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Increasing research efforts have been focused on developing next-generation
propellants. In this work, we demonstrated that assembling zero-dimensional (0D) silver
clusters with energetic ligands into 3D metal organic frameworks (MOFs) not only inherited
the short ignition delay (ID) time of the alkynyl-silver cluster but also significantly increased
the output energy. Among them, the open cationic framework of ZZU-363 incorporating
counter NO;~ ions achieved a considerably reduced energy barrier and eventually the
shortest ID time (26 ms), together with the highest volumetric energy density (40.4 kJ
cm™) and specific impulse (263.1 s), which is far superior to traditional hydrazine-based
propellants. The underlying mechanisms are clearly revealed by theoretical calculations. This
work opens a venue to significantly enhancing the hypergolic activity of metal clusters and
MOFs.
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ypergolic fuel is capable of spontaneous ignition upon

contact with an external oxidizer, which serves as the
driving force of rocket motors and determines the altitude and
range of spacecraft.' > However, currently used hypergolic
fuels, such as monomethyl hydrazine (MMH) and unsym-
metrical dimethylhydrazine (UDMH), suffer from high toxicity
and instability issues.*”” Pioneering researchers have devoted
significant effort to develop next-generation hypergolic fuel,
and the most reported are hypergolic ionic liquids (ILs).”*~"*
Although ILs feature the advantages of low toxicity and high
thermal stability, the intrinsic strong corrosivity of ILs result in
great potential safety risks."”'* Therefore, the development of
a novel hypergolic fuel is a very significant theme but remains
challenging.

Recently, we explored the hypergolic behavior of atomically
precise metal clusters, in which the inner metal core serves as a
hot spot for ignition."> In particular, we discovered that the
alkynyl-silver bond aids in activating the energetic ligand by
lowering the bandgap.'® Despite the hypergolicity potential of
metal clusters,'°”>* 0D metal clusters have only weak van der
Waals (vdW) forces acting between the isolated clusters,
resulting in low energy storage and specific impulses (Isp).
Additionally, an in-depth understanding of how hypergolicity is
influenced and altered by the structure (including cluster core
size, ligands, topology, etc.) is far from clear but holds the key
to significantly promoting practical implementation.

As a new class of crystalline hybrid materials featuring well-
defined structures and highly tunable components, MOFs hold
great promise as molecular platforms to design and synthesize
advanced hypergolic propellant candidates.”>™*" In 2019,
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Rogers and co-workers pioneered the development of a series
of hypergolic metal organic frameworks (MOFs) with
ultrashort ID times by employing acetzlene- and vinyl-
substituted imidazole as energetic ligands. ? However, tradi-
tional MOFs with low coordinated ligands per metal hot spot
exhibit unsatisfied energy densities, leading to fewer energy
loading during the propulsion process. Aiming to combine the
advantages of metal clusters and MOFs, we proposed that
assembling silver clusters with energetic ligands could produce
3D infinite frameworks (Scheme 1). In contrast to 0D metal
clusters, 3D metal cluster-based frameworks with robust
coordination bonds and extensive coordinated ligands can
significantly increase the output energy and the heats of
formation (AH;).*° More importantly, the extended frame-
works facilitates energy transfer,”>* and to some extent, the
hotspot from the metal clusters early in the ignition process
leads to subsequent transfer through the interconnected
network, resulting in a fast combustion process with reduced
ID time.

In this work, three novel atomically precise silver cluster-
based MOFs, Ag;,(PIm)(CF;COO)s(DMF), (denoted as
77U-361), [Ag,(PIm)g(CF,CO0)4]-(DMF)(MeOH) (de-
noted as ZZU-362) and Ags(PIm)g(NO;); (denoted as
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Scheme 1. Conceptual Illustrations of 3D Metal Cluster
Assembled Materials as Hypergolic Fuels Compared to That
of a 0D Metal Cluster

3D metal cluster-assembled materials
Q Strong Coordination Bond
Q Facilitated Energy Transfer
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0D metal cluster
® Weak van der Waals Forces
@ Sluggish Energy Transfer
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& Metal cluster core

ZZ7U-363), were obtained by using the energetic ligand 1-
propargylimidazole (PIm) as a building block. As expected, the
assembly of silver clusters with alkyne moieties or the N atoms
of PIm resulted in substantial improvements in hypergolic
behavior, including large volumetric energy density, high I,
short ID time and high AH;. Specifically, a short ID time (26
ms) and high I, (263.1 s) were achieved for ZZU-363, which
was attributed to its interconnecting 1D silver chain and
abundant NO;™ moieties in the framework. Finally, theoretical
calculations provided some insights into the structural
requirements of high-performance hypergolic materials based
on metal cluster assembled materials. The metal cluster core
serves as an active site for activating HNO; and efficiently
reduces the energy barrier. Additionally, ZZU-363 with
abundant NO;™ groups are more beneficial than ZZU-361 or
Z7U-362 containing CF;COO™ groups for excellent ignition
performance due to their better bonding ability to HNO; and
higher nitrogen contents.

Single crystals of the silver cluster-based MOFs were formed
via the slow evaporation method from PIm and a silver
precursor at room temperature. The detailed synthesis
procedures are described in the Supporting Information.
Single-crystal X-ray crystallography diffraction (SCXRD)
showed that ZZU-361, ZZU-362, and ZZU-363 belong to
the P1, P2,/c, and P4/ncc space groups, respectively, with
overall chemical formulas of Ag;,(PIm)s(CF;CO0)4(DMF),,
[Ag,,(PIm)4(CF,CO0),]-(DMF)(MeOH) and
Ag;(PIm)s(NO;)s, respectively (Figure 1). The asymmetric
units of ZZU-361 and ZZU-362 contained half of the formula.
In ZZU-361, the Ag,, core, which can be described as a hollow
cuboctahedron frame and a distributed Ag;—Ag—Ag; three-
layer arrangement, is similar to that in a previous report.”” The
silver cage is shielded by six PIm ligands and six CF;COO~
auxiliary ligands. For the Agy, core of ZZU-362, the structure
can be described as one Agg octahedron and two Ag; triangles,
with Agg attached to each side of the Ag; unit. The inside of
the core was connected by argentophilic interactions with a
Agh--Ag' distance of 2.866(6)-3.219(7) A.** The structure of
ZZ7U-363 consists of infinite 1D Ag chains linked together by
two connected PIm ligands, resulting in a 3D framework. The
asymmetric unit is composed of two Ag ions, one ligand, and
one NO;™ group. Notably, a large number of NO;™ groups are
located on the wall of the 1D silver chains, forming the unique
structure that facilitated the ignition reaction (Figures S3—S5).
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Figure 1. Structures of ZZU-361, ZZU-362, and ZZU-363. The Ag,,
cluster core in ZZU-361, the Ag,, cluster core in ZZU-362, and the
Agp chain in ZZU-363 are shown on the right. All hydrogen atoms
are omitted for clarity, and Ag, C, N, F, and O atoms are shown in
green, gray, blue, cyan, and red, respectively.

The phase purity of the three samples was confirmed by
comparing the experimental powder X-ray diffraction (PXRD)
results to those calculated from the single-crystal structures
(Figures S6—8). In addition, Fourier transform infrared
attenuated total reflection (FTIR-ATR) spectra were also
used to characterize the structural features, and the presence of
alkynyl, CF;COO~, or NO;™ moieties in these samples was
also observed (Figures S9—11). The water sensitiviies of ZZU-
361, ZZU-362, and ZZU-363 were investigated by exposing
these samples in different humid environments (relative
humidity (RH) = 33, 43, 65, 85, and 98%). The PXRD
patterns were well maintained in 3 days, suggesting that the
storage life in humid environment ZZU-361, ZZU-362, and
ZZ7U-363 were greater or equal to 3 days (Figures S16—S18).
Such good structural stability of these materials lays a
foundation for further practical application under different
RH conditions. The thermal properties of the materials were
measured by thermogravimetric analysis (TGA) with a heating
rate of 10 °C min~". The results indicated all samples displayed
good thermostability under both inert and oxidizing conditions
(Figures S12—14). Note that ZZU-361 and ZZU-362 showed
different mass loss steps under N, and O, atmospheres. When
performed under a N, atmosphere, only one major collapse
stage was observed at around 150—200 °C, which was assigned
to the loss of auxiliary CF;COO~ ligands and solvent
molecules. As for the O, atmosphere, the thermal degradation
process involved two stages. The first stage was similar to that
under a N, atmosphere. The second stage at about 420 to 560
°C can be regarded as being due to the oxidization of bridging
ligands (PIm) and silver atoms, where the remaining residue
mass corresponds to Ag,O. For ZZU-363, the TGA curves
were almost similar under both N, and O, atmospheres with a
drastic energy release at 162.5 °C. According to the TGA
curves under a N, atmosphere, the onset decomposition
temperature for ZZU-361, ZZU-362, and ZZU-363 were
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Table 1. Calculated Density (p.), Combustion Enthalpy (AH,), Heat of Formation (AHjy), Specific Energy (E,), Energy
Density (E,), and Hypergolic Properties of the Explored Materials Compared to Those of Selected Fuels and Energetic

Materials
fuel p —AH? (K mol™) E, (k] ¢g') E, (K em™) AHS (K mol™) Ispd ID/(ms) flame duration (ms) flame height® (cm)

Z7ZU-361 2.556 33799.2 12.3 31.4 3025.2 161.4 60 152 7
ZZU-362 2.269 47694.5 152 34.5 11835.6 219.6 59 113 7
Z7ZU-363 2.640 46893.9 153 40.4 22051.1 263.1 26 80 >7
CBA-Ag"” 1.424 72663.0 140
Zn(VIM),” 0976 4789.9 19.0 189 29 sparks sparks
Zn(AIM),”  0.996 4783.8 19.3 19.3 2 >600 4
BmimDCA*  1.061 6069.0 244.0 2442 44
UDMH*"** 0.790 1980.1 483 239.0" 4.8%

“Densities obtained from X-ray measurements (g cm™>). bCalculated combustion enthalpy (AH,) from their corresponding molecular weights.
“Heat of formation. dSpeciﬁc impulse (EXPLOS v6.05.04). “Approximate values.

1444, 190.9, and 162.5 °C, respectively. The differential
scanning calorimetry (DSC) curves of the three materials all
exhibited an endothermic peak at ~170 °C (Figure S15),
which is consistent with the TGA results. In addition,
sensitivity measurements showed that the three MOFs were
insensitive to impact and friction (IS > 40 J and FS > 360 N).

Density, combustion energies, and ID times are crucial
indicators that define the performance of propellant fuels.*”*°
Higher densities mean that more fuel can be packed into a
rocket fuel tank, therefore loading more energy during the
propulsion process. The densities of ZZU-361, ZZU-362, and
77U-363 were 2.556, 2.269, and 2.640 g cm™3, respectively,
which are considerably higher than those of known hydrazine
fuels (UMMH, 0.79 g cm™),>”*" typical hypergolic ILs
(BmimDCA, 1.061 g cm™)* and other metal-containing
hypergolic fuel (Zn(AIM),, 0.996 g cm™).”> The heats of
combustion (AH_) of the three materials were measured by
oxygen bomb calorimetry and determined to be —33799.2,
—47694.5, and —46893.9 k] mol™' (Table 1). Then,
gravimetric (E,) and volumetric (Ey) energy densities were
computed from AH_. In particular, the Ey; values of ZZU-361
(31.4 KJ cm™), ZZU-362 (34.5 k] cm™®), and ZZU-363 (40.4
kJ cm™) were much higher than those of previously reported
hypergolic MOFs, Zn(AIM), (19.3 kJ] cm™) and Co(AIM),
(19.5 kJ em™3).»

The hypergolic performance of ZZU-361, ZZU-362, and
ZZ7U-363 with white fuming nitric acid (WFNA) was evaluated
by using standard oxidizer-to-fuel droplet tests. In a typical
procedure, a single droplet of WENA (30 yL) was added toa §
mL tube containing a 15 mg sample. A high-speed camera
operating at 1000 frames s~' was used to record the ID time,
which is the time between ignition and the first contact of the
fuel with the oxidizer. The drop test results are summarized in
Table 1. The observed ID times of ZZU-361 and ZZU-362
were 60 and 59 ms, respectively, and the self-sustained ignition
duration time lasted more than 100 ms (Figure 2). The similar
ID times and combustion behavior of ZZU-361 and ZZU-362
suggested that the metal cluster core size does not significantly
affect the hypergolic performance. For ZZU-363, a very short
ID time of 26 ms was achieved with WENA, which satisfies the
demands of the desired propellent fuel with an ID time of 50
ms or less."” Compared with ZZU-361 and ZZU-362, ZZU-
363 underwent more vigorous combustion, with a flame
greater than 7 cm in height. This result may be ascribed to the
higher nitrogen contents of ZZU-363 than of ZZU-361 and
77ZU-362. Overall, ZZU-363, integrating short ID times, a
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-20ms  Oms 60ms 74ms 77ms 88 ms

-20ms  Oms 59ms 66ms 74ms 80 ms
-20 ms 0 ms 26ms 37ms 47ms  55ms

Figure 2. Hypergolicity drop tests with WFNA for ZZU-361 (top),
7Z7U-362 (middle), and ZZU-363 (bottom).

large heat of formation, and a high energy density, is a
promising hypergolic candidate for propellent fuel.

Notably, the ID times of all these materials are much shorter
than that of the previously reported Agy, cluster (CBA-Ag, 140
ms),"” suggesting that assembling the metal cluster with
energetic ligands to produce an infinite frameworks can
significantly reduce the ID time. Since the 3D structure can
efficiently accelerate the energy transfer process,””” we
speculated that the initial hotspot formation around the silver
cluster can transfer quickly and trigger the chain reaction in the
assembled materials, resulting in a short ID time. In addition,
we tried to synthesize a PIm-protected discrete silver cluster as
a control sample. However, because both the alkyne group and
N atoms of the heterocycle in PIm could coordinate with the
silver atom, the desired product was not obtained. To further
investigate the critical role of the metal cluster, we performed
control experiments involving imidazole (Im), pure ligand
(PIm), the metal precursor CF;COOAg, and ‘BuC=CAg.
None of these materials exhibited hypergolic behavior with
WENA, supporting the idea that silver clusters acted as active
sites to trigger the hypergolic behavior of silver cluster-based
MOFs. Additionally, we conducted droplet tests of the physical
mixture of CF;COOAg, ‘BuC=CAg, and PIm, which showed
poor hypergolic performance with an ID time of 200 ms,
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further confirming that the unique structure of silver cluster-
based MOFs contributed to the excellent hypergolic property

Moreover, AH;, which reflects the energetic content of fuel,
was calculated by Hess’s law and was found to be 3025.2 kJ
mol™ for ZZU-361, 11835.6 k] mol™ for ZZU-362, and
22051.1 kJ mol™" for ZZU-363. Such a high AH; ensured the
excellent output energy of these materials. With the calculated
AHj, density, and molecular weight, the specific impulse (I,)
was subsequently calculated by means of the EXPLOS
(v6.05.04) program to evaluate the thrust of chemical-based
rocket propellants per unit weight. As listed in Table 1, the I,
values of ZZU-361, ZZU-362, and ZZU-363 were 161.4, 219.6,
and 263.1 s, respectively. To our delight, the I, value of ZZU-
363 was higher than that of conventional fuels, such as
UDMH,"" and BmimDCA.” (Table 1). Because of their
different AH and I, values, the energetic group contents are
considered to be the key influencing factor. The higher PIm
ligand ratio in the ZZU-362 structure than in ZZU-361
resulted in larger AH; and I, values. The ZZU-363 framework
contained a large number of NO;™ moieties in addition to the
PIm ligands, leading to a much higher I, than those of ZUU-
361 and ZZU-362.

To more fully understand the difference in the hypergolicity
of the three silver cluster-based MOFs and explore the reaction
mechanism, we performed density functional theory (DFT)
calculations implemented in the Vienna ab initial simulation
package (VASP). Considering that the energy gap is associated
with the reactivity of the fuel toward the WENA," we first
investigated the bandgap of these materials. As seen in Figures
§26—S28, ZZU-361 and ZZU-362 possess wider band gaps of
2.686 and 2.472 eV, respectively. In contrast, ZZU-363 showed
a smaller band gap of 1.735 eV (Figure S28). A possible reason
for these considerably different bandgaps is the cooperation
contribution of their different substituent groups and core
structure.***® On the one hand, the stronger electron-
withdrawing ability of the CF;COO~ groups in ZZU-361
and ZZU-362 than of the NO;™ groups in ZZU-363 results in a
larger bandgap. On the other hand, their distinct metal cluster
core electronic structures may also be responsible for the
different bandgaps.*® Overall, these observations indicated that
Z7ZU-363 can react more easily with the oxidizer WFNA and
presented better hypergolic behavior.

In addition, we studied the electrostatic potential (ESP) on
the molecular van der Waals (vdW) surface, which could
illustrate the adsorption sites between hypergolic propellants
and oxidants and partially explain the ignition perform-
ance.””**" Lower ESP values imply more electronegativity,
usually facilitating bonding with the hydrogen of HNOj; and
the corresponding electrophilic reaction.”” The ESP-mapped
vdW surfaces of ZZU-361, ZZU-362, and ZZU-363 are shown
in Figure S29. Red represents a low ESP value, whereas blue
represents a high ESP value. The results showed that the metal
cluster cores of ZZU-361 and ZZU-362 possess higher ESP
values than the ligand PIm, which may be ascribed to the
strong electron-withdrawing effect of the CF;COO™ group.
This finding implied that ZZU-361 and ZZU-362 have a strong
repulsive force against HNOj, resulting in fewer active sites.
When the NO;~ groups replaced the CF;COO™ auxiliary
ligands in the framework, ZZU-363 displayed a larger area of
lower ESP values. Hence, the proton of HNO; could easily
transfer to the ZZU-363 surface, which is beneficial for the
ignition process.
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Further, the catalytic mechanism of the hypergolic fuel in the
initial ignition process was explored. Three reaction models,
Ags(N03)4(PIm)4; Aglz(CF3COO)6(PIm)6(DMF)21 and
Ag,(CF;CO0)4(PIm)s, were adopted for the assembled
materials (Figure S30). Optimal intermediates and possible
reaction pathways for the initial combustion process at room
temperature were proposed and are presented in Figure 3. For

Z7U-361
Z7U-362 )
Z7U-363 7
(b) 25
TS, 2.03 ——ZZU-361
2.0 ST, 170 ——77U-362
1.54 e AN ——77U-363
’, AN
1.0 HNO; /TS, 086 AN
o Y/ ’ \
Z 051 /', ‘ ' \‘\
o IS .’ AN
S 00— il ) A -
Reactant N FS, 039
\ _
08 v FS, -0.79
VS, 019
] \
o S, 132
1.5

Reaction Pathway

Figure 3. (a) Optimized configurations of intermediates. (b)
Calculated free energy diagram of ZZU-361, ZZU-362, and ZZU-
363 reacting with HNO; molecule at 298 K.

Z7U-361 and ZZU-362, upon introduction of a HNO,
molecule, the intermediate species TS, and TS, were formed,
and the dissociation of HNO; proceeded around the silver
cluster during this process. Then, the hydroxy group was
bonded with Ag atoms and produced FS, and FS,
intermediates, accompanied by the release of nitrogen oxide
(NO,) gas.**” In contrast to the reaction of ZZU-361 and
Z7U-362, for ZZU-363 the hydroxy group of HNO; was first
bonded with the surface of oxygen atoms of NO;~ via
hydrogen bonds. In this process, ZZU-361 (2.03 eV) and
Z7U-362 (1.70 eV) showed a higher energy barrier than ZZU-
363 (0.86 eV), implying the lower feasibility of ZZU-361 and
Z7U-362 than of ZZU-363. These results indicated that the
abundant NO;™ units in ZZU-363 significantly improved the
ignition process. If the initial temperature increases, the
process would occur more easily with same reaction path. The
free energy diagram of these materials at 2000 K showed lower
energy barrier compare to that at 298 K (Figure S31). By
combining the experimental results and the above DFT
calculations, we conclude that the metal cluster is involved in
the reaction with the HNO; molecule and initiates the chain
reaction.

In conclusion, we have demonstrated that assembling metal
clusters with energetic ligands can significantly improve their
hypergolic properties. The tunable cluster core size and
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structure enable fine-tuning of the hypergolic performance. In
particular, ZZU-363, which features interconnecting Ag hot
spots through Ag—Ag interactions in chains, along with the
unique NO;” included in the compositions, eventually
achieved the shortest ID time (26 ms) and the highest specific
impulse (263.1 s). On the basis of the well-defined single-
crystal structure, theoretical calculations revealed that the
smallest bandgap of ZZU-363 and the strongest affinity of
NO,™ in the oxidizer (HNO,) are responsible for the superior
performance. This work represents an important step toward
the development of metal cluster-based hypergolic fuels. The
assembled strategy, combined with the various choices of metal
clusters and energetic ligands, was expected to allow the
development of high-performance metal cluster-based solid
propellants for practical application.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.1c00334.

Experimental details and data (PDF)

Data for ZZU-361 (CCDC 2083406) (CIF)

Data for ZZU-362 (CCDC 2083403) (CIF)

Data for ZZU-363 (CCDC 2083407) (CIF)

Video S1 showing the ignition delay process of ZZU-361
(MP4)

Video S2 showing the ignition delay process of ZZU-362
(MP4)

Video S3 showing the ignition delay process of ZZU-363
(MP4)
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