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Developing new functional explosives that display high stability, good energy performance, and low sen-
sitivity are one of the key directions of energetic materials research. In this work, two-dimensional (2D)
Schiff-based energetic covalent organic frameworks (COFs) are prepared based on triaminoguanidine salts
with different anions as building blocks. Benefiting from the robust covalent bond in 2D extended poly-
gons and strong m-7 interactions in the eclipsed interlayers, the synthesized energetic COFs showed
higher thermal stability and lower mechanical sensitivity than their precursor salts. More importantly,
incorporating triaminoguanidine salts into COFs effectively increase the corrosion resistance to metal un-
der high humidity conditions, which is due to the imine moieties in COFs functioning as 7 acceptors and
offering strong bonding with metallic ions. This work provides a new pathway for the development of
high-performance energetic materials.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

For an extended period, energetic materials that could rapidly
release vast quantities of energy when suitably initiated have been
extensively used in space exploration, military affairs and civil ap-
plications [1-7]. Energetic ionic salts have emerged as promising
alternatives to conventional energetic materials, with each offer-
ing high heat of formation, as well as reduced toxicity and envi-
ronmental impact, however, their practical implementation is hin-
dered by limited thermal stability, corrosivity toward specific met-
als, and sensitivity to impact and friction. To overcome these chal-
lenges, it is essential to develop novel synthetic strategies in or-
der to enhance their performance [8-10]. Reticular chemistry and
subject-object chemistry prove to be promising approach for the
design and synthesis of energetic ionic-based materials with high
performance [11-13]. Encapsulation of high-energy ions into the
pores or skeletons of metal-organic frameworks (MOFs), covalent
organic frameworks (COFs), or hydrogen-bonded organic frame-
works (HOFs) has been extensively explored tune their energetic
properties [14-17]. These studies dramatically prompted the de-
velopment of high-performance energetic materials and further
encouraged us to explore desensitization of energetic ionic salts.
However, the comprehensive and systematic regulation of suscepti-
bility, corrosivity, and thermal stability for high oxygen content and
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strong corrosive ions, such as perchlorate anion and dinitramide
anion, is currently lacking in research when employing this strat-
egy. Thus, further studies to fully understand and optimize the per-
formance of energetic materials containing such ions are necessary.

Triaminoguanidine salts belong to the category of the nitrogen-
rich energetic ionic salts [18-20]. In this work, we developed a
series of guanidine-based energetic two-dimensional (2D) COFs
(denoted as COF-TAGx-Dha, X=Cl, ClO4, N(NO,),) through the
reaction of triaminoguanidinium chloride (TAG(), triaminoguani-
dinium perchlorate (TAGcjp,), triaminoguanidinium dinitramide
(TAGN(No,),) With 2,5-dihydroxyterephthaladehyde (Dha) based on
Schiff base condensation reaction. As expected, these COFs pos-
sess many highlights, such as higher stabilities, lower sensitivity
and better corrosion resistance as compared with their correspond-
ing triaminoguanidine precursors. It is worth noting that the on-
set decomposition temperature of the resulting COF-TAGyno,),-
Dha is 262 °C, which is the highest value among those of re-
ported N(NO,),-based compounds. Moreover, incorporating tri-
aminoguanidine salts into COF-TAGx-Dha greatly reduces their im-
pact and friction sensitivities, which could be attributed to their
layer-by-layer stacking structure. More importantly, due to the ad-
sorption behavior between imine moiety of COFs and surface of
metals, the resulting materials showed excellent corrosion resis-
tance. This work provides a reference value for enhancing the
safety of energetic ionic salts.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) Schematic representation of the imine-linked triaminoguanidine COFs with tunable anions (Cl, CIO4 and N(NO;),). (b-d) Top and side views of (b) COF-TAG¢-Dha,
(c) COF-TAGco,-Dha, and (d) COF-TAGyo,), -Dha constructed in AA stacking model. (C, gray; H, white; N, blue; O, red; Cl, green).

Typically, imine-linked COF-TAGyx-Dha were carried out by sus-
pending Dha (0.15mmol) with TAGx (0.1 mmol) in the mixed sol-
vent of mesitylene and tetrahydrofuran in the presence of water,
which was then heated at 80 °C for 3 days (Fig. 1a). Powder X-
ray diffraction (PXRD) analyses of COF-TAG¢|-Dha, COF-TAG¢yo,-Dha
and COF-TAGy(no,),-Dha exhibited a peak at 5.26°, 5.44°, 5. 44° re-
spectively, which can be assigned to the (100) facet of the regu-
larly ordered lattice. The relatively weak peaks reflected low crys-
tallinity of these ionic COFs. This might be ascribed to the presence
of repulsive interactions between the positively charged guani-
dinium groups, which hampered the formation of a highly or-
dered and stacked structure [21-23]. Additionally, the major broad
peak at approximately 27° can be attributed to the (001) reflec-
tion plane, which indicates the w -7 interactions between the in-
terlayer of 2D COF [24]. The structural models for COF-TAGx-Dha
were constructed by building two possible 2D hexagonal layers in-
cluding eclipsed (AA) and staggered (AB) stacking with Materials
Studio software. As revealed in Figs. 2a-c, the simulated PXRD pat-
terns from the AA-stacking model are well matched with the ex-
perimentally observed curves, and exhibited small agreement fac-
tors (Rp =3.77% and Rwp = 4.70% for COF-TAGjp,-Dha, Ry =2.99%
and Rwp = 3.77% for COF-TAGy(no,),-Dha), thus suggesting the va-
lidity of the proposed model (Figs. 1b-d). The unit cell parame-
ters were determined after Pawley refinement as a = 21.2672A,
b =213126A, c = 10.2279A, & = B =90°, and y = 120° for COF-
TAGi,-Dha; a = 21.2672A, b = 21.3126A, ¢ = 10.2279A, a = B
= 90°, and y = 120° for COF-TAGy(No,),-Dha. In the Fourier trans-
form infrared (FT-IR) spectra, observation of the band at 1620 cm~!
due to the C=N bonds confirms the formation of imine linkages
in COF-TAGx-Dha, which are accompanied by the disappearance of
the C=0 peak at approximately 1666 cm~! and the -NH, stretch-
ing band at 3300 cm~! in the precursors. Meanwhile, the presence
of typical anions inside the framework was confirmed by their

respective stretching bands. The bands at 1522 and 1015 cm~!
were derived from NO, and N3 groups from N(NO,),~ anions
in COF-TAGy(no,),-Dha, while the stretching band at 1087 cm™!
was attributed to the ClO4~ anions in COF-TAG|p,-Dha (Figs. 2d-
f) [25]. Solid-state 13C CP-MAS NMR spectroscopy further verified
the characteristic resonance signals for the C=N groups at approx-
imately 150 ppm (Fig. S4 in Supporting information) [26-28].

The scanning electron microscopy and transmission electron
microscopy images showed that COF-TAGy-Dha crystallize with a
stacked-layer structure (Fig. S5 in Supporting information). The
permanent porosity of COF-TAGx-Dha was assessed by N, adsorp-
tion isotherms recorded at 77K, and they exhibited type-II ad-
sorption isotherms [29]. Using the Brunauer-Emmett-Teller (BET)
model, the surface areas of COF-TAG¢-Dha, COF-TAG¢yp,-Dha and
COF-TAGn(No,),-Dha were calculated to be 28.9, 30.3 and 26.0
m?/g, respectively (Figs. S6-S8 in Supporting information). The rel-
atively low BET surface area of the COF-TAGy-Dha likely resulted
from the low crystallinity of prepared COF-TAGyx-Dha and pore
blocking by the counter anions [23,30,31]. Based on the nonlocal
density functional theory model, the pore size distributions of COF-
TAGc -Dha, COF-TAGc|p,-Dha and COF-TAGy(no,),-Dha are centered
at 1.4, 1.5 and 1.6 nm, respectively.

The thermal stabilities of these samples were examined us-
ing differential scanning (DSC) measurements at a heating rate
of 5 °C/min (Table 1 and Fig. S10 in Supporting information).
All of these materials exhibit sharp exothermic peaks, indicating
the collapse of the structure. The onset decomposition tempera-
ture (Ty) of COF-TAGx-Dha is above 260 °C, which is superior to
those of TAGx (TAGq, 228 °C; TAGcyo,, 204 °C; TAGy(no,),» 175 °C)
and conventional energetic materials 1,3,5-trinitro-1,3,5-triazinane
(RDX, T4 =210 °C) and 2,4,6,8,10,12-hexanitrohexaazaisowurtzitane
(CL-20, T4 =210 °C) [32]. In particular, the thermal decomposition
temperature of COF-TAGy(no,),-Dha (262 °C) is the highest among
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Fig. 2. PXRD patterns of (a) COF-TAG¢-Dha, (b) COF-TAGco,-Dha, and (c) COF-TAGy(no,), -Dha. FT-IR spectra of (d) COF-TAG¢-Dha, (e) COF-TAG¢yo,-Dha, (f) COF-TAGyo,),-Dha

and corresponding monomers.
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Fig. 3. DSC curves of triaminoguanidine salts (a) TAG¢, (b) TAGco,, (¢) TAGnNo,), and corresponding COFs (d) COF-TAG¢-Dha, (e) COF-TAGcyo,-Dha, (f) COF-TAGy(No,),-Dha

at different heating rates.

Table 1
Physicochemical properties of materials compared with some traditional energetic
materials.

Name Unit formula Ty (°C) 2 IS()® FS (N) ¢
COF-TAG(-Dha C13H1203N6Cl 272 >60 >360
COF-TAGjo,-Dha Ci3H1207N6Cl 267 >60 >360
COF-TAGn(No,), -Dha Ci3H1207Ng 262 >60 >360
TAGq CHgNCl 228 25 >360
TAGco, CHy04NsCl 204 3 128
TAGN(NO, ), CHy04Ng 175 2 80

RDX C3HgO6Ng 210 7.4 120
CL-20 CeHg012N 2 210 4.0 94

2 Thermal decomposition temperature (onset) under nitrogen gas (DSC, 5 °C/min).
b Impact sensitivity.
¢ Friction sensitivity.

those of the previously reported dinitramide-based energetic ma-
terials.

Due to their high thermostability, the Kissinger and Ozawa
methods were employed to investigate the thermodynamic prop-
erties of the decomposition process (Fig. 3). The Kissinger (Eq. 1)

and Ozawa-Doyle (Eq. 2) equations are as follows:

log(B/T;) = In[(A x R/E2)] — Ea/(R x Ty) (1)

logB +0.4567 x E./(R x T,) = C (2)

In the equations, T stands for the peak temperature, R equals
to 8.314] mol~! K-', B is the linear heating rate set at 5,
10, 15 and 20 °C/min. C represents a constant. A (s=!) and E;
(kJ/mol) refers to the pre-exponential factor and activation en-
ergy, respectively. By averaging the results from the Kissinger
method and Ozawa method, the values of activation energy for
the COF-TAGy-Dha (X=Cl, ClO4, N(NO;),) are 194.95, 227.25 and
195.5 kJ/mol, whereas the raw guanidinium salts are 172.65, 157.25
and 176.15k]/mol (Table 2). The higher E, values indicate better
thermal stability [33]. In addition, these values fall in the range
of 80-250kJ/mol, indicating that synthesized COFs can be used
as energetic materials from a kinetic perspective [34]. In com-
bination with the experimental and calculated results, we con-
cluded that the encapsulation of energetic anions within catatonic
COFs could improve thermal stability of these guests. In addition,
the energy density of COF-TAGx-Dha is range from 1.64g/cm3 to
1.77 g/cm3, which is comparable to traditional energetic materials
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Exothermic peak temperature and kinetic parameters of COF-TAGx-Dha and corresponding parent salts.

Sample B (°C/min) Kinetic parameters
5 10 15 20 logAy E, (kJ/mol) Ro Ey (KJ/mol) Ry
TAGq 233.20 240.92 247.30 249.27 15.66 172.5 -0.9952 172.8 —0.9948
TAGio, 234.17 242.38 249.78 251.72 13.96 157.5 -0.9934 157 -0.9927
TAGN(NO,), 201.14 207.73 212.46 215.52 17.36 175.6 -0.9992 176.7 -0.9992
COF-TAG(,-Dha 306.84 317.27 322.59 326.04 15.32 194.8 —0.9988 195.1 —0.9987
COF-TAGjo,-Dha 318.38 324.98 328.91 336.04 18.00 2264 -0.9765 228.1 -0.9745
COF-TAGy(no,),-Dha 302.17 312.27 317.93 321.05 15.53 195.3 -0.9983 195.7 —0.9982
2] COFs act as the m-acceptor forming strong coordinate bonds with
Sy the metallic surface, which then increase the anticorrosion capac-
34 ity [40-42].
- To observe the corrosion process of mild steel and copper
B sheets at high relative humidity (RH =80%) directly, the morpholo-
?‘i $1—Tac, gies of these metals were captured by optical microscopy follow-
= —TAGu,, ing exposure to COFs and their precursors for 12, 36, 60 h, respec-
_8’-6- ——TAGunoz2 tively. The results are shown in Figs. S10 and S11 (Supporting infor-
-~ - -Bare mation). It can be seen clearly that TAG, TAGclp, and TAGyo,),
77~ -COF-TAGDha caused serious corrosion. Insoluble corrosion products are observed
I il on the metallic surface. The FT-IR analysis indicated that these
zeanCOn-NoipaR e ; ; ; samples deteriorated obviously when they came in contact with
12 1.0 -08 -06 -04 -02 0.0

E (V vs. SCE)

Fig. 4. Potentiodynamic polarization curves of COFs and TAGy.

2,4,6-trinitrotoluene (TNT, 1.65 g/cm3), RDX (1.80g/cm3) and pen-
taerythritol tetranitrate (PETN, 1.76 g/cm3) (Table S1 in Supporting
information) [35].

Impact and friction sensitivities (IS and FS, respectively) are
the key indicators for evaluating the safety of energetic materi-
als. Low sensitivities of explosives can reduce the risk of serious
and fatal accidents throughout the manufacturing and application
process. In this work, the sensitivity values of samples were de-
termined by using the standard BAM techniques (Table 1). All of
these energetic salts were sensitive to friction and impact simu-
lations (TAG¢: IS=25], FS > 360N; TAGcip,: IS=3], FS=128N;
TAGN(No,),: IS=2], FS=80N). In contrast, COF-TAGx-Dha exhibited
lower sensitivity (IS > 40], FS > 360N). It is notable that these
values are also higher than that of typical explosives RDX (7.4],
120N) and CL-20 (4.0], 94N). These remarkable increases in the
mechanical stability may arise from the m- stacking interactions
between the vertically stacked 2D layers, which can rapidly trans-
form the mechanical energy from external stimuli into interlayer
motion to reduce their sensitivity [36-39]. The above results in-
dicate that trapping the energetic salts into 2D COFs is a feasible
strategy to decrease their sensitivities.

The corrosion capacity of COFs and TAGy to mild steel is stud-
ied by electrochemical and surface analysis techniques in order to
illustrate how the corrosion of these materials to metal utensils
is reduced by assembling the triaminoguanidine salts into Schiff
base COFs. Typical potentiodynamic polarization curves of bare
and sample-coated mild steel (MS) electrodes in 3.5% NaCl solu-
tion at 298K are depicted in Fig. 4. Compared with the bare MS,
the corrosion potential (Ecorr) of TAGyx-coated MS decreased from
—0.473V to —0.7917V (TAG(). The COFs-coated MS exhibited pos-
itive shifted over bare MS, with the highest Eco;r being —0.3965V
for COF-TAGy(no,),-Dha. Meanwhile, the corrosion current density
decreased following the order of TAGy-coated > bare > COFs-
coated MS, which clearly shows that the COFs provide preferable
protection for MS (Table S2 in Supporting information). This behav-
ior can be attributed to the fact that abundant imine groups in the

mild steel and copper (Fig. S12 in Supporting information). On
the contrary, these metals were not corroded when they came in
contact with the COF-TAGyx-Dha. Simultaneously, the structures of
COFs remained intact as characterized by PXRD and FT-IR analyses
(Fig. S13 in Supporting information). These experimental results
are consistent with the electrochemical characterizations. Taken to-
gether, COFs displayed good corrosion resistance for metals, while
energetic salts possessed poor corrosion resistance. Therefore, im-
mobilizing energetic anions in 2D imine-based COFs is a promising
strategy to effectively enhance the corrosion resistance of energetic
materials for metals.

In summary, this work performed a systematic study on the
TAG salt based energetic COFs. Our results confirmed that the 7-m
stacking interactions among the layers of 2D COFs efficiently re-
duced the mechanical sensitivity compared to their raw salts and
traditional explosives (CL-20, RDX). Besides, the strategy of en-
capsulating energetic salts into imine-linked COFs significantly im-
prove corrosion resistance to metal benefiting from the coordinate
bond between imine moieties and metal surface. This work high-
lights that COFs provide an intriguing platform to construct high
performance energetic materials.
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