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ABSTRACT: We reported mono and bimetallic ferrocene-based
1,2,3-triazolyl compounds as potential burning rate catalysts in
their neutral and ionic forms. All complexes reported here were
characterized using 1H and 13C NMR, elemental analysis, and
Mössbauer spectroscopy, which was performed for neutral and
oxide compounds. The complexes present quasireversible redox
potentials with higher oxidative ability than ferrocene and catocene
under the same conditions. The complexes were tested as catalysts
on the thermal decomposition of ammonium perchlorate (AP) and
examined by a differential scanning calorimetry technique to gain
further knowledge about their catalytic behavior. Compound 1
causes a decrease of the high-temperature decomposition (HTD)
of AP positively, decreasing the decomposition temperature of AP
to 345 °C and consequently increasing the energy release to 1939 J·g−1. We took the residues from the pans after testing from the
DSC to elucidate the underlying reaction pathways. We obtained the size of the nanostructures formed after thermal decomposition
of AP determined by the TEM technique. The diameter and size distribution of iron oxide nanoparticles formed depend on the alkyl
sidechain of the triazolium ring, which induces the formation of nanoparticles with a double diameter and size distribution compared
to their neutral analogues, suggesting that the possible intermediate for the mechanism degradation of AP by ferrocene derivatives is
nanoscale Fe2O3 or similar oxides.

1. INTRODUCTION
Rocket technology research has been a subject of increasing
interest in recent years due to its wide-ranging aerospace
applications.1,2 Propulsion is the core component of aerospace
technology, and propellants are the most critical ingredients
used in rockets, aircraft, missiles, and other space technologies
to provide the driving force. Therefore, various propellants
must be developed to meet the specific requirements of
different applications.3−5

Modern composite solid propellants (CSPs) are typically
made up of a mixture of chemical ingredients, including
isophorone diisocyanate (IPDI, curative), hydroxyl-terminated
polybutadiene (HTPB, prepolymer), ammonium perchlorate
(AP, oxidizer), a catalyst, and other additives.6 The high-
performance solid propellant requires a regular combustion
rate, a low-pressure index, and high heat release. AP, a vital
oxidizer, is widely used in CSPs, and its decomposition directly
determines propellant performance.3,7

Controlling the AP decomposition process is crucial in
obtaining as much powerful impetus as possible.6,8 Therefore,
considerable efforts have been made to modify the
decomposition process of AP in two ways. The first method
involves preparing superfine AP crystals to enhance combus-

tion behavior. The second method involves studying and
designing combustion catalysts currently applied to modern
CSPs.9

Several studies have focused on synthesizing combustion
catalysts to improve CSPs’ burning rate and antimigration
ability.9 These catalysts can be classified into four categories:
transition metal oxides,10,11 nanoparticles,12−16 transition
metal complexes,17−20 and ferrocene (Fc)-based com-
pounds.7,9,21−27 Transition metal oxides are inexpensive and
simple to produce but have less worth in combustion.
Nanoparticles have the advantage of being easier to transfer
electrons and significantly reducing the decomposition
temperature and activation energy for AP.12,13 However, they
are prone to aggregate and preferentially adsorbed on
components during mixing, resulting in less dispersion of
nano-Fe2O3 particles and heat release of AP.9 Fc-based
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compounds, with their excellent redox and electrocatalytic
properties, have attracted much attention for their potential in
the research of CSPs.28 It should be noted, though, that these
ferrocene derivatives exhibit significant volatility during the
propellant’s curing process, and over extended periods of
storage, there is noticeable migration toward the surface of the
propellant columns.9,28

Researchers have tried overcoming the high-migration and
volatility problems with ferrocene-based burn rate (BR)
catalysts in recent decades. These efforts involved diverse
approaches such as developing ferrocenyl group-grafted
polymers29,30 and dendrimers,22,31 introducing concepts of
ionic coordination compounds32 and energetic ionic ferro-
cene,33,34 besides increasing the molecular weights of
ferrocene-based BR catalysts.35−37 In the last ten years,
Zhang and co-workers have utilized the concept of energetic
ionic compounds to develop energetic ionic ferrocenyl
compounds to tackle high-migration problems. Recently,
Zhang’s group has published the synthesis of various
nitrogen-rich N-heterocyclic ferrocene-functionalized pyrazole
and 1,2,3-triazolyl compounds and their effects on the thermal
stability and combustion properties of composite propellants,
showing exceptional antimigration ability and electrochemical
properties, confirming that high nitrogen content in a
ferrocenyl derivative improves its catalytic combustion
performance in the thermal degradation of AP.25,38

On the other hand, despite a large amount of published
information on ferrocene derivatives as burn rate catalysts, the
decomposition mechanism remains challenging to explain due
to its redox complexity. Some efforts have been made through
different methods, such as FT-IR in real time, where it is
possible to observe the products generated by the thermal
decomposition of AP.39 Until now, the accepted intermediates
for the mechanism degradation of AP by ferrocene derivatives
are iron oxide nanoparticles, which are formed when the
cyclopentadienyl ligand is cleaved from the iron atom and this
is oxidized to nano-Fe2O3 in situ, which acts as a newly formed
catalyst to catalyze AP’s decomposition further. However, to
our knowledge, no concrete evidence of this formation has
been presented.
This work provides fundamental evidence for forming iron

oxide nanoparticles into the mechanistic of the thermal
decomposition of ammonium perchlorate using ferrocenyl
compounds derived from the 1,2,3-triazolyl ligand.

2. EXPERIMENTAL SECTION
2.1. General Information of the Catalysts. All

manipulations were carried out under a pure nitrogen
atmosphere by using a vacuum atmosphere dry box equipped
with a Model HE 493 Dri-Train cleaner or with the use of a
vacuum line by using standard Schlenk tube techniques.
Reagent-grade solvents were distilled under an atmosphere

of nitrogen from sodium benzophenone for N,N-dimethylfor-
mamide (DMF), acetonitrile, dichloromethane, toluene,
petroleum ether, and THF (previously distilled from AlLiH4)
and from P2O5 for acetonitrile and dichloromethane.

40

The synthesis of the following compounds has been
reported previously: azidomethyl ferrocene [Fc-CH2-N3]

41

and 1-(ferrocenylmethyl)-4-phenyl-1,2,3-triazole (1).42 Ferro-
cene, phenylacetylene, 1,4-diethynylbenzene, and sodium
ascorbate (purchased from Aldrich, Fc). Analytically pure
grade AP with a particle size of 200 μm was purchased from
SNPE Propulsion, Groupe SNPE.

Elemental analyses (C and H) were made with a Fissions EA
1108 microanalyzer. 1H and 13C NMR spectra were recorded
on Bruker AC-400 and Bruker AC-200P spectrometers.
Chemical shifts were reported in ppm relative to residual
solvents and were assigned using 2D NMR tools. All peaks
reported were singlets unless otherwise specified. Melting
points of recrystallized compounds were measured with a
standard Leitz microscope or a Stuart Melting Point SMP3
apparatus. Mössbauer spectra were obtained using a constant
acceleration Mössbauer spectrometer with a 57Co/Rh source.
The source was moved via triangular velocity waveform, and
the γ counts were collected in a 512 multichannel analyzer.
The data were folded, plotted, and fitted by a computer
procedure. Velocity calibration was performed using 25 lm
thick metallic Fe foil. The Mössbauer spectral parameters are
given relative to this standard at room temperature. Mössbauer
analyses were carried out at the ICMAB-CSIC. Fourier
transform infrared spectroscopy (FT-IR) spectra were
measured using a JASCO FT-IR 4100 spectrometer in the
5−4000 cm−1 frequency range.
2.2. Synthesis Compounds. 2.2.1. [(Cp2Fe)-Tr-Bz-But][I]

(1-IL). 1-(Ferrocenylmethyl)-4-phenyl-1,2,3-triazole (1) (0.340
g, 1 mmol) was added portion wise to a solution of iodobutane
(0.275 g, 170 μL, 1.5 mmol) in acetonitrile (25 mL) and
heated to reflux for 24 h. After being cooled at room
temperature, the reaction mixture was verted on H2O (50 mL)
and extracted with dichloromethane (3 × 50 mL). The organic
extract was evaporated to dryness in vacuo, obtaining a dark oil
stable to air. Yield: 0.430 g (80%). Yield. M.p.: 119 °C.
Anal. Calc. for C24H28N3FeI (543.75): C, 53.26; H, 5.21; N

7.76. Found: C, 53.15; H, 5.35; N, 7.68.
FT-IR: ν = 3103 w, 2961 w, 1615 s, 1456 s, 1411 m, 1103

cm−1.
1H NMR (400 MHz, chloroform-d) δ 8.74 (s, 1H), 7.73

(dd, 5H), 4.55 (m, 2H), 4.43 (m, 2H), 4.09 (m, 2H), 3.30 (m,
2H), 3.16 (s, 5H), 2.10 (dd, 2H), 2.00 (dd, 2H), 0.99 (t, 3H).
13C NMR (101 MHz, chloroform-d) δ 170.07, 143.12,

132.18, 129.98, 129.30, 55.03, 52.23, 39.38, 31.65, 31.11,
20.08, 13.64.

2.2.2. [(Cp2Fe)-Tr-Bz][BF4] (1+). 1-(Ferrocenylmethyl)-4-
phenyl-1,2,3-triazole (1) (0.100 g, 0.29 mmol) was dissolved in
20 mL of THF, and the solution was added to
[FeCp2]+[BF4]− (0.079 g, 0.28 mmol). Subsequently, the
mixture was stirred at room temperature for 4 h, resulting in a
precipitate formation. The mixture was filtered, and the
insoluble material was washed with petroleum ether to remove
all the ferrocene and dried under vacuum to obtain a stable
compound to air dark red dust. Yield: 0.085 g (68.4%).
Anal. Calc. for C19H17N3FeBF4 (430.01): C, 53.07; H, 3.98;

N, 9.77. Found: C, 53.18; H, 3.95; N, 9.69.
FT-IR: ν = 3093 w, 2961 w, 1617 s, 1445 s, 1421 m, 1110

cm−1.
2.2.3. [(Cp2Fe)2-Tr2-Bz] (2). 1,4-Diethynylbencene (0.200 g;

1.59 mmol) and azidomethyl ferrocene (0.767 g; 3.18 mmol)
were dissolved in a mixture of DMF (20 mL) and H2O (5
mL), and then, CuSO4·5H2O (0.040 g; 0.16 mmol) and
sodium ascorbate (0.125 g; 0.63 mmol) were added,
maintaining the system under vigorous stirring for 48 h at
room temperature. Subsequently, the mixture was poured into
100 mL of H2O, and the crude product was filtered. Finally,
the product was boiled and filtered in hot ethanol, obtaining a
pale-yellow solid. Yield 0.52 g (54%). M.p.: 201 °C
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Anal. Calc. for C32H28N6Fe2 (608.31): C, 63.18; H, 4.64; N,
13.82. Found: C, 63.07; H, 4.70; N, 13.67.
FT-IR: ν = 3090 w, 2977 w, 1669 s, 1456 s, 1410 m, 1105

cm−1.
1H NMR (400 MHz, DMSO-d6) δ 8.50 (s, 2H), 7.81 (s,

4H), 5.27 (s, 4H), 4.32 (m, 4H), 4.13 (s, 10H), 4.12 (s, 4H).
13C NMR / not found
2.2.4. [(Cp2Fe)2-Tr2-Bz-But][I2] (2-IL). Bis-(1-methylferro-

cenyl-4-fenil)-1H-1,2,3-triazole (0.500 g, 0.83 mmol) was
added portion wise to a solution of iodobutane (0.380 g,
235 μL, 2.0 mmol) in acetonitrile (30 mL) and heated to reflux
for 36 h. After being cooled at room temperature, the reaction
mixture was verted on H2O (50 mL) and extracted with
dichloromethane (3 × 50 mL). The organic extract was
evaporated to dryness in vacuo, obtaining a dark oil. Yield:
0.459 g (55%). M.p.: −17 °C
Anal. Calc. for C42H50N6Fe2I2 (1009.5): C, 50.23; H, 5.02;

N, 8.37. Found: C, 50.15; H, 5.18; N, 8.26.
FT-IR: ν = 3094 w, 2964 w, 1664 s, 1461 s, 1406 m, 1092

cm−1.
1H NMR (400 MHz, chloroform-d) δ 8.89 (s, 2H), 8.01 (s,

4H), 4.73 (m, 4H), 4.64 (m, 4H), 4.06 (m, 4H), 3.29 (m, 4H),
3.17 (s, 10H), 2.12 (m, 4H), 2.09 (m, 4H), 1.30 (t, 6H).
13C NMR (101 MHz, chloroform-d) δ 170.17, 141.76,

131.79, 125.07, 55.10, 54.44−53.55 (m), 53.04, 39.39, 31.63,
23.45, 20.02, 13.76.
2.2.5. [(Cp2Fe)2-Tr2-Bz][BF4] (2+). Complex 2 (0.100 g,

0.164 mmol) was dissolved in 20 mL of THF, and the solution
was added to [FeCp2]+[BF4]− (0.042 g, 0.156 mmol).
Subsequently, the mixture was stirred at room temperature
for 4 h, resulting in a precipitate formation. The mixture was
filtered, and the insoluble material was washed with petroleum
ether to remove all the ferrocene and dried under vacuum to
obtain a stable compound to air dark red dust. Yield: 0.089 g
(78.1%).
Anal. Calc. for C32H28N6Fe2BF4 (695.11): C, 55.29; H, 4.06;

N 12.09. Found: C, 55.21; H, 4.17; N, 12.09.

FT-IR: ν = 3105 w, 2958 w, 1627 s, 1458 s, 1407 m, 1089
cm−1.
2.3. Thermal Analysis. Differential scanning calorimetry

(DSC) analyses were performed on a DSC 822e METTLER
TOLEDO instrument at a heating rate of 5 °C·min−1 under
nitrogen in the 80−500 °C range. To investigate the catalytic
performance of the compounds derived from 1,2,3-triazolyl for
the thermal decomposition of AP, specific amounts of the
complexes and AP were physically mixed and ground in a
certain weight ratio for DSC analysis. For DSC analysis, 40 μL
aluminum pans were used without a pin on the bottom for the
measurement.
2.4. Electrochemical Measurements. The electrochem-

ical properties of the samples were measured at room
temperature using a Voltalab (PGZ100) potentiostat electro-
chemical workstation. A conventional three-compartment cell
was utilized, where a platinum disk electrode with a diameter
of 2 mm served as the working electrode, and a coiled Pt wire
of a large area was used as the counter electrode. A sintered
glass frit separated the counter electrode from the electrolytic
solution. Before each experiment, the working electrode was
polished to a mirror finish using an aqueous alumina slurry
with particle sizes of 0.3 and 0.05 μm on microcloth pads,
rinsed with water, and dried. All potentials were referred to an
Ag/AgCl (KCl, 1.0 M) electrode. The working solution was
purged with high-purity argon for 15 min before each
experiment, and a lower flow was maintained over the solution
during the measurements. The supporting electrolyte,
tetrabutylammonium tetrafluoroborate [Bu4N][BF4], was
dried at 110 °C and kept in a dryer until use. Cyclic
voltammetry measurements were carried out using anhydrous
dimethyl sulfoxide (DMSO) with a concentration of 0.01 M
Bu4N·BF4 and 5 mM analyte at a scan rate of 100 mV·s−1.

3. RESULTS AND DISCUSSION
The versatile nature of ferrocene-based 1,2,3-triazolyl com-
pounds also allows for structural modification and function-
alization, enabling the design of tailor-made molecules with

Figure 1. Synthetic pathway of ferrocenyl compound 2 derived from 1,2,3-triazolyl.

Figure 2. Synthetic pathway of ionic liquid ferrocenyl compounds 1-IL and 2-IL derived from 1,2,3-triazolyl.
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desired properties. By tuning the substituents on both the
ferrocene and triazole moieties, it is possible to modulate these
compounds’ electronic, steric, and physicochemical properties,
further expanding their potential applications.43−45

The mono- and bimetallic complexes’ neutral, oxidized, and
ionic forms were characterized through NMR, FT-IR, and
Mossbauer spectroscopies (neutral and oxidized compounds),
which will be detailed below. Compounds 1 and 2 were
synthesized by click reaction, obtaining yields of 70 and 54%,
respectively (Figure 1). The compounds 1-IL and 2-IL were
synthesized by N-alkylation reaction with a solution of
iodobutane with yields of 80 and 55%, respectively (Figure
2). Finally, the oxidation reaction was carried out at room
temperature with one equivalent of ferrocenium, obtaining a

68 and 78% yield for compounds 1+ and 2+, respectively
(Figure 3).
Compounds 1 and 2 are soluble in DMSO and less soluble

in dichloromethane; ionic compounds are utterly soluble in
polar solvents.
Considering that the ferrocene-type complexes have been

reported to be effective catalysts on the thermal decomposition
of AP, this prompted us to test the activity of the complexes 1,
2, 1-IL, and 2-IL as burning rate catalysts in comparison with
ferrocene (Fc) and catocene (Cat), to understand the role of
the redox potential in the thermal decomposition of AP.
3.1. NMR Analysis. The spectroscopical analyses of each of

the nuclei were carried out. Compound 2 can be observed in
the 1H NMR spectrum (Figure 4), which shows signals at δ

Figure 3. Synthetic pathway of oxidized ferrocenyl compounds 1+ and 2+ derived from 1,2,3-triazolyl.

Figure 4. 1H NMR spectrum of binuclear complex 2, [(Cp2Fe)2-Tr2-Bz], in DMSO-d6.
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8.50 ppm corresponding to the triazolyl group proton and 7.81
ppm, which can be attributed to the aromatic protons. The
sign at δ 5.27 ppm corresponds to the two methylene protons.
The signals at δ 4.32−4.31, 413, and 4.12 ppm correspond to
protons of the ferrocene moiety. Unfortunately, 13C NMR
spectrum is not given due to the low solubility of compound 2
in deuterated DMSO solvent (Figure S1).
The 1H NMR spectrum (Figure 5) of the compound 1-IL,

the same way as compound 1 previously informed,46 shows
signals at δ 8.77 and 7.67−7.56 ppm, which can be attributed
to the protons of the triazolyl and the phenyl ring, respectively.
The most notable signals indicating N-alkylation correspond-
ing to the butyl group appear at δ 4.74, 4.53, 2.10, and 0.99
ppm, corresponding to the butyl group’s protons. The signal at
δ 3.16 ppm corresponds to the protons on the Cp ring of the
ferrocene moiety. The most notable signals in the 13C NMR
spectrum at δ 31.11, 20.08, and 13.64 ppm correspond to the
carbons of the butyl group (Figure S2). According to the 1H
NMR (Figure S3) data given for compound 2-IL, like its
mononuclear counterpart, the outstanding signals are at δ 4.72,
2.11, 1.99, and 1.31 ppm corresponding to the protons in the
butane chain. In the case of the 13C NMR spectrum (Figure
S4), the signals standout at 31.63, 23.45, 20.02, and 13.76
ppm, corresponding to the carbons belonging to the butyl
groups.
3.2. FT-IR Analysis. Table 1 summarizes the main

stretching frequencies for compounds 1, 2, 1-IL, and 2-IL
here reported (Figures S7−S9). For compounds 1 and 2, the
peak at 3069 cm−1 is assigned to C−H stretching vibrations of
the aromatic ring (phenyl and ferrocene moiety47), and the
peak at 2923 cm−1 is assigned to C−H stretching vibrations of

the methylene group. The peak at 1615 cm−1 is assigned to
N�N stretching vibrations of the triazolyl moiety.48

The most remarkable is that after the N-alkylation reaction
was carried out for compounds 1 and 2, the stretching signal
assigned to C−H at 2961 and 2964 cm−1 is observed due to
the presence of butyl groups (Figures 6 and S9).
3.3. Redox Properties. The redox properties of all of the

complexes in anhydrous DMSO solution were investigated by
cyclic voltammetry to evaluate their oxidation ability and to
understand the electrochemical reaction mechanism.
Table 2 summarizes the oxidation potentials of anhydrous

DMSO solution reported with Ag/AgCl as the reference
electrode. Compounds 1, 2, 1-IL, and 2-IL exhibited one
quasireversible oxidation peak, associated with the oxidation of
the iron center (Fe+2/Fe+3) in each complex, as has been
observed by other authors24,43,45 (Figure 7).

Figure 5. 1H NMR spectrum of monometallic complex 1-IL [(Cp2Fe)-Tr-Bz-But][I] in chloroform-d.

Table 1. Main Stretching Frequencies of FT-IR Spectra

complex wavenumber (cm−1)

1 C−HAromatic 3092
C−HAliphatic 2961
N−NTriazolyl 1615

2 C−HAromatic 3090
C−HAliphatic 2977
N−NTriazolyl 1669

1-IL C−HAromatic 3103
C−HAliphatic 2961
N−NTriazolyl 1615

2-IL C−HAromatic 3094
C−HAliphatic 2964
N−NTriazolyl 1664
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The oxidation potential of a compound can provide
information about its ability to undergo oxidation reactions
related to the catalytic effect on the thermal decomposition of
AP. Compounds with lower oxidation potentials are easier to
oxidize, while those with higher oxidation potentials are more
difficult to oxidize.
If we compare the oxidation potentials shown above, it is

possible to observe that compound 2-IL has the highest
oxidation potential at 577 mV, indicating that it is the most
difficult to oxidize, similar to the electrochemical behavior of
ferrocene with an oxidation potential of 500 mV, which is also
relatively high. This value of complex 2-IL suggests that due to
the solid electron-withdrawing capacity of both quaternized
triazoles, the electron density in both ferrocene moieties
decreases and is not easily oxidized. The redox potential of this
compound is higher than those of the compounds 1, 2, 1-IL,
and catocene, indicating that this compound has a stronger
antioxidant capacity.
On the other hand, compounds 1 and 1-IL have oxidation

potentials of −489 and −454 mV, respectively, which indicates
that they are relatively easy to oxidize. Compound 2 has an
oxidation potential of −378 mV, higher than those of
compounds 1 and 1-IL, suggesting the ability to withdraw
electrons from both triazole fragments.
Overall, the oxidation potential can provide helpful

information about the reactivity and properties of the

compounds and can be used to compare their relative stability
toward oxidation reactions.
3.4. Mössbauer Analysis. The Mössbauer spectra of the

neutral and oxidized complexes were acquired at room
temperature (300 K). The hyperfine parameters for these
complexes are presented in Table 3, and the spectra are shown
in Figures 8 and S12, S13.
Neutral complexes 1 and 2 display a large “ferrocene-like”

quadrupolar splitting, ΔEq, characteristic of iron II (Fe2+), and
it was fitted to a single doublet associated with Fe2+.
The spectrum of oxidized compound 1+ (Figure S13)

presents a very weak signal. After 5 weeks, it was only possible
to observe a small contribution consistent with Fe+3, as
expected after oxidation to one electron with ferricenium
tetraborate.
Regarding the oxidized compound 2+, the spectrum was

fitted using two symmetrical doublets corresponding to the
two-oxidation states (Fe2+ and Fe3+). At 300 K, the resonant
areas corresponding to Fe2+ (42%) and Fe3+ (58%) sites are
akin, indicating that the chemical oxidation was produced in
only one of the metallic centers (Figure 8 and Table 3). As was
observed by Manriquez et al. and our research group,49,50 a
classical trapping ferrocene and ferrocenium center behavior at
ambient temperature for the [Cp*FeII-as-indaceneFeIIICp*]+
and [CpFeII-p-phenylene-FeIIICp]+ compounds was evidenced,
indicative of low electronic communication through the
bridging ligand, different iron species derived from the fused
ring ligand.37,49

In this context, the Mössbauer spectrum (for compound 2+)
and the cyclic voltammetry image for compound 2 suggest a
low communication between the two ferrocenyl moieties; as
mentioned by O’Hare et al.,51 both techniques are appropriate
to study electronic interactions because the values of ΔEox are
close to zero or zero. On the other hand, for the monocation
2+, Mössbauer investigation shows two symmetrical doublets
corresponding two-oxidation states (Fe2+ and Fe3+), meaning
that the metals are noninteracting either because the ligand
does not provide an electronic coupling pathway, as previously
observed in other ferrocene-based 1,2,3-triazolyl deriva-
tives43,45 and as it is in our case for the bimetallic compound 2.

Figure 6. FT-IR spectra of compounds 1 and 1-IL.

Table 2. Oxidation Potentials for Ferrocene (Fc), Catocene
(Cat), and Complexes 1, 2, 1-IL, and 2-IL (mV vs Ag/
AgCl)a

complexes E°(0/1+) E°(1+/2+) ΔE1/2
1 −489
2 −378
1-IL −454
2-IL 577
Fc 500
Cat 346 498 152

aΔE1/2 is the difference between the first and second oxidation
potentials.
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3.5. Antimigration Analysis. Composite solid-propellant
samples were prepared to investigate the antimigration
behavior of the burning rate catalysts 1, 2, 1-IL, and 2-IL.
The details of the preparation of composite solid-propellant
samples are shown in Table S1 of the Supporting Information.
Figure 9 shows the results of antimigration analyses. For

these antimigration tests, ferrocene was used as a reference,
exhibiting the highest migration with a value of 4.0 cm in 21
days; on long-term storage, ferrocene unavoidably moved the
ends of the tube. Samples of compound 1 (MW:345.85 g/mol)

and 2 (MW:608.31 g/mol) showed a lower antimigration
behavior comparable with ferrocene and catocene, despite
having a higher molecular weight (Figures 9, S14−S17).
Compounds 1-IL and 2-IL have the best antimigration
property among the samples due to their high molecular
weights of 543.75 g/mol and 1009.50 g/mol, respectively. In
general, the neutral compounds present lower antimigration
behavior and the ionic derivatives present higher antimigration
behavior, due not only because of their high molecular weight
but also because they are ionic compounds, and they offer

Figure 7. Cyclic voltammograms of complexes 1 (a), 2 (b), 1-IL (c), and 2-IL (c) in DMSO 0.1M n-Bu4NBF4. Scan rate 100 mV/s.

Table 3. Hyperfine Parameters for the Fitting of the Mössbauer Spectra at 300 K

compound δFe (mm s−1) ΔEq (mm s−1) Γ (mm s−1) area

1 Fe2+ 0.43(2) 2.32(4) 0.22(8) 1
1+ Fe3+ 0.43(7) 0.87(1) 0.31(2) 1
2 Fe2+ 0.44(3) 2.33(6) 0.24(8) 1
2+ Fe2+ 0.43(4) 2.37(8) 0.22(1) 0.42(2)

Fe3+ 0.41(1) 0.67(2) 0.47(2) 0.58(2)
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more significant electrostatic interaction with AP, the main
component of the composite solid propellant. However, this
force is not strong enough to prevent migration on long-time
storage for compounds 1-IL and 2-IL.
3.6. Studies of Catalytic Effect on the Thermal

Decomposition of Ammonium Perchlorate. A burning
rate catalyst that demonstrates exceptional effectiveness
requires specific thermal stability. Ammonium perchlorate is
the primary oxidizer in composite solid propellants, and how it
breaks down under heat significantly influences propellant
combustion. The thermal stability of ferrocene-based 1,2,3-
triazolyl compounds was assessed using the TG technique. As
depicted in Figure S18, their weight loss began over 118 °C,
except for compound 1-IL (91.9 °C), obtaining a considerable
loss of mass at the temperatures of 292, 318, 271, and 275 °C
for compounds 1, 2, 1-IL, and 2-IL, respectively, highlighting
their considerable resistance to high temperatures, suggesting
that they are of high thermal stability, as was mentioned by
Zhang and Zhao.52−55

Studies of the catalytic effect of the compounds 1, 2, 1-IL,
and 2-IL on the thermal decomposition of AP were carried out
by DSC. Figure 10 (Figures S19−S21 Supporting Information)
shows the DSC curves of both AP and the mixture of AP with
the related species and the weight percentages of these burning
rate catalysts used in AP were 1, 3, and 5 wt %.
The combustion process of the solid-propellant rocket is

closely related to AP’s thermal decomposition temperature.
The choice of a potential BR catalyst is attributed to shifting to
the left the AP decomposition temperatures and high- and low-
temperature decomposition (LTD and HTD). In addition, BR
catalysts increase the heat released, contributing to higher
energetic content in the propellants. All complexes here
reported diminished thermal degradation temperature of AP,
demonstrating its apparent catalytic effects.
The DSC curves of the thermal decomposition of AP show

three processes, an endothermal and two exothermic processes.
As is known, the orthorhombic to cubic crystal phase transition
occurs at 248 °C and is associated with the endothermal peak.8
The first exothermic process corresponds to the low-temper-
ature decomposition (LTD) (292 °C), which is accepted by
several authors to be associated with an electron transfer
between ammonium and perchlorate ions, and the second
exothermic peak is related to the high-temperature decom-
position (HTD) step at 415 °C.9
The compounds 1, 2, 1-IL, and 2-IL as BR catalysts have a

slight impact on the crystallographic transition temperature of
AP during the endothermic phase transition process at 249 °C,
as observed in previous work.9,21,37

All DSC curves showed similar AP decomposition profiles at
different catalyst mass concentrations between the neutral
compound and its ionic analogue, implying akin degradation
mechanisms for the AP + ferrocene-based 1,2,3-triazolyl
compound mixtures (Figures 10 and S19−S21). Multiple
peaks within each DSC curve at 5%wt for complexes 1 and 1-
IL suggest the potential existence of distinct decomposition
mechanisms between the mixtures and the pure AP compared
to complexes 2 and 2-IL. It is possible to observe that for
compounds 1, 2, and 1-IL, there is a correlation between the
increase in the percentage of the catalyst and its catalytic effect,
obtaining the best catalytic performance at 5 wt %. About
compound 2-IL, its best catalytic effect was obtained at 3% by

Figure 8. Mössbauer spectra of compound 2,[{Cp2Fe}2-Tr2-Bz]q; q = 0 (a), +1 (b) at 300 K.

Figure 9. Evaluation of the migration tendency of 1, 2, 1-IL, and 2-IL
along migration distance and for different aging times (the bars in
each parallel row from left to right represent a compound that was
aged for 7, 14, and 21 days, respectively, at 65 °C).
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weight since a retarding result is obtained at 5% by weight.
Furthermore, all of the species reported here showed increased
heat released in the 1284−1939 J·g−1 ranges compared to pure
AP. It should be noted that the heat released by 1 (1939 J·g−1)
is higher than that released by the other species studied here
but not comparable to the heat released from the catocene
(Figure 10 and Table 4).
At 5 wt %, the diminutions of HTDs were 346, 361, 366,

and 391 °C for 1, 2, 1-IL, and 2-IL, respectively, being 69, 54,
49, and 24 °C lower than the HTD for pure AP.
3.7. Possible Burning Rate Catalytic Mechanism.

Ammonium perchlorate is a widely used oxidizer in solid
rocket propellants due to its high oxygen balance and energy
density.8,56,57 However, its thermal decomposition is a complex
and exothermic redox process that can pose safety hazards. As
described in the introduction, to improve the performance and
safety of AP-based propellants, various catalytic additives have
been developed to modify the decomposition behavior of AP.
In recent years, ferrocene has emerged as a promising class of
catalysts for AP thermal decomposition. Understanding the
catalytic mechanism of ferrocene is critical for its rational
design and optimization.
Thus far, the commonly accepted substance as an

intermediate in the degradation mechanism of AP through

ferrocene derivatives has been identified as ferric oxide
nanoparticles.9 These nanoparticles are produced when the
cyclopentadienyl ligand is separated from the iron atom and
then oxidized to create nano-Fe2O3, which acts as a new
catalyst to facilitate further decomposition of AP. However,
there has not been any conclusive evidence of this
phenomenon observed so far.
To elucidate the underlying reaction pathways, our research

group took the residues from the pans after testing from the
DSC and obtained the size of the nanostructures formed after
thermal decomposition of AP determined by the TEM
technique (Figures 11 and S22). In Figure 11a.1, the formation
of two different nanostructures (spheres and rods) was
observed for compound 1. From this image, the histogram of
Figure 11b.1 was generated, which allowed the determination
of a diameter near 8.8 nm for the spherical nanoparticles. For
compound 2, in Figure 11a.2, only spherical nanostructures
with a diameter close to 7.6 nm were observed. For
compounds 1-IL and 2-IL (Figure S22), nanostructures with
a spherical shape and sizes in the 15−17 nm range were
determined.
These results agree with other authors’ results in evaluating

new catalysts for the thermal decomposition of AP21,22,36,37,39

Figure 10. DSC curves for pure AP and a mixture of complex 1 with AP using different percentages (wt %).

Table 4. Summary of the Effect of the Different BR Catalysts (5 wt %) on the Thermal Decomposition of AP

compounds Eox1 vs Ag/AgCl (mV) HTD of AP (°C) heat released (J·g−1) heat released ratioa nanoparticle size (nm)

NH4ClO4 825 415 1093 1
Fc 500 360 1313 1.2
1 −489 345 1939 1.8 8.8b

2 −378 361 1882 1.7 7.6b

1-IL −454 366 1284 1.1 17.3b

2-IL 577 391 1350 1.2 15.0b

Cat33 346 346 2472 2.3
Fe2O3

21 −287 352 1839 1.7
NP-Fe2O3 373 1447 1.3 30
NP-Fe2O3

63 390 1244 1.1 3.5
aRatio between the heat released by the mixture and the heat released by the neat AP. bNanoparticles obtained in the catalytic tests.
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Figure 11. (a) TEM images and (b) histograms of compounds 1 and 2 after thermal degradation of AP.

Figure 12. Magnified TEM images of the nanostructures produced by thermal degradation of AP with the compounds (a) 1, (b) 2, (c) 1-IL, and
(d) 2-IL.
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and with the obtention of nanoparticles from precursors
derived from ferrocenes.58,59

Based on the selected area of TEM images (Figure S23), the
lattice fringe analysis was carried out (Figure 12) to approach
the possible species that make up the nanostructures produced
in the thermal decomposition of AP. For compounds 1, 1-IL,
and 2-IL, a lattice fringe in the 4.7−4.9 Å range is observed,
which could correspond to the (113) face of the maghemite.58

Conversely, compounds 1 and 2 present a lattice fringe in the
range of 3.5−3.7 Å, which could correspond to the (012) face
of the hematite.60 These lattice fringe values demonstrate
nanoparticulate iron oxides’ formation from the thermal
decomposition of AP catalyzed with ferrocene-based 1,2,3-
triazolyl compounds, as theoretically indicated by other
authors in their studies.
In addition to TEM analyses, we perform an X-ray powder

diffractogram (XRD) on the products after the catalysis of
compound 1. In this diffractogram, characteristic signals
reported for derivatives of iron oxides, such as maghemite
(Fe2O3) and hematite (Fe3O4), can be distinguished (Figure
S24).61,62 These results are consistent with those presented in
Figures 12 and S23, allowing a preliminary identification of
nanostructured iron oxides in the combustion product.
In this context, it is possible to analyze the relationship

between the results previously obtained based on the different
variables. Table 4 summarizes the oxidation potential, HTD,
the heat released, and particle size formed after the thermal
decomposition of the AP of the species reported here.
From Table 4, it is possible to observe two effects. The first

effect corresponds to the exotherm’s position depending
greatly on the size of the Fe2O3 particles formed. As mentioned
in the literature,64 the catalytic activity of metal nanoparticles
depends on their size and shape, which in turn are influenced
by the method of preparation, and these shape-control and
morphological studies of nanoparticles have attracted the
attention of various investigators in the last few decades.64−66

In our case, the presence of the butyl group in compounds 1-
IL and 2-IL generates larger nanoparticles, double those
caused by their analogues without N-alkylation, compounds 1
and 2, which in turn leads to a decrease in the thermal catalytic
effect on ammonium perchlorate and heat released.
The second effect is related to the oxidation potential;

despite not observing a clear trend, it is possible to notice that
compound 1 has a lower oxidation potential, which affects the
process of the electron-transfer mechanism to the thermal
decomposition of AP, generating a better catalytic effect and
released heat. In contrast, compound 2-IL has the lowest
potential with a lower catalytic effect.
In this way, relating to a low oxidation potential, the

formation of small nanoparticles, and an increase in the heat
released, the mechanism of the catalytic effect on the thermal
decomposition of ammonium perchlorate would be suggested
as follows (Figure 13).
According to the traditional electron-transfer theory,67 and

according to our findings previously,21,36,37 it is possible to
indicate that systems with a reducing character promote
electron transference plus the generation of Fe2O3 nano-
particles, which have a partially filled 3d orbit and provide help
in an electro-transfer process. A positive hole within Fe2O3
enables it to receive electrons from an AP ion and its
byproducts, thereby amplifying the process of thermal
decomposition of AP. This effect is primarily attributed to
the extensive surface area of nanostructured Fe2O3, which

creates numerous reactive sites on its surface. The atoms on
the nanosized particles’ surface exhibit higher reactivity than
those in the bulk material, as they have fewer neighboring
atoms and unoccupied sites.
Therefore, it is expected that these derivatives of ferrocene

undergo AP decomposition via attack of the oxygen atom
recently formed from the AP decomposition to form iron oxide
nanoparticles.
The widely acknowledged mechanism for the electron-

transfer decomposition of AP involves two key steps. First, an
electron transfer between ClO4− and NH4+ ions forms NH3
and HClO4. Second, the oxygen (O2) transforms superoxide
(O2−) through a process generated from HClO4 and
subsequently converted to O2−. Ultimately, these ions, along
with other gaseous byproducts, contribute to the decom-
position of NH3.
Thus, complex 1 has a much higher catalytic activity toward

the thermal decomposition of AP than other species here
reported and already published.

4. CONCLUSIONS
In conclusion, this study investigated the synthesis, character-
ization, and catalytic properties of mono- and bimetallic
ferrocene-based 1,2,3-triazolyl compounds. The synthesis of
the compounds was achieved through click reactions and N-
alkylation reactions, with moderate to good yields (54−80%).
The oxidation reactions produced oxidized compounds with
good yields (68−78%). The complexes were characterized
using NMR, FT-IR, and Mossbauer spectroscopies.
Furthermore, the redox properties of the complexes were

investigated using cyclic voltammetry, which showed one
quasireversible oxidation peak associated with the oxidation of
the iron center. The oxidation potentials indicated the
complexes’ ability to undergo oxidation reactions, suggesting
their potential as catalysts in the thermal decomposition of AP.
Compound 1 is more active among the complexes here
reported, shifting to the left the HTD of AP in 70 °C and
increasing the heat released to 1939 J·g−1, at a rate 1.8 times
higher than that of pure AP, but not comparable to the effect
of catocene (2.3 ratio heat released).
Finally, postburning microscopy studies revealed evidence

for the formation of iron nanoparticles, as mentioned by
several authors, where particle sizes can be modulated through

Figure 13. Proposed mechanism of AP’s catalytic thermal degradation
process through the decomposition of a ferrocene molecule
(compound 1) passing through the nanoparticulate ferric oxide
intermediate.
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alkylation of the triazolyl group, obtaining particle sizes in the
range of 7−17 nm depending on the neutral or ionic catalyst
used, which is closely related to the catalytic effect on the
thermal decomposition of AP.
Overall, the synthesized ferrocene-type complexes exhibit

promising characteristics for catalytic applications, potentially
enhancing the thermal decomposition of AP. Further studies
are warranted to explore their catalytic efficiency and
performance in AP decomposition reactions, to develop
effective catalysts for practical applications in solid propellants.
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Ángel Norambuena − Laboratorio de Materiales Energéticos,
Instituto de Investigaciones y Control del Ejército de Chile
(IDIC), Santiago 8320000, Chile

Nathalie Lecaros − Centro de Estudios en Ciencia y
Tecnología Militar, Academia Politécnica Militar
(ACAPOMIL), Centro de Estudios en Ciencia y Tecnología
de la Academia Politécnica Militar (CECTAP), Santiago
7850000, Chile

Cristian Carrasco − Centro de Estudios en Ciencia y
Tecnología Militar, Academia Politécnica Militar
(ACAPOMIL), Centro de Estudios en Ciencia y Tecnología
de la Academia Politécnica Militar (CECTAP), Santiago
7850000, Chile

Héctor Reyes − Centro de Investigación e Innovación
Tecnológica del Ejército de Chile (CIITEC), Santiago
7850000, Chile

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c04996

Author Contributions
C.V.: Formal analysis, methodology, and writing e review. J.G.:
Formal analysis, investigation, writing e review, and editing.
C.O.: Formal analysis and investigation. Y.D.: Formal analysis,
writing e review & editing, and investigation. A.N.: Resources,
formal analysis, investigation, writing e review, and editing.
N.L.: Formal analysis, methodology, and investigation. C.C.:
Formal analysis, methodology, and investigation. H.R.:
Resources, formal analysis, and investigation. G.A.: Method-
ology, writing e review & editing, investigation, and super-
vision. C.M.-V.: Resources, conceptualization, methodology,
writing e review & editing, investigation, and supervision.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We gratefully acknowledge the financial support from
FONDECYT grant 1210827 and Laboratory of Energy
Materials from the Institute of Research and Control (IDIC)
of the Chilean Army. The authors thank Professor Elies Molins
and Dr. Ignasi Mata for their advice and discussion from
Instituto de Ciencia de los Materiales de Barcelona (ICMAB-
CSIC) for assistance with Mössbauer experiments.

■ REFERENCES
(1) Oehlschlaeger, M. A. Grand Challenges in Aerospace Propulsion.
Front. Aerosp. Eng. 2022, 1, No. 1027943.
(2) Blakey-Milner, B.; Gradl, P.; Snedden, G.; Brooks, M.; Pitot, J.;
Lopez, E.; Leary, M.; Berto, F.; du Plessis, A. Metal Additive
Manufacturing in Aerospace: A Review. Mater. Des. 2021, 209,
No. 110008.
(3) Agrawal, J. P. High Energy Materials: Explosives, Propellants and
Pyrotechnics; WILEY-VCH, 2010.
(4) LING, W. Y. L.; Ling, L.; Zhang, S.; Fu, H.; Huang, M.;
Quansah, J.; Liu, X.; Wang, N. A Brief Review of Alternative
Propellants and Requirements for Pulsed Plasma Thrusters in
Micropropulsion Applications. Chin. J. Aeronaut. 2020, 33, 2999−
3010.
(5) Gao, Y.; Liu, Y.; Ma, D. Effect of Operation Pressure on Heat
Release Characteristics in Solid Rocket Motor Nozzle Considering
Detailed Chemical Reaction Mechanism. Aerosp. Sci. Technol. 2022,
128, No. 107794.
(6) Chaturvedi, S.; Dave, P. N. Solid Propellants: AP/HTPB
Composite Propellants. Arabian J. Chem. 2019, 12, 2061−2068.
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