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ABSTRACT

To understand the synergistic catalytic effect on the thermal degradation of Ammonium Perchlorate (AP) when the metal fragments are in the same molecule or
not, we compared three reported compounds: [(Cp*).Ni] (1), [(Cp*).Ru] (2), and [Cp*Ni-s-Ic’-RuCp*] (3), as potential burning rate catalysts. We conducted a
differential scanning calorimetry (DSC) analysis of compound (3), which showed an increase in the high-temperature decomposition (HTD) of AP to 418 °C and a
decrease in the energy release to 938 J-g™*. These results were compared to those of the different metallocenes, namely (1) (HTD: 434 °C and 1300 J-g%), (2) (HTD:
361 °C and 1828 J-g%), and the mixture of (1+2) (HTD: 354 °C and 2054 J-g%). Our results suggest that the mixture of metallocenes is a suitable and competitive
alternative to be used as an enhancer of solid composite propellants. In addition, cyclic voltammetry is used to investigate the electrochemical processes of compounds
(1), (2), and (3). The electrochemically active species exhibit noteworthy oxidation peaks, revealing electronic communication between the three different compounds
in the cases of (1), (2), and (3), as evidenced by the results obtained from the analysis.
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1. INTRODUCTION

Rocket technology research is currently attracting significant attention due to
its potential applications, especially in the aerospace industry. This is a crucial
step towards expanding human exploration into space. Investigating the burn rate
(BR) catalyst and its impact on the thermal degradation of the primary oxidizing
agent for solid rocket motors, ammonium perchlorate (AP), is essential for
improving the thrust and acceleration associated with the hot gases inside the
combustion chamber. This increased thrust and acceleration produce enough
pressure to force the gases out of the exhaust port (nozzle), and the kinetic energy
generated by this motion produces the propulsion [1].

Nowadays, different types of BR catalysts have been studied, where they have
mainly been related to iron derivatives such as nanoparticles [2-3], coordination
complexes,[3] and ferrocene derivatives [5-7]. Regarding ferrocene derivatives
have excellent properties and compatibility with the commonly used binder
agent, HTPB/AP (hydroxyl-terminated polybutadiene); these specific properties
generate a stable composite solid propellant [8-9].

The effect of BR catalyst candidates on the combustion behavior of composite
solid propellants is typically measured by their impact on the thermal degradation
of AP. Adequate BR catalysts have been shown to cause a shift to the left in the
high-temperature decomposition (HTD) peak of AP, accelerating its
decomposition and increasing its released heat [10-12]. However, unlike
ferrocene derivatives, dissimilar BR catalysts have not been extensively
explored, except for our group's work employing heterobimetallic compounds
[7] and bimetallic ruthenocenes compounds to catalyze the thermal
decomposition of AP[13-14]. These ruthenium complexes have demonstrated a
catalytic effect on the HTD peak of AP.

On the other hand, to improve the thermal catalytic effect, studies have been
carried out on the synergistic effect of two different metals in relation to
nanoparticles [9]. Liu and coworkers investigated the effect of different metal
nanoparticles. The addition of Cu and Ni NPs (5 wt%) lowered the HTD peak of
AP, but the use of mixed metal nanoparticles produces a synergistic effect in the
catalytic activity than single-phase metals. To the extent of our knowledge, the
mixture of metallocene-type complexes as BR catalysts has not been explored
yet.

For the reasons stated above, in this article we study the previously synthesized
heterobimetallic complex [Cp*Ni-s-Ic’-RuCp*] compared with the
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monometallic fragments bis(pentamethylcyclopentadienyl)nickel [(Cp*).Ni]
and bis(pentamethylcyclopentadienyl) ruthenium [(Cp*).Ru], to understand the
cooperative effect when the metal moiety is in the same molecule or not and what
will be their effect on the thermal decomposition of AP.

Furthermore, cyclic voltammetry was used to investigate the oxidation
processes of these complexes and to compare the heterobimetallic [Cp*Ni-s-Ic’-
RuCp*] complex with the monometallic complexes [(Cp*).Ni] and [(Cp*).Ru].

2. EXPERIMENTAL SECTION
2.1. General Information of the compounds

Unless specified otherwise, all manipulations were carried out within a dry box
equipped with a Dry-Train cleaner Model HE493 and a vacuum line with a
diffusion mercury pump, using Schlenk-tube techniques under an inert
atmosphere of dry nitrogen or argon. Anhydrous solvents were distilled and dried
under a nitrogen atmosphere from Na/benzophenone for tetrahydrofuran
(previously distilled from AlLiH,4), toluene, and hexane, and freshly distilled
from P,0s in the case of CH.ClI, [16].

The DSC analysis was conducted using a Perkin EImer DSC 4000 instrument
with a heating rate of 5 °C min"*under nitrogen atmosphere, ranging from 140 to
445 °C. The aim was to evaluate the catalytic performance of the monometallic
and heterobimetallic compounds on the thermal decomposition of AP. For this
purpose, a physically mixed and ground mixture of the organometallic
complexes and AP in a specific weight ratio (3 and 5 wt.% average sample mass
= 5.430 mg) was prepared for the DSC analysis.

An airtight three-electrode cell, connected to an argon line, was employed to
carry out cyclic voltammetry experiments. The working electrode was a platinum
disc, approximately 3 mm in diameter, while the reference electrode was a
saturated calomel electrode (SCE) and the counter electrode was a platinum wire.
A BAS CV-50 Voltammetric Analyzer Potentiometer, powered by a Pentium |1
350 MHz processor, was used to record the currents and potentials. For each
electrochemical experiment, the first fraction of distilled CH,Cl, was utilized.
This fraction was collected over phosphorus pentoxide and heated at reflux once
again. Prior to use, the supporting electrolyte, [NBu,]BF,, was dried under
vacuum and heated at 60°C for 3 hours. The synthesis procedure of the following
complexes has been reported previously, [(Cp*).Ni] (1), [10] [(Cp*).Ru] (2),[11]
and [Cp*Ni-s-Ic’-RuCp*] (3). [12]
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3. RESULTS AND DISCUSSION

Since homo- and heterobimetallic complexes have been reported to be efficient
catalysts for the thermal decomposition of AP [6,13,14], particularly derivatives
of ruthenocenes, this motivated us to test the activity of heterobimetallic complex
[Cp*Ni-s-Ic’-RuCp*] (3), as burning rate catalysts in comparison with the
bis(pentamethylcyclopentadienyl)nickel (1), bis(cyclopentadienyl)ruthenium
(2), in order to observe some cooperative effect when the similar fragments are
in the same molecule or not. Figure 1 shows the chemical structure of the
catalysts used in this work.
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Figure 1: Bis(pentamethylcyclopentadienyl)nickel  [(Cp*).Ni] (1),
Bis(pentamethylcyclopentadienyl)  ruthenium  [(Cp*).Ru]  (2), and
heterobimetallic complex Cp*Ru(2,6-diethyl-4,8-dimethyl-sindacene)NiCp*
[Cp*Ni-s-Ic’-RuCp*] (3) compared in this work.

Cyclic Voltammetry Studies

For comparison purposes, cyclic voltammetry measurements were conducted
in 10 ml of CH,CI, with a concentration of 0.1 mol L™ of tetrabutylammonium
tetrafluoroborate [NBu4]BF,, and the compounds (1), (2), (3) a concentration of
5x10* mol Lt in 10 ml of CH,Cl,, To study the electrochemical oxidation of the
heterobimetallic complex [Cp*Ni-s-Ic’-RuCp*] (3), to comparison with the
monometallic compounds bis(pentamethylcyclopentadienyl)nickel (1) and
bis(cyclopentadienyl)ruthenium (2) (Figure 1).
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Figure 1: Cyclic voltammetry of compounds (1), (2) and (3) (5x10*M) in
CH,ClI, tetrabutylammonium tetrafluroborate 0.1M, scan rate 0.1 V s%,

In cyclic voltammetry, the oxidation potential of a compound is an important
parameter that provides information about the electrochemical properties of the
compound. The oxidation potential is the voltage at which an electroactive
species is oxidized, and it reflects the ease with which the species can lose an
electron.

In the case of a nickel-ruthenium heterobimetallic compound with oxidation
potentials of 0.43 and 0.98 Volts for each metal, respectively, compared to its
monometallic analogues with oxidation potentials of 1.14 volts for nickel and
1.27 volts for ruthenium, it can be inferred that the heterobimetallic compound
has a lower oxidation potential than its monometallic analogues.
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This lower oxidation potential can be attributed to the electronic interactions
between the two metals in the heterobimetallic compound. The presence of two
different metals in the compound can affect the electronic structure and
distribution of electrons, leading to a change in the oxidation potential [15].

The cyclic voltammetry data for the nickel-ruthenium heterobimetallic
compound can be related to its catalytic effect on the decomposition temperature
of ammonium perchlorate (AP), which is a widely used oxidizer in solid rocket
propellants. The decomposition of AP is an exothermic reaction that releases a
large amount of heat, and the decomposition temperature is a critical parameter
that determines the performance and safety of solid rocket propellants.

It has been shown that the addition of certain transition metal catalysts, such
as nickel and ruthenium, can significantly lower the decomposition temperature
of AP, thereby improving the combustion efficiency and specific impulse of the
propellant. The catalytic effect is believed to be due to the formation of metal-
AP complexes that facilitate the transfer of electrons and promote the
decomposition reaction [16].

In the case of the nickel-ruthenium heterobimetallic compound, the lower
oxidation potential of the compound compared to its monometallic analogues
suggests that the compound may have a unique electronic structure that can
facilitate the formation of metal-AP complexes and enhance the catalytic effect.
Furthermore, the difference in the redox properties of the two metals in the
compound can allow for selective activation of certain reactants or intermediates,
which would lead to improved catalytic performance.

Catalytic effect

The catalytic properties of the metallocenes (Figure 2) for the thermal
decomposition of AP were examined using DSC measurements at a heating rate
of 5°C per minute in an N, atmosphere in the 140-450°C range. The DSC curves
of both AP and the mixture of AP with the labeled compound are presented in
Figure 2 and Figures S1-S3 of the Supplementary data.

The mass percentages of (1), (2), (3), and mixture (1+2)-based BR catalysts
were 3 and 5 wt.%, because below these percentages (1 wt%) it has not been
carried out significantly the catalytic effect. Figure 2 shows the DSC curves of
both AP and the mixture of AP with organometallic compounds.
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Figure 2: DSC curves for pure AP and different compounds of (1), (2), (3),
and mixture (1+2) + AP (5%wt).

It is well known that during the thermal decomposition of AP, the DSC curves
display an endothermic process corresponding to the phase transition of AP at
249°C, which shows little to no shift and a similar profile for different wt.% of
compounds (1), (2), (3), and the mixture (1+2) as an additive. This result suggests
that the catalysts have a minimal effect on the crystallographic transition
temperature of AP. However, the high-temperature degradation (HTD) step of
AP at 415°C was significantly affected by adding the catalysts of compounds (1),
(2), (3), and the mixture (1+2).

In the case where compounds (1) and (3) were added at 3 and 5 wt.%, the
HTD was found to increase, while the heat released decreased, acting as retarding



agents (Figure S1 and Figure S3). For compound (1), the decomposition
temperature at 5 wt.% was obtained at 434°C with a heat release of 1300 J-g™.
Similarly, for compound (3), the maximum shift of the decomposition
temperature at 5 wt.% was obtained at 418°C with a heat release of 938 J-g.

Regarding compound (2), the decomposition temperature at 5 wt.% was
observed at 361 °C, with a heat release of 1828 J-g* (Figure S2). This catalytic
behavior is similar to the homo- and heterobimetallic compounds published by
our research group (Table 1) [6,17,18].

Most notable is the case when a synergistic effect is observed in the mixture
of metallocenes (1) and (2) on HTD of AP (Figure 3). The mixture (1+2) shows
a decrease in HTD to 354 °C at 5 wt.%, with a heat release of 2054 J-g?,
producing a left shift by 61 °C compared to pure AP. This result implies that the
mixture of species (1+2) presents an evident catalytic effect on the thermal
degradation of AP.
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Figure 3: DSC curves of AP with different percentages of Mixture “(1+2)” +
AP.

Finally, the mixture (1+2) has a higher heat released compared with complexes
(1), (2), and (3), even higher than the previously reported ruthenium compounds
(Table 1).

Table 1: Effect of the different additives on the thermal degradation of AP.

Compounds wt HTD of AP | Heat re[eased
[%0] (°C) Qg
NH,CIO, (AP) 5 415 1093
[(Cp*)Ni] (1) 5 434 1300
[(Cp*):Ru](2) 5 361 1828
[Cp*Ni-s-I¢’-Cp*Ru] (3) 5 418 938
Mixture (1+2) 5 354 2054
[Cp*Fe-s-Ic’-NiCp*] [13] 5 346 1461
[(CO)sMn-s-Ic’-NiCp*] [6] 5 397 965
[(CO)sMn-s-Ic’-RuCp+] [6] 5 388 1431
[(Cp*Ru),-s-Ic’] [17] 5 412 669
[(Cp*Ru),-as-Ic’] [17] 5 347 2048
[(Cp*Ru),Pen] [17] 5 371 1718
[(Cp*Ru),-IF] [17] 5 381 1271

As it was reported in the literature [6], the compounds derived from nickel
appeared to have poor catalytic effects against the thermal ignition of AP, as was
observed for compound (1).

If we compare the catalytic activity of (2) with the homobimetallic compound
[(Cp*).Ru-as-Ic’], it is possible to observe similar behavior, since as is known,
the as-indacene ligand has little communication between its metal centers, unlike
the s-indacene ligand. This evidence suggests that both metal fragments in
[(Cp*).Ru-as-Ic’] act as independent units like monometallic compounds (2).

J. Chil. Chem. Soc., 68, N°2 (2023)

The commonly accepted electron transfer degradation mechanism for AP
comprises the electron transfer from perchlorate (ClO4”) to ammonium (NH"),
releasing as final products ammonia (NHs) and perchloric acid (HCIO,), where
oxygen is generated from HCIO,4 and then converted to superoxide (O,"). Finally,
these ions in conjunction with other gaseous products contribute to the NH;
decomposition (Figure 4).

Previous ESR studies and DFT calculations have shown that heterobimetallic
compounds derived from s-indacene (Figure 4a) [19] can be reduced by electron-
rich olefins (EROs) to form corresponding radical anions (A-). These radical
heterobimetallic anions exhibit dissymmetric spin distribution, indicating that the
two metals have different electrophilic properties [20], as observed through
previous electrochemical studies (vida supra). In compound (3), the difference
in electronegativity between the metal centers leads to a more dissymmetric spin
distribution towards the more electronegative metallic moiety, which is the
nickelocene fragment. This fragment's withdrawing effect causes an increase of
spin density over its ligands (Cp* and the nearby five-member ring of the
indaceny! ligand), suggesting that this molecule acts as an electron acceptor. The
resulting anionic species (A-) is stabilized by the delocalized ligand s-indacene,
leading to a retarding effect, similar to the action of antioxidant agents.
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Figure 4: (a) Calculated spin density distribution of the heterobimetallic Ru-
Ni radical anion (taken from the reference [22]). (b) Simplified molecular orbital
scheme for nickelocene (taken from the reference [23]).

On the other hand, the synergistic effect presented by the mixture (1+2) could
be explained because the metal centers are not connected by a bridging ligand,
consequently the electron transfer from the ruthenocene would be received by
the half-filled orbitals of the antibonding (2ey4) nickelocene (Figure 4b) [20],
which would destabilize the nickelocene and decomposing it, promoting and
accelerating electron transfer towards the formation of O, (Figure 5).
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Figure 5: Possible AP catalytic thermal decomposition process.
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CONCLUSION

In conclusion, the catalytic properties of bis(pentamethylcyclopentadienyl)
nickel (1), bis(cyclopentadienyl)ruthenium (2), and heterobimetallic complex
[Cp*Ru(2,6-diethyl-4,8-dimethyl-s-indacene)NiCp] (3) were evaluated for the
thermal decomposition of ammonium perchlorate (AP). The results showed that
the addition of compounds (1), (2), (3), and the mixture (1+2) as additives had a
significant effect on the high-temperature degradation (HTD) step of AP at
415°C. The mixture of metallocenes (1) and (2) showed a synergistic effect,
producing a left shift by 61°C compared to pure AP, with a higher heat release
compared with the individual complexes. This suggests that the mixture (1+2)
presents an evident catalytic effect on the thermal degradation of AP. The
findings of this study could have practical implications in the development of
efficient catalysts for the combustion of solid rocket propellants.
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