. 2017, 42, 1-8
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Figure 4. The DSC-TG curve for (1) left; and (2) right.
C,H;O4N;Cu+1.75 O, = )

CuO +2 CO, + 2.5 H,0 + 2.5N,
CH,ONsZn + 1.75 O, = ZnO 4+ CO, + 1.5 H,0 + 25N, (2)

The standard molar enthalpies of formation of the com-
bustion products are obtained from the literature. Accord-
ing to Hess's law, the standard molar enthalpies of for-
mation (AH,,,) of (1) and (2) at 298.15 K are calculated as
—192.49 kimol™" and 64.81 kimol ™", respectively. In accord-
ance with the maximum heat release principle, for (1), wa-
ter, nitrogen, carbon and carbon dioxide were assumed to
be the final products of decomposition of the organic part
of the framework, and the formation of copper was as-
sumed to be governed by the deficiency of oxygen. For (2),
hydrogen, nitrogen and carbon were assumed to be pro-
duced primarily due to the deficiency of oxygen and the
formation of zinc oxide was based mainly on the maximum
heat release principle. The complete detonation reactions
are described by Equations (3) and (4).

C,HsO,N;Cu = -
Cu +0.75 CO, +2.5 H,0 + 2.5N, +1.25 C
CH;ONsZn = ZnO + 1.5 H, + 2.5N, + C (4)

In the theoretical case, the heat of detonation (AH,,,) of
compounds (1) and (2) at 298.15K are calculated as
3157.6 Jg~' and 2552.9 Jg~', respectively. Detonation veloc-
ity (D) and detonation pressure (P) are perhaps the most
important parameters which illustrate the detonation char-
acteristics of energetic materials. Detonation performances
of the related energetic MOFs here were evaluated by the
empirical Kamlet-Jacobs [34] formula, as:

D =1.01 ®'2 (14 1.30p) (5)
P = 1.558 ® p? (6)
® =31.68N (MQ)'/? (7)
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D represents detonation velocity (kms™") and P is deto-
nation pressure (GPa), p is the density of explosive (gcm™).
@, N, M and Q are characteristic parameters of an explosive.
@ is an intermediate quantity, which has no practical mean-
ing. N is the moles of detonation gases per gram of ex-
plosive, M is the average molecular weight of these gases
and Q is the heat of detonation (kcalg™'). The complete
detonation reactions are described by Equations 1 and 2.
The formation of metal oxides as solid was assumed to be
governed by the deficiency of oxygen.

The physical properties of the compounds and relevant
compounds are listed in Table 1. As shown in Table 1, al-
though the detonation velocity of (2) was measured to be
8.628 kms™', which is lower than or approximately equal to
that of the main explosives (RDX: 8.600 kms™'; HMX:
8.900 kms™), the detonation pressure of (2) is higher than
that of those materials (TNT: 20.5 GPa; RDX: 33.92 GPa;
HMX: 38.39 GPa; Table 1). Among them, the detonation
pressure of (2) is lower than that of the recently reported
[Cu(Htztr)], (theoretical calculation) but is higher than for
the majority of energetic MOFs reported to date: [Pb(Htztr),
(H,0)l, (31.57GPa), CHHP (17.96 GPa) and ZnHHP
(23.58 GPa) (Table 1). The relatively high detonation pres-
sure of (2) could result from its high density and abundant
detonation products, which are closely related to the vol-
ume of the detonation gases. The relatively high detonation
pressure is presumably caused by the high density of (2).

3.5 Detonation Performance

Compared to the energetic materials reported previously,
excellent density of the title energetic MOFs are proved,
with particularly high density of 2.41 gcm 3 and 2.54 gcm
for (1) and (2), respectively, which are insensitive to external
stimulus. The heat of detonation of compound (1) is in the
lower level of conventional explosives and energetic MOFs
listed in Table 1, and the favourable values of D and P are
probably due to the excellent oxygen balance and high
density. In spite of the lower heat of detonation of com-
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pound (2), the excellent detonation pressure may be due to
the high density up to 2.54 gcm™>. In addition, the in-
troduction of hydroxyl groups to energetic MOFs does not
shown an improvement to the heat of detonation, never-
theless, hydroxyl groups with strongly electrophilic charac-
teristic and small size may reduce the distances between
bridging hydroxyls and two metallic ion, which may benefit
the density of energetic MOFs.

4 Conclusions

In conclusion, two high density energetic MOFs have been
synthesized with hydroxyl groups as the ligands. The prop-
erties of the two MOFs have been measured or calculated,
revealing that the species possess high densities for en-
ergetic MOFs. As two high energy density materials, com-
plexes (1) and (2) exhibit favourable physicochemical prop-
erties, such as high decomposition temperatures,
favourable oxygen balance and low sensitivities. Specifically,
compound (2) exhibits explosive performances with the
highest detonation pressure of 39.67 GPa, equal with that
of HMX, one of the most energetic materials commonly
used. The present work provides a possible application of
hydroxyl groups to influence the density of energetic mate-
rials, and exciting results can be expected after further
work.
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