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1. INTRODUCTION

Science and technology of energetic materials (EMs), including
propellants, explosives, and pyrotechnics, is an important
research topic because of the extensive applications of EMs in
defense, aerospace industry, mining, and construction." EMs
are still under extensive development in terms of new energetic
molecules, advanced energetic composites, novel energetic
formulations, as well as unique energetic systems.”” There have
been a significant amount of new EMs being developed during
the past decades, such as new energetic polymers,” novel nitro
compounds, energetic salts, nitrogen-rich compounds, based
on azole and azine rlngs, energetlc ionic hqulds, nano-
thermites,"" polynitrogen compounds,'” and energetic super-
molecules, including host—guest complexes, cocrystals, as well
as energetic metal—organic frameworks (MOFs)."”™"" How-
ever, the newly developed energetic compounds, in most cases,
are still incapable of replacing currently used high EMs because
of at least one of the following disadvantages: chemical
incompatibility, insufficient thermal stability, poor sensitivity,
environmental toxicity, and a high production cost. Therefore,
energetic supermolecules with tunable properties could be a
prospective alternative to solving some of these problems.
Recently, MOFs have attracted great attention because of their
intriguing molecular topologies and potential applications.'*™*°
In particular, energetic MOFs could be synthesized by using
certain energetic molecules as linking units, resulting in the
formation of highly ordered materials with high heat of
detonation, such as the recently reported 1D MOFs, with the
formula of [Ni(NH,NH,);(ClO,),], and [Co-
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(NH,NH,)(ClO,),],- In another report, hydrazinium per-
chlorate was used for the preparation of a linear polymeric
structure,”" yielding very powerful metal-based EMs, with
detonation heats comparable to those of the state-of-the-art
EMs, such as 2,4,6,8,10,12-hexanitrohexaazaisowurtzitane (CL-
20; ~6.28 kJ-g™'). Unfortunately, the above-mentioned
energetic MOFs were found to be very sensitive to impact
and friction because of the low rigidity characteristics of the
linear polymeric chain structures. In order to decrease the
mechanical sensitivity, investigators used hydrazinecarboxylate
as a ligand for the preparation of energetic coordination
polymers (ECPs) with sheet-type structures, including [(Co,-
(N;H,)4(N,H;CO,),)(ClO,),'H,0], (CHHP) and [(Zn,-
(N,H,);(N,H;C0,),)(Cl04),-H,0], (ZnHHP), which
showed a considerable decrease in sensitivity, but unfortunately
their heats of detonation were low.”” In comparison, the
energetic 3D MOFs possess more variable connection modes,
and some of these materials have enhanced structural
reinforcement, resulting in their improved thermal stability
and energetic performance. Two halogen-free energetic 3D
MOFs, [Cu(atrz);(NO;),], and [Ag(atrz),s(NO;)],, were
recently prepared by using a highly thermostable energetic
ligand, 4,4’-azo-1,2,4-triazole (atrz, with a N content of 68.3%),
instead of hydrazine.”””* Yet, these two 3D MOFs exhibited
much lower thermal stability than the parent atrz ligand, which
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Table 1. Molecular Compositions, Formulas, Molecular Weights, and Key Atom Ratios in TAG-Cu' Complexes and ECPs”

sample empirical formula Fw

ECP-1 [Cu,(CN,H,)CI-H,0], 2050  exptl
caled

ECP-2 [Cu,(CN;H,)CL(H,0),], 2930  exptl
caled

ECP-3 [Cu(CN,H,)CL-3H,0],-CuCl 3940  exptl
caled

ECP-4 [Cu,(CN,H,)CL,],-CuCl 3765  exptl
caled

ECP-5 [Cu(CNGH,)C1)],-4CuCl-2Cu 7221 exptl
caled

TAG-Cu'_1/1d Cu,(CN¢H,)CL,-H,0 3140  exptl
(complex) caled

elemental content (wt %)

MR C/ MR C/
Cu C N cl H 0 Cu/CI* H
3120 1192 2745 1739 423 7.81 2/1/1 1/10
31.00 11.72 27.31 17.29 4.88 7.80
43.62 426 1429 2442 308 1033 1/2/2 1/9
43.38 410 1433 2420 307 1092
48.79 3.01 713 2665 232 1220 1/3/3 1/10
48.39 3.05 711 2699 228 1218
50.40 324 7.65  37.63 1.08 0.00 1/3/4 1/4
50.64 3.19 744 3767 1.06 0.00
61.47 1.61 1191 2441 0.60 0.00 1/7/5 1/2
61.60 1.66 11.63 2455  0.56 0.00
40.31 3.89 26.53 22.51 1.82 4.94 1/2/2 1/4
40.22 3.80 2658 2244  1.90 5.06

“The FW, formula weight, is calculated from the simplest experimental predicted monomer; TAG-Cu"_1/1d_RT represents the TAG-Cu" complex
prepared under room temperature, while the others are ECPs; the M.R,, atomic molar ratio, is determined by EDS (a) and EA by burning gaseous
products (b). Exptl values for C were obtained by the average values by EDS and EA methods and H were obtained by calculation of the average C
content and C/H ratio from EA, while the other values (calcd) were determined from the C/Cu/Cl ratio by EDS and the average C content.

has a decomposition temperature (T3) of 313 °C, whereas the
corresponding 3D MOFs decomposed below 260 °C."*

A recent study showed that by using a tetrazole—triazole
ligand, 3-(1H-tetrazol-S-yl)-1H-triazole (H,tztr), for the
preparation of energetic 3D MOFs, the T, value of these 3D
MOFs could be increased to 355 °C, which is higher than that
of the parent Htztr ligand."

Similar to the above-mentioned azole-based ligands,
guanidine and its derivatives represent an additional class of
N-donor ligands with basic and nucleophilic functional groups.
A combination of various metal ions and guanidine-derived
building blocks should allow the building of a combinatorial
library of EMs suitable for various applications, where the
properties could be tuned by the selection of specific metal ions
and nitrogen-rich components.”>~** Guanidine-based ligands
have already been investigated in bioinorganic chemistry,”” ™'
as well as in the preparation of copper-based catalysts for atom-
transfer radical polymerization (ATRP).”>** For instance,
certain guanidine derivatives may contain additional N-donor
moieties, such as pyridine or quinoline.”*** It was reported that
the multifunctional guanidines could promote changes in the
oxidation state of Cu ions, from Cu' via Cu to Cu'™ This
property of guanidine ligands, to stabilize metal centers with
various oxidation states, makes them outstanding ligands for
homogeneous catalysis. Several studies have been reported
regarding the preparation of diaminoguanidine (DAG) copper
complexes, such as Cu(DAG)(NOs;),, Cu(DAG),(NO;),, and
Cu(DAG),(NO;),HNO;. In the latter complex, both the
neutral DAG and DAG" cation are bound to Cu, the crystal
structure of which is similar to that of [Cu(DAGH)CI,].”*™*
Despite all of this prolific activity, the energetic properties of
guanidine-based metal complexes were never reported.

In general, guanidine derivatives are very energetic, and
among them, triaminoguanidine (TAG and its nitrate salt) has
the highest N content. The TAG moiety could be used as a
promising ligand or cation for the preparation of various
energetic coordination compounds and ionic liquids.*”*" There
are only two known examples of TAG-Cu complexes. The first
reported example describes the reaction between Cu(NO;),
and TAG-HNO;, conducted in aqueous solution (pH = 1, at
room temperature), yielding a Cu(TAG)(NO;), complex."’8

21675

The second complex, containing protonated TAG, was
prepared by the reaction of equimolar amounts of CuCl, and
TAG-HC], in concentrated aqueous HCl (at room temper-
ature).”” We discovered that, at elevated temperatures, the
reaction between Cu(NO,), and TAG-HCl, in aqueous
solution, led to a rich new chemistry and to the formation of
much more intricate and unique materials. At higher temper-
atures, in the presence of Cu" ions, the TAG ligand undergoes
oxidation and coordination processes, forming either a copper
complex or energetic coordination polymers (ECPs). More
importantly, the structures of the obtained ECPs are highly
dependent on the molar ratios of the reactants. It was further
shown that some of the ECPs have superior energetic
properties and much higher thermostability than the previously
reported azole-based 3D MOFs."”

2. EXPERIMENTAL SECTION

2.1. Preparation of ECP-1, ECP-2, and ECP-3 (in a Diluted
Solution of Copper Nitrate). An aqueous solution of TAG-HCI (20
mL, 250 mM) was added to a stirred (900 rpm) aqueous solution of
Cu(NO;),3H,0 (100, 200, or 300 mL, SO0 mM) at 65—75 °C, and
the reaction mixture was kept at this temperature for 2 h. After that
time, the formed precipitate [TAG-Cu' 1/1d (ECP-1), TAG-Cu' 1/
2d (ECP-2), and TAG-Cu' 3/1d (ECP-3), respectively] was filtered,
washed with water, and vacuum-dried for several days (color changes
during the drying process indicate dehydration of the prepared
materials; Figure S1).

2.2, Preparation of ECP-4, ECP-5, and Related Materials (in a
Concentrated Solution of Copper Nitrate). An aqueous solution
of TAG-HCI (20 mL, 250 mM) was added to a stirred (900 rpm)
aqueous solution of Cu(NOs;),-3H,0 (25, 20, 15, 10, S, and 2.5 mL,
500 mM) at 70—80 °C, and the reaction mixture was kept at this
temperature for 2 h. After that time, the formed precipitate [TAG-
Cu' 1/5s, TAG-Cu' 1/4s, TAG-Cu' 1/3s, and TAG-Cu' 1/2s
(ECP-4), TAG-Cu' 1/1s (ECP-5), and TAG-Cu' 2/1s, respectively]
was filtered, washed with water, and vacuum-dried for several days
(color changes during the drying process indicate dehydration of the
prepared materials; Figure S1).

2.3. Preparation of the TAG-Cu' Complex.. An aqueous
solution of TAG-HCI (20 mL, 250 mM) was added to a stirred (900
rpm) aqueous solution of Cu(NOj;),-3H,0 (20 mL, 250 mM) at 25—
35 °C, and the reaction mixture was kept at this temperature for 2 h.
After that time, the formed precipitate TAG-Cu' complex was filtered,
washed with water, and vacuum-dried.
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Comprehensive characterization of all prepared materials is
presented in the Supporting Information (SI).

3. RESULTS AND DISCUSSION

3.1. Elemental Analysis (EA) of ECPs. The resulting ECPs
had different colors and morphologies (Figure S1). We found
that ECP-1, ECP-3, ECP-4, and ECP-§ are very stable, while
ECP-2 is slightly hygroscopic (see the SI). These ECPs were
isolated as microcrystalline powders and found to be practically
insoluble in all common organic solvents and water. The
difference in the colors of our ECPs most probably results from
variations in their molecular structures. Table 1 summarizes the
results of EA conducted for the TAG-Cu' complexes and their
corresponding ECPs. The elemental content of our materials
was determined on the basis of a combination of three different
analytical techniques, including combustion EA, energy-
dispersive spectroscopy (EDS), and X-ray photoelectron
microscopy (XPS). It is clear from the results presented in
Table 1 that the original TAG ligand, which has a N/C ratio of
6/1, undergoes partial decomposition during the formation of
various ECPs because in the latter materials the N/C ratio is
typically less than 6/1. In contrast, the Cu contents in these
ECPs are very different, although the Cu/Cl ratio was
maintained at 1/1. These findings strongly indicate that the
TAG ligand underwent an oxidation reaction that was
promoted by Cu", forming various Cu'-containing ECPs.
Cuinduced oxidations are well-known in organic synthesis,42
and the oxidation of TAG, in the presence of transition-metal
ions, was also reported, where two possible oxidation
mechanisms were suggested (Scheme S1).* In the absence
of the possibility of measuring single-crystal X-ray diffraction
(XRD), because of the lack of solubility of our ECPs, the most
plausible molecular structures of these materials and their
crystal morphologies were determined using a combination of
XPS, Fourier transform infrared (FTIR), powder X-ray
diffraction (PXRD), and scanning electron microscopy
(SEM) techniques.

3.2. Chemical Bonding in ECPs. The chemical structures
of nitrogen-rich ligands in our ECPs were evaluated by FTIR
and XPS analysis (Figures 1, 2, and S2), with summarized peak
assignments presented in Tables S1 and S2. The types of
chemical bonds in the TAG-Cu' complex and ECPs, as well as
in their precursors, were also determined (see sections 2.1 and
2.2 in the SI). It has been unambiguously shown that N atoms
in the ligands are coordinated with Cu' in all of these materials.

v(N-H) v(C=N) v(C-N) v(Cu-O-H) v(N-H) v(C
3446 1583 1411 590-611 3448 1

v(C-N) v(Cu-O-H)
1411 590611

T TAG-Cu(ly_12s

¢ TAG-Cu(ll)_1/1s |}

TAG-Cu(ll)_1/2d : ! T TAG-Cu(l_1/3s |1l ]

Amidel || |

TAG-Cu(ll)_1/ds |
LFTAG-Cu(ll)_1/5s
/

ZTAG-Cu(ll)_1/3d (0L
TAG-Cu(ll)_3/1d !

Amide | i} |
) 1/1s y

“Vitac-cu

! ITAG-Cu(ll) complex
! ! i

i —_— S|
3500 3000 2500 2000 1500 1000 500 3500 3000 2500 2000 1500 1000 500
Wavenumber /cm ' Wavenumber / cm”

Figure 1. FTIR spectra of the TAG-Cu' complex and selected ECPs,
prepared under different reaction conditions.

The H,0 molecule and one of CI” or NO;~ ions were also
found to be in coordination with Cu metal centers.

Our FTIR results indicated a lack of primary amine groups
present in the spectra of several materials, including ECP-S,
TAG-Cu' 2/1s, ECP-1, and TAG-Cu' 8/1d, while peaks that
were assigned to the C—N=NH group could be clearly
detected in the spectra os these materials. Also, from FTIR
spectral analysis of ECP-2 and ECP-3, we concluded that C—H
bonds were formed in these materials, following TAG
oxidation. This conclusion was consistent with our XPS results
for ECP-2 and ECP-3, where C 1s peaks of these two materials
showed a much higher intensity of C—H/C—C bonds (Figures
2 and S3). Although there are small C 1s peaks that could be
attributed to the presence of the C—C bond in the complex and
ECP-S, we could not postulate the presence of this bond in
structures of these materials because of a lack of C—C bond
peaks in the FTIR spectra of the complex and ECP-S. It should
be noted that frequently, in samples that were exposed to air, C
1s peaks of C—C, C—0O—C, and O—C=0 components could
be found because of the presence of organic contaminants in
the air.

Our XPS measurements also revealed that, in the case of
ECP-2, C is covalently bound to a Cu' metal center, whereas
one additional amino group is bound to C in ECP-1 and ECP-
2. No C—Cu bond was observed in the XPS spectra of the two
latter materials (Figure S3).

As ligands, TAG and its oxidized products have C 1s peaks
corresponding to C—N (285.7—286.0 eV) and C=N (286.5—
286.7 eV) bonds, as well as N 1s peaks corresponding to =N—
(3984 eV) and —NH— (399.7 eV) bonds. These peak
intensities depend on the oxidation state.**”*” The observed
N 1Is binding energy for —NH— at 400.1 or 400.2 eV (Table
$2) is in agreement with the reported values for organic amines,
which are coordinated to metal ions (in the solid state).** The
presence of a positively charged N atom could be the result of
an amine N—Cu bond, while the negatively charged N atom
could be due to the presence of a C—Cu bond, which was only
found in N 1s XPS spectra of ECP-2.* In general, two Cu
2p*? peaks at 934.9 and 9442 eV could be attributed to
copper(Il) compounds, while the peak at 932.4 eV corresponds
to the Cu'=N bond in our compounds. The latter peak is
usually overlapped with the peak of metallic copper (Cu®).”’ In
XPS spectra of all tested ECPs, the peaks corresponding to the
Cu'-N bond were found to be dominant, except the spectrum
of ECP-2, in which the Cu'/Cu" peak intensity ratio was almost
1/1. This indicates the presence of both Cu'/Cu" metal centers
in this material. We also noticed that, in the case of ECP-S, the
peak ratio of Cu' (or Cu’) to Cu", in its XPS spectrum, was
much higher than those for all other materials that were
prepared in this study, suggesting the presence of Cu’. This
conclusion was further supported by the PXRD analysis
conducted for this material (Figure S4). The coordination
behavior of N sp? donors in ligands, which are TAG oxidation
products, is similar to that of azoles, where each N-donor atom
of azolate generally coordinates only to one transition-metal
center.* On the basis of the EA results, in complexes ECP-2
and ECP-3, H,O molecules were found in the structures of
these materials, while in the cases of ECP-1, ECP-4, and ECP-
5, no presence of H,O ligands was detected (Figures 2 and S6).

3.3. Proposed Molecular Structures of ECPs and Their
Formation Mechanisms. It was previously reported that the
chemical instability of TAG ligands could be improved by their
modification with certain functional groups, such as benzyl and
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Figure 2. XPS spectra of the TAG-Cu' complex and selected ECPs that were prepared at various molar ratios of the starting materials (in 1/1 and 1/

3 molar ratios).
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Figure 3. In situ oxidation of TAG promoted by Cu" and coordination reactions between HAMBDA, FHAA, and MHA and Cu' ions, leading to
formation of the corresponding ECPs. The reaction outcome is significantly dependent on the reaction conditions [the molar ratio of TAG/Cu" for
reactions (i) and (ii) was 1/1 in diluted and saturated solutions, respectively; the ratios were 1/1 and 1/3 for reactions (iii) and (iv) in a diluted
solution, respectively; the ratio was 1/2 for reaction (v) in a saturated condition and 3/1 for reaction (vi) in a diluted solution; a trace amount of
metallic copper was also observed in the cases of saturated reaction solutions, with reactant TAG/Cu" ratios greater than 1/1].

its derivatives.”* On the basis of the above-mentioned elemental
composition and chemical bond analyses, plausible reaction
passageways and corresponding oxidation mechanisms could be
envisioned in the formation of our ECP materials (Figure 3).
We believe that three ligands, including
hydrazonomethylenebis(diazene) (HAMBDA), (Z)-formohy-
drazonamide (FHAA), and methylene hydrazine (MHA), and
their corresponding ECPs are formed during the Cu'-
promoted oxidation of TAG at an elevated temperature of
about 75 °C (e.g, ECP-2, ECP-3, and ECP-5; Figure 3). In
contrast, at room temperature (and up to 35 °C), the oxidized
TAG-Cu' complex is formed. Under elevated temperature
reaction conditions, it was possible to control the structure of

21677

the resulting ECPs by using certain concentrations of starting
materials in aqueous solution and by altering the TAG/Cu"
ratios. Our EA results indicated that Cu ions in the TAG-Cu'
complex are coordinated in a binuclear mode, while the ECPs
have either binuclear copper repeating units (ECP-2, ECP-3,
and ECP-4) or mononuclear monomers (ECP-1 and ECP-5).
In comparison, benzyl derivatives of TAG, as tridentate ligands,
form equilateral triangular complexes of coordinated metal ions,
which were further utilized for the preparation of high-
nuclearity complexes and coordination polymers.””* In our
case, copper ECP materials based on FHAA and MHA ligands
exhibit lower molecular-level porosity and higher thermo-
stability than somewhat larger nitrogen-rich energetic ligands
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(used for the preparation of ECPs), such as H2tztr and atrz
ligands.

3.4. Prediction of the Crystal Structures of ECPs by
PXRD. The crystal structures of all ECPs obtained in this study
were analyzed by PXRD (Figure S4), and their diffraction
patterns were compared to the patterns of TAG-HCI and the
TAG-Cu' complex. We found that the diffraction patterns of
ECPs and the complex were different in peak numbers,
positions, and intensities (Tables S3—S12). The patterns were
indexed, and the corresponding space groups were determined,
based on unit-cell refinement and by using the JADE software
(Table S13). Our PXRD data (Figures 4 and S4) showed no
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Figure 4. Comparison of the experimental PXRD spectra (a-e) and
the simulated ones for TAG-Cu(I) complex and the typical ECPs (al-
el) based on the predicted crystal unit cell parameters (Table S14,
ESI).

exact match to any known phases in the ICDD database, while
only three peaks matched the metallic copper (Cu’ Figure 4c)
for ECPs that were prepared under saturated reaction
conditions (e.g, ECP-S). It should be noted that, in the
cases of ECP-2 and ECP-5, we found that three peaks (at 20 =
28.58°, 47.56°, and 56.40°) matched the Nantokite CuCl
(PDF01-0793) material. Clearly, all our new ECP materials
exhibited a distinct crystalline phase that was significantly
different from those of both of its Cu(NO;), and TAG-HCI
precursors.

All of the above-mentioned data are in very good agreement
with the molecular compositions determined by EA (Table 1),
e.g, TAG-Cu' complex, Cu,(CN4H,)Cl,-H,0; ECP-2,
[Cu,(CN;H;)Cl,-2H,0],; ECP-5, [Cu(CN¢H,)Cl)],; and
ECP-3, [Cu,(CN,H,)Cl,-3H,0],.

TAG-HCI was found to crystallize in the hexagonal space
group P63/m (Figure S6),"*° while the TAG-Cu' complex and
all of the ECPs crystallized in a monoclinic space group (Table
S13). In particular, the crystal lattices of the TAG-Cu' complex,
ECP-3, and TAG-CuI_S/ 1d and TAG-CuI_l /3s follow a
symmetry of P21/c (No. 14), while it was found to be Cc (No.
9) for the TAG—CuI_l /2s and TAG-CuH_I/ 2d. The crystal

symmetries of ECP-2 and ECP-$ are P1 (No. 1) and C2 (No.
S), respectively. The crystallographic data for these materials
are listed in Table S13, while the Miller indexing and
corresponding plane distances are summarized in Table S14
(determined from PXRD-fitted peak data by using the JADE
software).

The TAG-Cu' complex crystal has the space group P21/,
with cell parameters of a = 6.8581(4) A, b = 3.6173(1) A, c =
8.3926(2) A, f = 98.765(5)°, @ = y = 90°, and V = 189.42(3)
A® with Z = 4. The structure of this complex is square-
pyramidal, in which a chlorine ligand is located in the axial
position, similar to the structure of the Cu(DAGH)Cl; complex
(Figure SS). The Cu(DAGH)Cl; complex crystallizes in a
monoclinic space group with symmetry of P21/n (Z = 2).* In
comparison, the reported six-coordinated TAG-Cu" complex,
prepared in concentrated HCl (using CuClL-2H,O as the
starting material), has the formula [Cu(TAGH,)Cl;]CI-H,0
and crystallizes in the orthorhombic space group, with unit cell
parameters of a = 10.070(2) A, b = 11.603(2) A, ¢ = 18.390(4)
A, and V = 2148.7(7) A® in Pbca symmetry (Z = 8 and Dy
2.04 g-cm™).*” Tt has been shown that the crystal structure of
this complex is composed of [Cu(TAGH,)CL]" cations, Cl~
anions, and H,O molecules. The complex cation is comprised
of the coordinated TAG*", which is bound to the Cu® ion via N
atoms of the amino group and via the C—N moiety, in a
bidentate chelating mode. The square-planar arrangement of
the Cu atom is formed by two Cl atoms (2.277 and 2.300 A)
and two N atoms (Cu—N 1.987 and 2.043 A).

In the case of the TAG-Cul complex, each ligand is
coordinated with two Cu atoms, and a similar square-planar
arrangement is formed for each one of them by one Cl atom
and a shared O atom of the H,O ligand (Figure S6a). The bond
lengths of Cu—O(H,) are comparable to each other (1.95—
1.99 A), while for the Cu—Cl and Cu—N bonds, the lengths are
at 1.97-2.20 and 1.75—2.08 A, respectively. Usually, an
increased electron delocalization could be observed in
protonated TAG because of the three strong intramolecular
hydro§en bonds that accounted for the extra stability of
TAG."*"" However, the TAG ligand in our complex was
oxidized instead of being protonated. More detailed informa-
tion regarding the obtained crystal structures is presented in
Figure S6. In order to generate the proposed crystal structures,
Materials Studio software was utilized in order to simulate the
crystal structures of our ECPs, using the above-mentioned
information on the topologies and unit-cell parameters. The
simulated PXRD patterns were compared with the exper-
imental ones (Figures 4 and S4), showing a perfect match in
the peak position for the TAG-Cu' complex. Minor differences
observed for the pattern intensities of ECP-2 and ECP-5 can be
explained by the fact that the predicted structures were
modeled without including the Cu® and CuCl impurities, the
presence of which was indicated by the EA and PXRD results.

3.5. Crystal Morphologies of ECPs. SEM images and
corresponding EDS spectra of our materials are shown in
Figure S. The ECP-3, ECP-4, and ECP-5 samples exhibit a
regular 2D flake structure, while the TAG-Cu' complex and
ECP-1 form sphere-shaped structures, with rough surfaces.
There are a large number of cavities/defects in the spherical
particles of the complex, as shown by its back-scattered electron
(BSE) image (Figure S7). However, in the case of ECP-1, the
crystal particle is a homogeneous solid, due to polymerization,
resulting in a higher crystal density.
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Figure S. SEM images (a—f) and corresponding EDS spectra (a,—f;)
of the TAG-Cu' complex (a) and ECPs (b—f) showing different
morphologies and elemental compositions because of changes in the
experimental conditions for their preparation. The nanocrystals of the
TAG-Cu' complex (a) prepared at room temperature have a round
shape, with rough surfaces and diameters of <500 nm, where the ECP
flakes, with thicknesses of ~200 nm are formed as side products. ECP-
1 (b) shows a smooth microsphere shape, with a diameter of ~1.0 um
(conditions, 3/1d), a typical well-oriented 1D ECP; ECP-2 (c) exists
in an amorphous polymeric state (conditions, 1/1d); ECP-3 (d),
ECP-4 (e), and ECP-5 (f) exist in layered arrangements, with different
thicknesses.

It was also found that, under reaction conditions at which
saturated solutions of starting materials were used, the ECPs
with 2D flake-type structures, with a thickness of 20—100 nm,
were formed, while under the diluted conditions, spherical
structures, with diameters of less than 2 um, were obtained
[when the molar ratios between the TAG-HCI and Cu(NO,),
3H,0 starting materials were over 3/1].

The Brunauer—Emmett—Teller specific surface areas (SSAs)
of the materials in this work were measured using a single-point

method (SPM; for P/P, = 0.20) and a multiple-point method
(MPM), in order to test their porosity and support
morphological studies.”® The largest SSA value of 11.83 m?
g~! was determined for the TAG-Cu' complex by the SPM. SSA
values of 4.15, 6.52 (7.43 m>g™" for the MPM), 3.82, and 3.59
mz-g_1 were determined for ECP-1, ECP-3, ECP-4, and ECP-
5, respectively (section 1.3 in the SI). In general, for our ECPs,
the difference between the SSA values by the SPM and MPM
techniques was found to be in a range of about 15%. The
relatively low SSA values that were observed for our ECPs
demonstrate their nonporous nature and relatively high density
of molecular packing (e.g, thin-layered ECP-S).

3.6. Thermostability and Reactivity of ECPs. The
thermostability and heat flow property are the two key factors
that determine the potential applications of our ECPs as EMs.
The thermal behavior of the TAG-Cu' complex and of our
most promising ECPs (ECP-2, ECP-3, and ECP-5) was
analyzed by both differential scanning calorimetry (DSC) and
thermogravimetric analyses (TGA; Figure 6), whereas DSC
thermograms for other ECPs are shown in Figure S8. The
decomposition peak temperatures of ECP-2, ECP-3, and ECP-
S are 421.5, 411.6, and 396.9 °C, respectively, and are much
higher than that of the TAG-Cu' complex (167.8 °C), of the
widely used thermostable HMX (287 °C) explosive, and of the
known energetic MOFs,'*71¢ Interestingly, the thermostability
of the TAG-Cu' complex is even worse than that of TAG-HCL
ECP-2 and ECP-5 have comparable heat release characteristics,
with a decomposition enthalpy of about 1580 J-g~'. ECP-4
exhibits very low heat release because of the larger amount of
CuCl impurity, which was also the case for the other materials
prepared from a saturated Cu(NO,), solution, with reactant
ratios of TAG/Cu" of less than 1/2 (Figure S8a). Higher Cu"
concentrations in reaction solutions ensure higher Cu contents
in the formed ECPs, where Cu is functioning as a catalytic
center that promotes a thermolysis process. We believe that the
catalytic activity of the Cu metal center is the main reason that
the exothermic peaks in DSC of ECP-2, ECP-3, and ECP-§,
which have higher Cu content than other materials in this
study, are much sharper than the exothermic peaks in other
ECPs. After the main exothermic decomposition, there are
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Figure 6. DSC (a and b) and TGA/DTG (c) thermograms of TAG-HCI and selected ECPs, measured at a heating rate of 10 °C-min™", with sample
masses of 0.2—0.3 mg for DSC and 2.0 mg for TGA. The TAG-Cu' complex decomposes with a fast heat release of below 165 °C (T, = 167.8 °C),
while ECPs are much more thermostable, with fast exothermic decomposition at over 360 °C.
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Table 2. Formula, Color, Physical Properties, and Detonation Performances of the TAG-Cu! Complex and Selected ECPs”

sample formula physical state
TAG-HCl CHNGHCI cream white
TAG-Cu' complex Cu,(CN¢H,)Cl,-H,0 black spheres
ECP-2 [Cu,(CN,H;)Cl,-2H,0], brown blocks
ECP-3 [Cu,(CN,H,)Cl,:3H,0], earth yellow plates
ECP-5 [Cu(CNgH,)CL], dark green plates
TATB CeHgNOq4 yellow crystals
FOX-7 C,H,N,O, brown crystals
Cu(atrz) [Cu(atrz);(NO;),], dark-blue needles

NHP [Ni(NH,NH,)(ClO,),], purple plates

d

1SS
3.01
3.08
3.12
3.14
193
1.89
1.68
2.12

Gs n T, I, 0) F (N) H; VoD
80.4 96.4 2424 25.0 230 +200.2 7.198
20.2 94.0 167.8 36.0 >360 —604.2 3.783
34.6 95.6 421.5 >98 >360 —358.9 5.5587
21.7 914 411.6 >98 >360 —482.7 5.926
13.5 81.4 396.9 >98 >360 +584.6 8.969

350.1 >98 >360 —154.2 7.350
238.0 15.0 >200 —188.9 8.870
243.0 22.5 +1651.0 6.860°
220.0 —367.1 8.284%

“d, density of a material measured by helium-gas pynometry (g-cm™); Gs, grain size of the crystal (nm); #, crystallinity (%); VoD, theoretical
detonation velocity at the measured density and heat of formation (km-s™'); F, friction sensitivity; FOX-7, 1,1-diamino-2,2-dinitroethene; TATB,
2,4,6-triamino-1,3,5-trinitrobenzene. Superscript a: the VoD was calculated by Explo-S software by using the literature data. Superscript b: this value

was taken from the updated results published by the same group.

14,16

secondary reaction peaks, in most of the cases, due to a
thermite reaction between the decomposition product CuCl
(or CuO) and the aluminum sample cell, probably because of
the formation of an Al—Cu alloy. This alloy, which melts at
exactly at 548 °C (Figure S9),>" is responsible for the sharp
endothermic peaks at 547—549 °C, in all measured DSC
thermograms. We can attribute this exothermic peak to a
thermite reaction of CuCl with aluminum (Figure S8b).

The results of the TGA measurements were found to be in
very good agreement with the DSC findings, where the residues
of our ECPs were observed to be over 60%, indicating high Cu
contents in the tested materials. The high Cu content was also
observed in EA of these ECPs. The initial mass change, with no
heat change, could be explained by the loss of crystalline H,0,
included in the cavity of the ECP structures. The mass losses in
the main exothermic peaks are in a range of 15.2—42.3%. The
mass loss of ECP-5 in this exothermic process was as low as
15.3% and could be attributed to a relatively low content of the
TAG ligand in this material and the presence of CuCl and Cu’
as impurities. For ECP-2, a significant mass loss of about 15.7%
was observed, without an obvious heat release below the onset
temperature (395 °C), except for a small exothermic peak at
108.1 °C, with an enthalpy of 74 J-g™".

3.7. Detonation Performance and Mechanical Sensi-
tivity. As shown in Table 1, the densities, measured by helium-
gas pycnometry, of all ECPs in this study are much higher (>3.0
g-cm™?) than the density of the parent TAG ligand because of a
high Cu content (>30 wt %) and densely packed molecular
structures of these ECPs. In terms of the detonation
performance, TAG-HCI has a detonation velocity (VoD) of
7198 m-s~}, which is much higher than the VoD values of the
TAG-Cu! complex, ECP-2, and ECP-3, because of the much
higher heat of formation of TAG-HCI. Remarkably, ECP-$ has
a VoD value of 8969 m-s™!, which is higher than most of the
reported energetic MOFs and insensitive explosives, such as
FOX-7 and TATB. In general, we believe that the higher the
CuCl content in some of our results in these ECPs, the lower
the detonation performance.

The impact and friction sensitivities (I,,) of the TAG-Cu'
complex and ECPs were also investigated (Tables 2 and S17).
I, of the complex was found to be 36 J, while the ECPs were
found to be much less sensitive, with I, > 98 J. A comparison of
the TAG-HCI (I, = 25 J) impact sensitivity to the sensitivity of
the corresponding ECPs shows an interesting phenomenon,
where copper coordination causes desensitization of the
resulting materials. In comparison, several reported energetic
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3D MOFs were found to be more sensitive than ECP-2, ECP-
3, and ECP-$§ [e.g, I, = 22.5 J for Cu(atrz)] and the very
sensitive 1D MOFs (CHP, I, = 0.5 J) and 2D MOFs (ZnHHP,
I, =2.5]; CHHP, I, = 0.8 J; Table S17). We estimate that the
main reasons for the significantly lower mechanical sensitivity
of our ECPs are their more rigid framework structures and
fewer crystal defects.

4. CONCLUSIONS

In summary, the in situ oxidation and coordination reactions of
triaminoguanidine hydrochloride by copper nitrate in aqueous
solutions lead to the formation of a series of novel ECPs. The
reaction selectivity toward the formation of a specific ECP was
easily directed by control of the ratios and concentrations of the
reactants and by reaction temperature regime. The best-
performing EM obtained in this study was ECP-5, which
exhibits very low sensitivity (I, > 98 J), a high VoD of 8969 m-
s™', and a remarkably high decomposition temperature of 396.9
°C. These unprecedented characteristics for EMs represent a
new level of balance between two inherently contradicting
objectives: high level of the detonation performance versus low
level of sensitivity and high thermostability.
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