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ABSTRACT: Understanding the structure-property relationship in a material is of great importance in material science. To study the 
effect of ligand backbones and anionic groups on the properties of energetic cationic metal-organic frameworks (CMOFs) and to disclose 
their structure-property relationships, we designed and synthesized a series of CMOFs based on either 4,4’-bi-1,2,4-triazole (btrz) or its azo 
analogous, 4,4’-azo-1,2,4-triazole (atrz) as ligand, and either perchlorate [ClO4¯] or nitroformate [C(NO2)3¯, NF¯] anion as extra-framework 
anion. Surprisingly, the effect of ligand backbones on the CMOFs is inverse that of the backbones on traditional energetic compounds, while 
the effect of the anionic groups follows the traditional group law. We found that btrz-based CMOFs exhibit higher densities and better 
chemical and thermal stabilities than those of their corresponding atrz-based CMOFs, although btrz has a lower density and a lower stability 
than atrz. In particular, the density of btrz-Fe is more than 0.11 g cm-3 higher than that of its atrz-based analogue (atrz-Fe). Moreover, the 
decomposition temperature of btrz-Zn (363 °C) is 80 °C higher than that of atrz-Zn, even higher than that of 1, 3, 5-triamino-2, 4, 6-
trinitrobenzene (TATB), making it a potential heat-resistant explosive. The effect mechanisms were also discussed according to the 
experimental results. This investigation is significant for understanding the structure-property relationship in energetic CMOFs. Moreover, it 
also brings about new design rules for future high-performance energetic materials. 

INTRODUCTION 
The study of structure-property relationship is one of the key pillars 
of various functional materials such as electronic and photonic 
materials, organic semiconductors, pharmaceuticals, batteries, gas 
absorbent, and catalysts since it provides insight and guidance that 
suggest paths to future advances.1-6 Especially, for energetic 
materials including explosives, propellants, and pyrotechnics, 
which have extensive applications in military and civilian fields, 
understanding the basic principles of their structure-property 
relationships would allow for better design and achievement of 
desired properties.7 In general, the structure of traditional energetic 
compounds such as TNT, RDX, and CL-20 is composed of two 
parts: backbones (e.g., aromatic rings, strain-caged rings, and 
nitrogen-rich heterocyclic rings) and energetic groups (e.g., NH2, 
NO2, and N3, Scheme 1). Their structure-property relationships 
and the effect of the backbones and energetic groups on the 
energetic properties have been well documented.8-11 An energetic 
compound with a denser backbone usually results in its higher 
density and higher energy, while introducing a higher energy group 
into the same energetic backbone also improves both. For example, 
RDX is more energetic than TNT since it contains a denser 
heterocyclic backbone compared to the benzene backbone of TNT, 
which can produce additional energy from the combustion of more 
C-N bonds. CL-20 has the highest energy among the three 
energetic compounds because of its dense strained backbone.12 
Meanwhile, since the nitro group has a higher energy than the 
amino group, and the amino group possesses a higher energy 
compared to the H atom, introducing these groups into the same 
tetrazole backbone shows gradually increasing orders in density 
and energy as follow: tetrazole < 5-amino-tetrazole (5-AT) < 5-

nitro-tetrazole (5-NT).13  

 
Scheme 1. Backbone effect (a) and group effect (b) of 
traditional energetic compounds. 

As an emerging class of energetic materials, energetic 
cationic metal-organic frameworks (CMOFs) have become a 
research hotspot in recent years owing to their favorable 
thermal stabilities, high densities, and high heats of 
detonation,14-18 which present promising applications in 
pyrotechnics, primary explosives, explosives, and energetic 
composites.19-22 Their positive frameworks can be constructed 
using energetic nitrogen-rich ligands and metal ions. The 
extra-framework of energetic anions such as ClO4¯ and NO3¯ 
occupy the framework channels as mobile anions, which are 
usually uncoordinated to metal centers. Based on their 
structural features, energetic CMOFs are also regarded in two 
parts (metal ions usually have little influences on the 
detonation properties of metal-organic frameworks): 
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backbones (ligands) and energetic groups (energetic anions, 
Scheme 2), similar to traditional energetic compounds. 
Although numerous CMOFs with fantastic topological 
structures have been synthesized through choosing various 
ligand backbones and anionic groups,23, 24 the effect of both on 
energetic properties remain unclear. Therefore, to properly 
tailor the structures of energetic CMOFs for desired 
properties, systematically investigating their structure-
property relationships is imperative. 

 
Scheme 2. Ligand backbone effect (a) and anionic group effect 
(b) of energetic CMOFs. 

Here, we rationally designed an energetic CMOF-based 
model system to disclose the structure-property relationship. 
The model includes two kinds of CMOFs (btrz-based 
CMOFs and atrz-based CMOFs), which are based on either 
4,4’-bis-triazole (btrz) or its azo analogous 4,4’-azo-triazole 
(atrz) as ligands. Compounds btrz and atrz were chosen as 
typical ligands for the following reasons: (1) btrz and atrz are 
easily available and possess strong coordination abilities and 
same coordination modes,21, 25, 26, 40 which contribute to the 
construction of CMOFs with similar structures, thus 
conveniently enabling the study of the effect of ligand 
backbones on their properties.26-28 (2) The structure-property 
relationships of btrz and atrz are well-documented (Scheme 
3),27, 29 which would be helpful to conduct a comparative study 
between the properties of btrz-based CMOFs and atrz-based 
CMOFs. (3) They possess high nitrogen contents (61.74% for 
btrz and 68.27% for atrz) and high heats of formation (531 kJ 
mol-1 for btrz and 878 kJ mol-1 for atrz), which could 
contribute to the development of high-energy CMOFs. 
Additionally, either perchlorate [ClO4¯] or nitroformate anion 
[C(NO2)3¯, NF¯] was employed as an extra-framework 
energetic anion because these two anions have different 
densities [e.g., 2.52 g cm-3 for KClO4 vs 2.22 g cm-3 for 
KC(NO2)3] and thermal stabilities [e.g., the decomposition 
temperature of KC(NO2)3 is 83 °C, while that of KClO4 is 
400 °C],30, 31

 which allows the assessment of the effect of 
anionic groups. To further investigate the generality of the 
effect of ligand backbones and anionic groups, three different 
metal ions (Zn, Cu, and Fe) were selected as metal centers to 
construct different isostructural CMOFs. 

Based on the above design strategy, a series of energetic 
CMOFs with similar structures but different ligand backbones 
and anionic groups (btrz-Zn: {[Zn(btrz)3](ClO4)2}n; btrz-
Cu: {[Cu(btrz)3](ClO4)2}n; btrz-Fe: {[Fe(btrz)3](ClO4)2}n; 
Zn-NF: {[Zn(btrz)3](C(NO2)3)2}n; Cu-NF: 
{[Cu(btrz)3](C(NO2)3)2}n; atrz-Zn: {[Zn(atrz)3](ClO4)2}n; 
atrz-Cu: {[Cu(atrz)3](ClO4)2}n; atrz-Fe: 
{[Fe(atrz)3](ClO4)2}n) were synthesized and characterized by 
IR spectroscopy, powder X-ray diffraction (PXRD), and 
single-crystal x-ray diffraction. The effects of ligand backbones 

and anionic groups on the properties of CMOFs such as 
density, chemical stability, thermal stability, sensitivity, and 
heat of detonation were studied. In addition, the effect 
mechanisms were also discussed according to the 
experimental results. This study is the first example for the 
systematic investigation of structure-property relationship in 
energetic CMOFs. 

Results and discussion 
1. Effect of ligand backbone on the properties of 

energetic CMOFs 
(1) Synthesis and Structure. To exploring the effect of 

ligand backbones on the properties of CMOFs, three btrz-
based CMOFs (btrz-Zn, btrz-Cu, and btrz-Fe) and their 
corresponding atrz-based CMOFs (atrz-Zn, atrz-Cu, and 
atrz-Fe) were prepared from hydrothermal reactions of btrz 
or atrz with their metal salts with the same perchlorate anions, 
respectively (Scheme 3 and Scheme S2). These materials can 
be synthesized with high yields and purities; their phase 
purities were established by comparison of their observed and 
simulated powder X-ray diffraction (see Figure S1-S2). 

Single-crystal X-ray diffraction revealed that btrz-based 
CMOFs are isostructural as well as atrz-based CMOFs. 
Furthermore, all six CMOFs have the same extra-framework 
perchlorate anion, display similar structures, and have the 
same asymmetric units {[ML3](ClO4)2; M= Zn, Cu, or Fe; L= 
atrz or btrz} of one metal atom, three ligands, and two non-
coordinated ClO4¯ anions. Moreover, the central metal ions in 
these CMOFs are coordinated by six nitrogen atoms from six 
different ligand molecules (Figure 1a, b and Figure S9-12a). 
Each ligand molecule acts as a bidentate bridge and connects 
two adjacent metal centers, thus extending into a similar 3D 
cationic framework structure (Figure 1e, f and Figure S9-
12b). The frameworks possess one-dimensional (1D) 
channels, which were filled with charge-balanced disordered 
ClO4

¯ anions. In addition, the oxygen atoms of the ClO4¯ 

anions and the C-H groups of the triazole rings participate in 
the formation of several C-H•••O hydrogen bonding. 

 
Scheme 3. Synthesis of btrz-based CMOFs and atrz-based 
CMOFs with the same extra-framework ClO4¯ anions. 

However, there are a few significant differences between 
the btrz-based CMOFs and their corresponding atrz-based 
CMOFs. To describe them in detail, we took btrz-Zn and 
atrz-Zn as typical examples and made a comparison. The 
differences were found as follows: (1) In btrz-Zn, the two 
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triazolyl rings of btrz are nearly perpendicular to each other 
since they are linked via the rotatable N–N single bond, and 
the twisting angle between them is 81.946(3)° (Figure 1d). 
Conversely, in atrz-Zn, two triazolyl rings and an azo group of 
the atrz ligand are nearly coplanar to each other due to the 
formation of a large conjugated system between the two 
aromatic triazolyl rings and the azo group, and the twisting 
angle between two triazolyl rings is only 2.664(3)° (Figure 
1c). Therefore, btrz-Zn exhibits more flexible frameworks 
than atrz-Zn because its ligands are more flexible. (2) The 
ZnII-N bond lengths increases from 2.153(3) Å in btrz-Zn to 
2.169(2) Å in atrz-Zn (Table S3). Thus, the btrz ligand 
possesses stronger coordination stability than the atrz ligand. 
(3) The C-H•••O hydrogen bonding distances between the 
oxygen atoms of the ClO4¯ anions and the C-H groups of the 
triazole rings are about 2.6333(139) Å in btrz-Zn, while those 
in atrz-Zn are about 2.7444(98) Å (Table S4), suggesting 
that btrz-Zn has stronger hydrogen-bonding interactions than 
atrz-Zn. (4) btrz-Zn possesses 1D channels with inner 
diameter of about 5.6 Å, while that in atrz-Zn has about 6.2 Å 
(Figure 1e, f). Moreover, PLATON calculations32 showed that 
the total empty volumes of the cationic framework reduced 
from 34.1% in atrz-Zn to 33.4 % in btrz-Zn. It is possible that 
the length of the btrz ligand (5.5 Å) is shorter than that of the 
atrz ligand (7.7 Å, Figure 1c and d). In addition, the btrz 
ligand has rotatable N-N single bonds, which leads to btrz-Zn 
having smaller channels and lower empty volumes. 

 

Figure 1. Coordination environment of Zn in atrz-Zn (a). 
Coordination environment of Zn in btrz-Zn (b). Structure for ligand 
atrz in atrz-Zn (c). Structure for ligand btrz in btrz-Zn (d). 3D 
frameworks of btrz-Zn (e). 3D frameworks of atrz-Zn (f). Some 
charge-balancing anions, hydrogen atoms, and guest water are omitted 
for clarity. The large spheres indicate the size of the voids. 

(2) Density. Density is one of the most important 
physical properties of an energetic material. For example, the 
detonation velocity of an explosive is proportional to its 
density, and the detonation pressure is proportional to the 
square of its density.33 The densities of as-synthesized btrz-
based CMOFs and atrz-based CMOFs after desolvation were 
measured using an automatic gas pycnometer. The densities 
of btrz-Zn, btrz-Cu, and btrz-Fe are 1.81, 1.83 and 1.82 g cm-

3, while those of atrz-Zn, atrz-Cu and atrz-Fe are 1.72, 1.74 
and 1.71 g cm-3, respectively. Surprisingly, although btrz has a 
lower density than atrz (1.64 g cm-3 for atrz vs 1.59 g cm-3 for 
btrz), btrz-based CMOFs display higher densities than their 
corresponding atrz-based CMOFs (Figure 2). This 
contradicts the traditional density law, which states that as the 
backbone becomes denser, its energetic compound has a 
higher density. In particular, the density of btrz-Fe is more 
than 0.11 g cm-3 higher than that of its azo-based analogue 
(atrz-Fe). The relatively high densities of btrz-based CMOFs 
could be attributed to their smaller channels (e.g., 5.6 Å for 
btrz-Zn vs 6.2 Å for atrz-Zn; 5.5 Å for btrz-Fe vs 6.3 Å for 
atrz-Fe) and lower porosity (e.g., 33.4% for btrz-Zn vs 34.1% 
for atrz-Zn; 33.6% for btrz-Fe vs 34.1% for atrz-Fe), which 
lead to a denser layer-by-layer stacking. Traditionally, the 
densities of energetic compounds mainly rely on backbones 
and energetic groups.8-11 However, for energetic CMOFs, the 
size of channels and the total empty volume of the frameworks 
also significantly influence density, which is scarcely displayed 
in traditional energetic compounds. 

 

Figure 2. Densities comparison for btrz, atrz and their atrz-based 
CMOFs and btrz-based CMOFs with the same extra-framework ClO4¯ 
anions.  

(3) Stability. Stability is also a crucial property for the 
practical application of energetic materials. These CMOFs 
were stable in air and common organic solvents such as 
ethanol, methanol, DMSO, and DMF. To investigate their 
chemical stabilities, each sample was dispersed in aqueous 
solutions with different pH values (1-14). Subsequently, the 
samples were thoroughly washed with water and dried before 
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characterization. As shown in Figures 3 and S3, the PXRD 
patterns of these materials were almost similar in aqueous 
solutions of pH 1 to 10. However, in a pH 14 aqueous solution, 
the diffraction intensities of atrz-based CMOFs clearly 
decreased and some new peaks appeared, while those of btrz-
based CMOFs maintained intact. For example, the diffraction 
intensity corresponding to the (1, 0, 1) crystallographic plane 
at 15.39o in 2ϴ (Figure 3a, peak a) of atrz-Zn in a pH 14 
aqueous solution decreased from 10000 to 1000 cps, and a 
new peak corresponding to the (1, 3, -1) crystallographic 
plane at 19.18° in 2ϴ (Figure3a, peak b) became particularly 
prominent. In contrast, the diffraction pattern and intensities 
of btrz-Zn were almost unchanged following the same pH 
change (Figure 3b). These results demonstrated that btrz-
based CMOFs exhibit better chemical stabilities in both acid 
and base solutions, allowing their applications under different 
conditions. Moreover, although some MOFs have been 
previously reported to have water tolerance or chemical 
stability in acidic or basic media, very few MOFs were found 
to be stable in both.34-36 

 

Figure 3. PXRD profiles for simulated and experimental atrz-Cu (a) 
and btrz-Cu (b) samples soaked in aqueous solutions with pH values 
of 1, 4, 7, 10 and 14 for 24 h. 

Their thermal stabilities were measured by differential 
scanning calorimetry (DSC) and thermogravimetric (TG) 
analysis under N2 atmosphere. As shown in Figure 4, all the 
CMOFs display high thermal stabilities. The decomposition 
temperatures of btrz-Cu and btrz-Fe are 321 and 312 °C, 
while those of atrz-Cu and atrz-Fe are 274 and 271 °C, 

respectively. Interestingly, btrz-Zn possesses an extremely 
high thermal stability with an onset decomposition 
temperature of 363 °C, even higher than 1,3,5-triamino-2,4,6-
trinitrobenzene (TATB, 318 °C),37 one of the most famous 
insensitive and heat-resistant explosives known. Thus, btrz-
Zn could be a potential heat-resistant explosive. Furthermore, 
btrz-based CMOFs also exhibited higher thermal stabilities 
than those of their atrz-based counterparts (Figure S4-S6), 
which is inverse of the relationship that of their ligands (the 
decomposition temperature of btrz is 268 °C, while that of atrz 
is 292 °C, Scheme 3). Particularly, the onset decomposition 
temperature of btrz-Zn is more than 80 °C higher than that of 
atrz-Zn (283 °C). Thermogravimetric analyses further 
confirmed that the main loss weight (70%) of btrz-Zn is in the 
temperature range from 360 to 370 °C, while that (50%) of 
atrz-Zn is in the temperature range from 283 to 300 °C. The 
relatively high chemical and thermal stabilities of btrz-based 
CMOFs are possibly ascribed to their stronger M-N bonds 
between ligands and metal centers. The Cu-N bond lengths 
for btrz-Cu are 2.107 (4) Å, while those for atrz-Cu are 
2.400(3) Å. The Zn-N bond lengths for btrz-Zn are 2.153 (3) 
Å, while those for atrz-Zn are 2.169(2) Å, (Table S3). 
Moreover, the stronger hydrogen-bonding interactions 
between the btrz ligand and charge-balanced ClO4¯ anions 
could also enhance stability (e.g., the C-H•••O hydrogen 
bonding distances are about 2.6333(139) Å for btrz-Zn, while 
those for atrz-Zn are about 2.7444(98) Å, Table S4). 

 

Figure 4. DSC curves for energetic CMOFs based on btrz and atrz. 

Besides chemical stability and thermal stability, 
sensitivity also deserves significant attention from researchers 
because it is closely linked with the safety of handling and 
applying energetic materials. The impact and friction 
sensitivities of these CMOFs were measured using a BAM Fall 
Hammer BFH-10 and a FSKM-10 BAM friction apparatus, 
respectively. The impact sensitivities of btrz-Zn, btrz-Cu, 
btrz-Fe, atrz-Zn, atrz-Cu, and atrz-Fe are 26, 15, 11, 14, 9, 
and 2 J, respectively. The friction sensitivities of btrz-Zn, btrz-
Cu, and btrz-Fe, are 52, 14, 48 N, respectively, while those of 
atrz-based CMOFs are less than 5 N. This indicates that btrz-
based CMOFs are less sensitive than their corresponding atrz-
based CMOFs. Compared with the rigid framework of atrz-
based CMOFs, the flexible 3D framework of btrz-based 
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CMOFs absorbs more energy through the rotation of their N-
N single bonds during impact or under friction, which could 
result in lower sensitivities.  

(4) Detonation Properties. Since both btrz and atrz ligands 
have high heats of formation, and energetic ClO4¯ anions are 
employed as extra-framework anions, the detonation properties of 
their corresponding CMOFs were investigated. The heat of 
detonation (Q), regarded as the energy given off by an energetic 
material during detonation, is a critical performance metric. 
Following our developed method,38 the heat of detonation of the 
energetic CMOFs were calculated using the experimentally 
determined enthalpy of formation (back-calculated from -ΔcU) and 

their corresponding measured density. As shown in Table 1, the 
heats of formation of btrz-based CMOFs are comparable to those 
of their atrz-based counterparts (e.g., 4997 kJ kg-1 for btrz-Cu vs 
5006 kJ kg-1 for atrz-Cu; 5080 kJ kg-1 for btrz-Zn vs 5266 kJ kg-1 for 
atrz-Zn), and the azo groups could significantly enhance their 
heats of formation. Although btrz-based CMOFs have higher 
densities than their corresponding atrz-based CMOFs, atrz-based 
CMOFs possess higher heats of formation owing to their atrz 
content, which has higher heat of formation (878 kJ kg-1 for atrz vs 
531 kJ kg-1 for btrz). This results in nearly equal heats of detonation 
between each pair. 

Table 1. Physical properties of energetic CMOFs compared with their ligands and TNT. 

Compd. Td
[a] ρ[b] Porosity[c] Q[d] -ΔcU[e] ΔfH°[f] IS[g] FS[h] 

btrz 268 1.58 (1.59[i]) - 4421 - 531 >40 >360 

atrz 292 1.64 (1.64[i]) - 5732 - 878 14 240 

btrz-Cu 321 1.83 (1.83[i]) 31.8% 4997 11580.9 1248 15 14 

atrz-Cu 274 1.75 (1.81[i]) 32.7% 5006 11116.4 1668 9 <5 

btrz-Fe 312 1.82 (1.85 [i]) 33.6% 5504 12309.7 1424 11 48 

atrz-Fe 271 1.71 (1.76[i]) 34.08% 5185 11225.7 1640 2 <5 

btrz-Zn 363 1.81 (1.83 [i]) 33.4% 5080 11646.9 1119 26 52 

atrz-Zn 283 1.72 (1.74[i]) 34.1% 5266 11104.0 1679 14 <5 

Zn-NF 151 1.74 (1.77[i]) 38.8% 5397 11567.4 1432 15.9 64 

Cu-NF 140.6 1.74 (1.80[i]) 38.2% 5330 11458.9 1341 9.5 72 

TNT 290 1.71 - 5258 - 1651 15 353 

[a] Decomposition temperature (onset), °C. [b] Density measured by gas pycnometer, g cm-3. [c] Porosity calculated by Platon software. [d] Heat of detonation, kJ kg-1. 
[e] Experimental determined (oxygen bomb calorimetry) contant volume energy of combustion (kJ kg-1)[ f] Heat of detonation, kJ mol-1 [g] Impact sensitivity, J. [h] 
Frication sensitivity, N. [i] Crystal densities, g cm-3. 

 

Figure 5. (Left) Crystal packing of btrz-Zn. (Right) Crystal packing of Zn-NF. The scheme is shown for the exchange process of trapping C(NO2)3
- 

anions and loss of ClO4
¯ anions. 

2. Effect of anionic group on the properties of energetic 
CMOFs 

(1) Synthesis and Structure. To assess the influence of 
energetic anionic groups on the properties of CMOFs, we 
employed as-prepared btrz-based CMOFs as precursors to 
synthesize two new energetic CMOFs containing extra-
framework, C(NO2)3¯ anions, through anion exchange. Since 
btrz-based CMOFs have high chemical stabilities; moreover, 
ClO4¯ as extra-framework mobile anions occupy the 
framework channels and are uncoordinated to the metal 
centers, which facilitaties anion exchange. Accordingly, an 
anion-exchange experiment was performed. After white 

crystals of btrz-Zn were immersed in a KC(NO2)3 solution 
under static ambient conditions (room temperature) for 3 
days, they turned yellow (Figure S17), revealing 
quantitatively new crystals ({[Zn(btr)3](NF)2}n, Zn-NF), as 
illustrated in Figure 5. An infrared (IR) spectrum of the solid 
product showed a strong band associated with the C(NO2)3¯ 
anion (~1300 cm-1), along with the disappearance of band of 
ClO4¯ anion (~1100 cm-1) (Figure S16b). The whole 
exchange process was monitored visually, and no crystal 
dissolution was observed. Notably, the resultant MOF 
remained single crystalline, was heterogeneous throughout the 
exchange at the bottom of the aqueous solution and could be 
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gathered through simple filtration. PXRD and single-crystal 
diffraction analyses indicated that as-prepared Zn-NF is 
isostructural to btrz-Zn, except that the extra-framework 
ClO4¯ anions were substituted by C(NO2)3¯ (Figure 5 and 
Figure S13). In addition, Cu-NF {[Cu(btr)3](NF)2}n

 was 
synthesized in a similar manner as Zn-NF, except that btrz-Cu 
was used instead of btrz-Zn. PXRD and single-crystal 
diffraction analyses showed that Cu-NF (Figure S12) is 
isostructural to both btrz-Cu and Zn-NF.  

(2) Energetic Properties. As shown from Figure 6, 
although perchlorate-based CMOFs (the precursors) and 
their corresponding nitroformate-based CMOFs have the 
same backbones, the former exhibited higher densities. In 
particular, the density of btrz-Cu is 0.09 g cm-3 more than that 
of Cu-NF (1.83 g cm-3 for btrz-Cu vs 1.74 g cm-3 for Cu-NF). 
The extra-framework perchlorate anion has a higher density 
compared to the C(NO2)3¯ anion [2.52 g cm-3 for KClO4 vs 
2.22 g cm-3 for KC(NO2)3], which could result in their 
corresponding CMOFs having higher densities. In addition, 
perchlorate-based CMOFs also displayed higher thermal 
stabilities than their corresponding nitroformate-based 
CMOFs. Remarkably, the decomposition temperature of btrz-
Zn is more than 200 °C higher than that of Zn-NF (Figure 4, 
363 °C for btrz-Zn vs 151 °C for Zn-NF). The relatively low 
thermal stabilities of nitroformate-based CMOFs are mainly 
ascribed to their labile C(NO2)3¯ anion content. It is well-
known that nitroformate salts usually have poor thermal 
stabilities [e.g., the decomposition temperature of KC(NO2)3 
is 83 °C, while that of KClO4 is 400 °C]. However, since the 
C(NO2)3¯ anion has high nitrogen and oxygen contents, the 
nitroformate-based CMOFs possess higher heats of 
detonation than their counterparts containing ClO4¯ anions 
(e.g., 5397 kJ kg-1 for Zn-NF vs 5080 kJ kg-1 for btrz-Zn). 
Therefore, the effect of anionic groups on the properties of 
CMOFs follows the traditional energetic group law. 

Figure 6. Densities comparison for KClO4, KC(NO2)3, and 
perchlorate-based CMOFs and nitroformate-based CMOFs with the 
same cationic frameworks. 

Conclusion 
We successfully fabricated a series of energetic CMOFs system 
to firstly investigate its structure-property relationship in them. 
Two kinds of CMOFs having similar structure, btrz- and atrz-

based CMOFs, were synthesized. As a result, the effect of 
ligand backbones on their densities and stabilities were 
discovered to be inverse that of backbones in traditional 
energetic compounds. However, the effect of the anionic 
group on CMOFs still follows the traditional group law. We 
found that btrz-based CMOFs exhibit higher densities and 
better stabilities than those of their corresponding 
counterparts, although btrz has a lower density and stability 
than atrz. In particular, the density of btrz-Fe is more than 
0.11 g cm-3 higher than that of its atrz-based analogue (atrz-
Fe). Moreover, the decomposition temperature of btrz-Zn 
(363 °C) is more than 80 °C higher than that of atrz-Zn, even 
higher than that of TATB, making it a potential heat-resistant 
explosive. Mechanistic studies showed that btrz-based 
CMOFs have lower porosities and smaller channels, resulting 
in higher densities. Moreover, the stronger M-N bonds and 
hydrogen-bonding interactions lead to their higher stabilities. 
Traditionally, the densities of energetic compounds mainly 
depend on backbones and energetic groups. Here, the size of 
channels and total empty volume of the frameworks were 
proven to be equally influential. Therefore, this investigation 
produced meaningful understanding of the structure-property 
relationship in energetic CMOFs. Moreover, our study also 
brings about new insight for the design and synthesis of new 
high-performance energetic materials. 
 
Experimental Section 

Caution: Although it is not encountered in our 
experiments, perchlorate and nitroformate anions contained 
compounds are potentially explosive. Only a small amount of 
the materials should be prepared, and it should be handled 
with care.  

General methods. All starting materials were 
commercially available, reagent grade, and used as purchased 
without further purification. The ligands btrz and atrz were 
prepared according to the method in the literature.39, 40 FT-IR 
spectra were recorded using KBr pellets for solids on a Bruker 
Tensor 27 spectrometer. DSC studies were performed on a 
TA-DSC Q2000 (New Castle, DE, USA) with the heating rate 
of 10 °C min−1, the flow rate of nitrogen gas of 60 mL min−1, 
and the sample size of about 1.0 mg. The absolute density of 
eight complexes were measured using an automatic gas 
pycnometer (Ultrapyc 1200e, Quantachrome Instruments). 
The impact and friction sensitivities were performed on a 
BAM fall hammer BFH-10 and a BAM friction apparatus 
FSKM-10, respectively. Detonation pressures and velocities 
were predicted based on the Chapman-Jouget thermodynamic 
detonation theory using EXPLO 6.01 and the Kamlet-Jacobs 
equation. 

Synthesis of btrz-Cu, btrz-Fe, atrz-Zn and atrz-Fe. 
btrz-Cu, btrz-Fe, atrz-Zn and atrz-Fe were synthesized 
according to the reference methods.24, 25, 41, 42 

Synthesis of [Cu(atrz)3](ClO4)2 (atrz-Cu). atrz (1.5 
mmol, 0.246 g) in 20 mL of boiling water was added into a 
boiling aqueous solution of 20 mL Cu(ClO4)2.6H2O (0.5 
mmol, 0.185 g). The mixture was stirred for 1 h, and then 
filtered. Blue single-crystals suitable for X-ray diffraction were 
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obtained by slow evaporation in a glass vial within several days 
with a yield of 79%. 

Synthesis of [Zn(btr)3](ClO4)2 (btrz-Zn). btrz (1.0 mmol, 
0.136 g) in 20 mL of water was added into a 20 mL 
Zn(ClO4)2.6H2O (0.5 mmol, 0.185 g) aqueous solution. The 
mixture was then filtered. Transparent single-crystals suitable 
for X-ray diffraction were obtained by slow evaporation in a 
glass vial within several days with a yield of 83%. 

Synthesis of [Zn(btrz)3](NF)2· (Zn-NF). As-synthesized 
btrz-Zn (0.3 mmol) crystals were immersed in a 20 ml 
KC(NO2)3 (0.9 mmol) aqueous solution for 3 days. Yellow 
block crystals of Zn-NF suitable for X-ray diffraction were 
obtained. After decanting the solution, the resultant solids 
were washed thoroughly with deionized water, and then dried 
in vacuum at 60 °C for 24 h. The products were characterized 
by PXRD and IR spectroscopy. Results are shown in the 
Supporting Information.  

Synthesis of [Cu(btrz)3](NF)2· (Cu-NF). The 
synthetic procedure and reactant amount for Cu-NF were the 
same as those for Zn-NF except that btrz-Zn was replaced by 
btrz-Cu. The obtained crystals for Cu-NF were green and 
were also characterized by PXRD and IR spectroscopy. The 
results are listed in the Supporting Information. 

Single-Crystal X-ray Crystallography. Single Crystal 
X-ray diffraction data were collected using a Bruker-AXS 
SMART APEX2 CCD diffractometer (Mo Kα, λ= 0.71073 Å). 
Indexing was performed using APEX2 (Difference Vectors 
method). Data integration and reduction were performed 
using SaintPlus. Absorption correction was performed by 
multiscan method implemented in SADABS. Space groups 
were determined using XPREP implemented in APEX2. 
Structures were solved using SHELXL-97 (direct methods) 
and refined using SHELXL-97 (full-matrix least-squares on F2) 
with anisotropic displacement contained in APEX2 program 
packages. Hydrogen atoms on carbon and nitrogen and 
oxygen were calculated in ideal positions with isotropic 
placement parameters set to 1.2 × Ueq of the attached atoms. 
CCDC 1570227, 1570245, 1571481, and 1571482 contain the 
supplementary crystallographic data for this paper. These data 
can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 
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The structure-property relationships about ligand effect and counter anion effect of energetic cationic metal-organic frameworks 

are revealed for the first time. The results show that the effect of ligand backbones on these energetic CMOFs is inverse that of the 

backbones on traditional energetic compounds, while the effect of the anionic groups on CMOFs still follows the traditional group 

law. 
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Figure 1. Coordination environment of Zn in atrz-Zn (a). Coordination environment of Zn in btrz-Zn (b). 
Structure for ligand atrz in atrz-Zn (c). Structure for ligand btrz in btrz-Zn (d). 3D frameworks of btrz-Zn 
(e). 3D frameworks of atrz-Zn (f). Some charge-balancing anions, hydrogen atoms, and guest water are 

omitted for clarity. The large spheres indicate the size of the voids.  
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Figure 2. Densities comparison for btrz, atrz and their atrz-based CMOFs and btrz-based CMOFs with the 
same extra-framework ClO4¯ anions.  
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Figure 3. PXRD profiles for simulated and experimental atrz-Cu (a) and btrz-Cu (b) samples soaked in 

aqueous solutions with pH values of 1, 4, 7, 10 and 14 for 24 h.  
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Figure 4. DSC curves for energetic CMOFs based on btrz and atrz.  
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Figure 5. (Left) Crystal packing of btrz-Zn. (Right) Crystal packing of Zn-NF. The scheme is shown for the 
exchange process of trapping C(NO2)3¯ anions and loss of ClO4¯ anions.  
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Figure 6. Densities comparison for KClO4, KC(NO2)3, and perchlorate-based CMOFs and nitroformate-based 

CMOFs with the same cationic frameworks.  
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