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For overcoming the migration problems of ferrocene (Fc)-based burning rate catalysts (BRCs) as well as
for enhancing burning rate (BR) of ammonium perchlorate (AP)-based propellants, ferrocenylated-amino
pyridines (AP-Fcs) and ferrocenylated-amino thiazoles (AT-Fcs) have been synthesized. The synthesis of
AP-Fcs and AT-Fcs was confirmed by nuclear magnetic resonance ("H NMR). Electrochemical properties
of these ferrocenylated derivatives were explored by cyclic voltammetry (CV). The BR catalytic activities

of AP-Fcs and AT-Fcs on thermal decomposition of AP were examined by thermogravimetric (TG) and
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differential thermogravimetric (DTG) techniques. Thermal analysis results showed that AP-Fcs and AT-
Fcs showed good BR catalytic effects on thermal decomposition of AP. AP-Fcs and AT-Fcs were also
applied for anti-migration studies in comparison with catocene (Cat) and ferrocene. It was found that AP-
Fcs and AT-Fcs displayed anti-migratory behavior.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Propellants are considered as the key contributors in missile and
space technology. They provide driving force for rockets and mis-
siles [1—3]. Most of the solid propellants are combination of
chemical ingredients such as pre-polymers, curatives, plasticizers,
antioxidants, burning-rate (BR) modifiers, catalysts, and oxidizers
[4]. AP is the extensively utilized oxidizer in solid propellants by
virtue of its exceptional combustion characteristics, ease in pro-
cessibility and storability. Since AP usually accounts for 60—90% of
the composite solid propellants, therefore the thermal decompo-
sition of AP directly influences the burning velocity [5—7]. The
thermal disintegration of AP is considered to have a strong effect on
the combustion process of the propellants [8—13]. So, it is vital to
improve the thermal decomposition efficiency of AP. The thermal
decomposition of AP can be accelerated by adding burning rate
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catalysts (BRCs) in solid propellants [14—16].

Ferrocene and its derivatives in recent times have received
much attention due to their thermal stabilities, excellent redox
behaviors and good catalytic properties [ 17—23]. Therefore they are
widely used in various fields such as medicines [24], electro-
chemical sensors [25], memory storage devices [26—29], nano-
materials [30—36], and catalysis [37—42] etc. Since catalysis is an
important feature of ferrocene-based derivatives therefore, they
have been verified as the most effective catalysts for AP-based
composite solid propellants [43].

Ferrocene-based BRCs are superior than other BRCs (for example
metal oxides, metal coordination polymers, nano-composites and
carbon materials) [ 14] due to their good compatibility with organic
binder and uniform microscopic distribution in the propellant,
better fluidity and better ignitability of the propellant [44].
Ferrocene-based BRCs are capable to enhance burning rates and
bringing down the pressure indexes of the propellants during
combustion [45]. The current commercially available ferrocene-
based BRCs such as 2,2-bis(ethylferrocenyl)propane (catocene),
tert-butylferrocene (TBF) and n-butylferrocene (NBF) are neutral
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Scheme 1. Synthetic routes for (a) ferrocenecarbonyl chloride (b) ferrocenedicarbonyl chloride, (¢) MAP-Fc, (d) MAT-Fc, (e) DAP-Fc and (f) DAT-Fc.

alkyl-substituted ferrocenes. TBF, NBF and catocene display excel-
lent catalytic performances during the combustion of solid pro-
pellants. However due their shorter carbon chains on the ferrocenyl
ring and lower molecular weights [46], TBF, NBF and catocene
present unavoidable drawbacks such as high migratory tendency
on prolonged storage, significant evaporation and sublimation loss
during curing process of the propellants and phase separation by
crystallization [47]. These drawbacks lead to uneven combustion,

poor aging, formation of highly sensitive boundary layers and
irreproducible properties of the solid propellant which reduce
service life, change the designed ballistic parameters and may
cause dangerous explosions [48—50]. Additionally, high electro-
static sensitivity during the mixing process of the ferrocene-based
BRCs with ultra-fine AP could cause serious safety issues [51,52].
Therefore, it is necessary to overcome these migration issues and
develop ferrocene-based BRCs with competent anti-migration

Step 1 Step 2 Step 3
AP-Fes /AT-Fes and Ferrocenecarbonyl Reaction was
TEA were dissolved chloride/ proceeded at 25 °C

in DCM. > ferrocenedicarbonyl  [———> for 16 h.

chloride was added.

Scheme 2. Stepwise procedure for the synthesis of AP-Fcs and AT-Fcs.
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Fig. 1. 'H NMR spectra of (a) MAP-Fc, (b) MAT-Fc, (c) DAP-Fc and (d) DAT-Fc.
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Fig. 2. FT-IR spectra of (a) MAP-Fc, (b) MAT-Fc, (c) DAP-Fc and (d) DAT-Fc.

features and enhanced burning rate catalytic performances
[53—55]. Since the BR catalytic performance depends on chemical
structure, solubility and iron content of ferrocene derivatives [52],
various researchers have synthesized different ferrocene-based
BRCs. Recently, ferrocene-contained heterocyclic compounds have
gained considerable interest because of their unique properties

Table 3
FI-IR data of AP-Fcs and AT-Fcs.

[56,57]. Ferrocenylated compounds with nitrogen-rich heterocyclic
rings have been less explored as BRCs in solid propellants. Such
compounds showed good catalytic efficiency in solid propellants
[15,46,50].

Herein, we will synthesize ferrocene-based aminopyridines (AP-
Fcs) and ferrocene-based aminothiazoles (AT-Fcs) as BRCs. AP-Fcs
contain ferrocenylated monoaminopyridine (MAP-Fc) and ferro-
cenylated diaminopyridine (DAP-Fc), while AT-Fcs include ferro-
cenylated monoaminothiazole (MAT-Fc) and ferrocenylated
diaminothiazole (DAT-Fc). The core reason of choosing AP-Fcs and
AT-Fcs is ferrocene derivatives could be used as potential BRCs in
composite solid propellants and the presence of nitrogen rich
heterocyclic rings (with high energy C-N bonds) can contribute
energy to the propellants [58].

2. Experimental section
2.1. Materials

2-aminopyridine (AMP) and 2-aminothiazole (AMT) were pur-
chased from J&K Co. Ltd. Oxalyl chloride, dichloromethane (DCM),
petroleum ether, pyridine, chloroform (CHCl3), and triethylamine
(TEA) were purchased from Sinopharm Co. Ltd. Hydroxyl-
terminated polybutadiene (HTPB) ferrocenecarboxylic acid, ferro-
cenedicarboxylic acid, isophorone diisocyanate, sodium bicarbonate
(NaHCO3) and tetrabutylammonium tetrafluoroborate (BusNBF4)
was purchased from Aladdin chemicals Co. Ltd. Before use, DCM and
TEA were distilled over calcium hydride. Pyridine and petroleum
ether were dried with 4A-type molecular sieves. Other chemicals
were used as received.

AP-Fcs and AT-Fcs

Band assignment [8,22,36,60—68]

MAP-Fc MAT-Fc DAP-Fc DAT-Fc
3391 3420 3370 3425 NH- str.
3103 3103 3098 3099 C-H str. of Cp rings
3076 3082 3078 3103 C-H str.
1660 1665 1648 1660 C=N str.
1290 1285 1306 1279 C-N str.
1527 1534 1529 1539 C=C str.
_ 617 - 618 C-S str.
1431 — 1430 — C-C bend.
503 497 508 505 Cp-Fe str.
Table 4
Detail of samples preparation for CV studies.
Compound Amount of sample Amount of electrolyte (BusNBF,4) Solvent Volume of solution
g mmol mol.L ! g mmol mol.L ! mL
MAP-Fc 0.0021 0.01 0.69 0.3367 1.02 102 DCM 10
MAT-Fc 0.0023 0.01 0.74 0.3341 1.01 101 DCM 10
DAP-Fc 0.0032 0.01 0.72 0.3310 1.01 101 DCM 10
DAT-Fc 0.0032 0.01 0.70 0.3324 1.01 101 DCM 10
Table 5
Detail of samples preparation for CV studies.
Compound Amount of sample Amount of electrolyte (BusNBF,) Solvent Volume of solution
g mmol mol.L" g mmol mol.L! mL
MAP-Fc 0.0024 0.01 0.78 0.3301 1.00 100 CHCl5 10
MAT-Fc 0.0030 0.01 0.96 0.3298 1.00 100 CHCl5 10
DAP-Fc 0.0026 0.01 0.59 0.3362 1.02 102 CHCl5 10
DAT-Fc 0.0029 0.01 0.64 0.3377 1.03 103 CHCl3 10




M. Usman et al. / Journal of Organometallic Chemistry 920 (2020) 121336

Table 6
Detail of samples preparation for CV studies.
Compound Amount of sample Amount of electrolyte (BuyNBF,) Solvent Volume of solution
g mmol mol L ! g mmol molL ! mL
MAP-Fc 0.0024 0.01 0.78 0.3366 1.02 100 DMSO 10
MAT-Fc 0.0023 0.01 0.74 0.3299 1.00 100 DMSO 10
DAP-Fc 0.0027 0.01 0.61 0.3306 1.00 100 DMSO 10
DAT-Fc 0.0026 0.01 0.57 0.3356 1.02 102 DMSO 10
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Fig. 3. CV curves of MAP-Fc in: (a) DCM, (b) CHCl3, (c) DMSO at different potential scan rates (d) different organic solvents: (1) CHCls, (2) DCM and (3) DMSO at 0.1 V/s.
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Fig. 4. CV curves of MAT-Fc in: (a) DCM, (b) CHCl3, (c) DMSO at different potential scan rates and (d) different organic solvents: (1) CHCl5, (2) DCM and (3) DMSO at 0.1 V/s.
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Fig. 6. CV curves of DAT-Fc in: (a) DCM, (b) CHCls, (¢) DMSO at different potential scan rates and (d) different organic solvents: (1) CHCls, (2) DCM and (3) DMSO at 0.1 V/s.

2.2. Synthesis

2.2.1. Synthesis of ferrocenecarbony! chloride

Synthesis of ferrocenecarbonyl chloride was carried out by
following a previously reported method [59]. At first ferrocene-
carboxylic acid (30.0972 g, 121.899 mmol) was dried under
reduced. Afterward, freshly distilled DCM (170 mL) was injected to
dried ferrocenecarboxylic acid to make ferrocenecarboxylic acid
solution. Pyridine (22 mL, 273.123 mmol) was then injected into the
resulting ferrocenecarboxylic acid solution. The obtained mixture
was stirred at room temperature for 15 min under argon atmo-
sphere. Subsequently, at room temperature oxalyl chloride (23 mL,

268.179 mmol) was injected slowly to the previous mixture. The
acquired reaction mixture was then refluxed for 5 h. The solvent
was evaporated under reduced pressure and ferrocenecarbonyl
chloride was extracted using petroleum ether (150 mL) at 90 °C.
Ferrocenecarbonyl chloride was kept in Ar atmosphere for further
use [59].

2.3. Synthesis of ferrocenedicarbonyl chloride
Ferrocenedicarbonyl chloride was synthesized with modifica-

tions to the previously reported method [60]. Ferrocenedicarboxylic
acid (25.2514 g, 92.142 mmol) was taken into a two neck-flask.
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Table 7
Electrochemical data of AP-Fcs and AT-Fcs in different organic solvents at 0.1 V/s.
Compound Solvent Epe (mV) Epa (mV) (L2 (mv) bAEp (mV) ipe (1A) ipa (LA) ipalipe
MAP-Fc DCM 716 825 771 109 5.11E-03 4.68E-03 0915
CHCl5 601 812 707 211 2.14E-03 2.15E-03 1.005
DMSO 226 319 273 93 2.37E-03 1.85E-03 0.781
MAT-Fc DCM 695 856 776 161 3.95E-03 4.10E-03 1.038
CHCl5 658 889 774 231 4.63E-03 6.68E-03 1.444
DMSO 242 473 358 231 1.78E-03 2.49E-03 24.536
DAP-Fc DCM 948 1076 1012 128 1.12E-03 2.49E-03 2.237
CHCl3 896 1128 1012 232 1.95E-03 4.30E-03 2.212
DMSO 333 424 378 91 3.96E-03 327E-03 0.826
DAT-Fc DCM 897 1026 962 129 2.96E-03 3.83E-03 1.292
CHCl5 810 1057 934 247 4.56E-03 4.06E-03 0.891
DMSO 351 430 391 79 3.62E-03 5.37E-03 0.148
Table 8

Detail of samples preparation for anti-migration studies.

Sample Ammonium perchlorate Burning rate catalyst Hydroxyl-terminated polybutadiene Isophorone diisocyanate
g Wt. % g Wt. % g Wt. % g Wt. %
MAP-Fc 22591 67.44 0.0599 1.79 06617 19.75 0.3692 11.02
MAT-Fc 24563 68.53 0.0516 1.44 06791 19.95 0.3973 11.08
DAP-Fc 23059 67.36 0.0518 1.51 06791 19.84 0.3863 11.29
DAT-Fc 22141 67.69 0.0536 1.64 06568 20.08 0.3462 10.58
Catocene 22537 75.65 0.0599 2.01 0.6654 22.34 0.3069 9.43
Ferrocene 22585 68.66 0.0551 1.68 06745 20.51 0.3009 9.15
Blank 13.4745 77.36 39318 257 1.7991 10.33
r r Ferrocenedicarboxylic acid was dried and dissolved in freshly
_— g’iﬁs distilled DCM (150 mL) to prepare ferrocenedicarboxylic acid solu-
mpty ? . . . = .
AP, B IPDI tion. Pyridine (32 mL, 397.229 mmol) was injected to ferrocenedi-
IPDI ; AP, | carboxylic acid solution and the resultant mixture was allowed to
MAP-Fo gg’f —ipe E stir for 15 min. Later, oxalyl chloride (39 mL, 454.739 mmol) was put
: MAP-Fe MAP-Fe| slowly to the resulting mixture. The obtained reactant mixture was
AP, then refluxed for 6 h. As the reaction was completed, the solvent in
ety g{;ﬂr the reaction flask was evaporated and the product (ferrocenedi-
- - carbonyl chloride) was extracted with petroleum ether (150 mL) at
r 90 °C.
AP,
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Fig. 7. Schematic procedure for the fabrication of migration tubes: (1) empty tube, (2)
tube filled with loaded part and (3) tube filled with loaded and unloaded part.
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Fig. 8. Anti-migration studies of (a) MAP-Fc, (b) MAT-Fc, (c) DAT-Fc, (d) catocene and
(e) ferrocene on days 7, 15 and 30 at 50 °C.
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2.3.1. Synthesis of ferrocene-based aminopyridines (AP-Fcs) and
aminothiazoles (AT-Fcs)

The synthetic route of AP-Fcs comprised of condensation re-
actions between aminopyridine and ferrocenecarbonyl chlorides.
Similarly, AT-Fcs were synthesized by reacting aminothiazole with
ferrocenecarbonyl chlorides [60,61] Synthesis of ferrocenylated
monoaminopyridine (MAP-Fc) is taken as an example. To synthesize
MAP-Fc, aminopyridine (0.8721 g, 9.285 mmol) was taken into a
two-neck flask. Aminopyridine was dried and then dissolved in
freshly distilled DCM (35 mL) to get aminopyridine solution. After-
ward, TEA (1.6 mL, 11.742 mmol) was added to aminopyridine so-
lution. Later on, ferrocenecarbonyl chloride (3.0000 g, 12.072 mmol)
was added slowly to the reaction mixture. The reaction mixture was
then kept at constant stirring for 16 h at 25 °C. When the reaction
was finished the solvent was removed using rotary dryer to get crude
MAP-Fc. The get pure MAP-Fc, crude MAP-Fc was added to CHCl;
(200 mL) to form its solution. Then the crude MAP-Fc solution was
washed with 1% NaHCOs solution and distilled water, respectively.
Afterward, the solution was separated to obtain the organic layer. To
the organic layer anhydrous Na;S04 was added and the resultant
mixture was stored overnight. Later, the mixture was filtered and
dried to obtain pure MAP-Fc. MAP-Fc was placed in vacuum oven for
complete dryness (till constant weight). To synthesize ferroceny-
lated monoaminothiazole (MAT-Fc), ferrocenylated diaminopyr-
idine (DAP-Fc) and ferrocenylated diaminothiazole (DAT-Fc), similar
synthetic procedure (i.e. mentioned above) was used.

2.4. Characterization

THNMR spectra were obtained using AVANCE NMR spectrometer
(600 MHz, model DMX-400). For CV investigations CHI-630A elec-
trochemical analyzer (CH Instruments Inc., Austin, TX) was used. For
every CV analysis electrolyte (BusNBF4) concentration of 0.1 M and
0.5 mM concentration of ferrocene compounds was used. The po-
tential scan rate range of 0.1—0.5 V~! was used for each CV experi-
ment. The anti-migration studies of (AP-Fcs) and (AT-Fcs) was
carried out using migration tubes. The tubes for anti-migration

performances were prepared in accordance to previously reported
literature. The migration tube consisted of: a loaded segment, an
interface and an unloaded portion. The loaded segment was
composed of AP, HTPB, IPDI and a BRC. AP, HTPB, IPDI and BRC was
mixed together to get a homogeneous gel. The resulting gel was well
packed into a glass tube and then cured at room temperature for
72 h. The unloaded portion contained AP, HTPB and IPDI. AP, HTPB
and IPDI were mixed together to obtain whitish sludge like mixture,
which was cast on the cured loaded part in the glass tube. The BR
catalytic performances of (AP-Fcs) and (AT-Fcs) were explored using
TA Q500 thermogravimetric analyzer with heating at 10 °C min~!
and for temperature range of 50—600 °C.

3. Results and discussions
3.1. Synthesis and characterization

Ferrocenecarbonyl chloride and ferrocenedicarbonyl chloride
were prepared in accordance to the reported methods [61]. The
synthetic schemes of ferrocenecarbonyl chlorides, AP-Fcs (MAP-Fc
and DAP-Fc) and AT-Fcs (MAT-Fc and DAT-Fc) is shown in Scheme
1(a-f). Stepwise procedure for the synthesis of AP-Fcs and AT-Fcs
is given in Scheme 2.

The experimental synthetic details of ferrocenecarbonyl chlo-
ride and ferrocenedicarbonyl chloride is given in Table 1 while
experimental synthetic details of AP-Fcs and AT-Fcs are given in
Table 2.

The structures of AP-Fcs and AT-Fcs were characterized by 'H
NMR and FT-IR. The appearance of new peaks (at 4.00—5.00 ppm)
attributed to ferrocene protons [62,63]. '"H NMR spectra of AP-Fcs
and AT-Fcs are shown by Fig. 1(a-d).

The chemical shift data for MAP-Fc was: é (ppm) = 4.19(5H, H,),
4.44(2H, Hyp), 5.11(2H, Hc), 710(1H, Hq), 7.77(1H, He), 8.11(1H, Hg),
8.33(1H, Hg), 9.99(1H, Hp).

For MAT-Fc the data of chemical shift was: é (ppm) = 4.22(5H,
Ha), 4.54(2H, Hy), 5.17(2H, H¢), 7.22(1H, Hq), 7.53(1H, He), 11.97(1H,
Hg).



10 M. Usman et al. / Journal of Organometallic Chemistry 920 (2020) 121336

(a)
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Fig. 10. Anti-migration studies photos of: (a) MAP-Fc, (b) MAT-Fc, (c) DAP-Fc, (d) DAT-Fc, (e) catocene and (f) ferrocene on days 1, 7, 15 and 30 at 50 °C.

The chemical shift data for DAP-Fc was found as:
0 (ppm) = 4.45(4H, H,), 5.12(4H, Hy), 7.06(2H, H), 7.76(2H, Hy),
8.04(2H, He), 8.28(2H, Hy), 10.00(2H, Hg).

In the case of DAT-Fc, the chemical shift data was noted as:
¢ (ppm) = 4.51(4H, H,), 5.18(4H, Hy), 7.19(2H, H.), 7.50(2H, Hy),
11.97(2H, He).

The ferrocenylated compounds were further characterized
with FT-IR spectroscopy. FTIR results for AP-Fcs and AT-Fcs indi-
cated their successful synthesis. The vibrational and deforma-
tional bands of ferrocenyl unit were evident at 1015—1045 cm ™,
801-835 cm™! and 497—505 cm~! [8,22]. The absorption peak
between 3350 and 3450 cm™! are assigned to stretching

vibrations of secondary NH—groups [64,65]. The C=N stretching
(str.) appeared as a strong band at around 1650 cm ™' [65—67]. The
bands observed around 1530 cm ! are attributed to C=C
stretching vibrations [68] whereas the absorption bands between
1270 cm~'—1310 cm™! are attributed to C-N stretching vibrations
[69]. The bands around 620 cm ! in spectra of MAT-Fc and DAT-Fc
are linked with the C-S stretching vibration [ 70] while the peaks at
1430 cm~! in MAP-Fc and DAP-Fc are attributed to C-C stretching
vibrations [71]. The C-H stretching vibrations are noticed to be
located in the range of 3000—3100 cm ! [72,73]. FT-IR spectra of
AP-Fcs and AT-Fcs is shown by Fig. 2. Table 3 presents the different
band assignments for the functional groups.
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Fig. 11. (a) TG curves of pure AP and AP with 5 wt% of AP-Fcs and AT-Fcs, (b) DTG curves of pure AP and AP with 5 wt% of AP-Fcs and AT-Fcs, (¢) TG curves of pure AP and AP with

1-5 wt% of MAP-Fc and (d) DTG curves of pure AP and AP with 1-5 wt% of MAP-Fc.

Table 9
Samples preparation for TG and DTG analysis.

Compound Sample code

Amount of compound (mg) Amount of AP (mg)

Total amount (mg) W¢t% of the compound (%) Amount of sample used (mg)

MAP-Fc AP + 5wt MAP-Fc 1.4 26.8
MAT-Fc AP + 5wt MAT-Fc 1.6 315
DAP-Fc AP + 5wt DAP-Fc 1.9 36.7
DAT-Fc AP + 5 wt% DAT-Fc 1.5 286

282 5.0 3.01
33.1 5.0 321
38.6 5.0 2.87
30.1 5.0 3.30

3.2. Electrochemical behavior

Electrochemical reaction mechanism of ferrocene-based BRCs is
linked with its combustion catalytic performance in composite
solid propellants [9,50,58]. As proposed in the combustion catalytic
mechanism of ferrocene-based BRCs, the electron transfer between
Fe?* and Fe>*ions in the ferrocenyl groups through oxidation by AP
and reduction by NHs (produced by the thermal decomposition of
AP) was involved in the enhancement of the decomposition reac-
tion rate below 300 °C [21,47,74,75]. Hence it necessary to inves-
tigate the redox properties of ferrocene-based BRCs to deepen and
broaden our insight into the catalytic mechanism of the BRCs [76].
CV is an effective method for exploring the electrochemistry of
ferrocene and its derivatives [77]. Ferrocenyl derivatives present
different electrochemical behaviors in different solvents. Therefore,
the electrochemical properties of AP-Fcs and AT-Fcs were evaluated
using DCM, CHCl3 and DMSO. CV results indicated that AP-Fcs and

AT-Fcs showed different redox behaviors in different solvents. The
change in redox behavior was attributed to the polarity of solvents
and potential scan rate [3,78—82]. The sample preparation details is
given in Tables 4—6.

The solvents influenced the shape of the CV curves due to
variation of solvent polarity. The increase of solvent polarity caused
deformation of the peak shapes and decrease of the peak currents
[83]. The CV curves of AP-Fcs and AT-Fcs were deformed in DMSO.
The increase of polarity lead to decrease of both the oxidation and
reduction peaks potential. The decrease in oxidation and reduction
peaks potential indicated that reduction and oxidation processes of
AP-Fcs and AT-Fcs were in direct proportion to the solvent polarity
[62,63]. In DCM and CHCl; more expanded and sharp peaks were
obtained. The maximum peak-to-peak potential separation (AEp)
was found in CHCl3 whereas the lowest AE,, values were observed
in DMSO. In case of DCM and CHCl3, AP-Fcs and AT-Fcs showed
single redox peak whereas in DMSO two redox peaks were
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Fig. 12. The possible BR catalytic mechanism for thermal decomposition of AP catalyzed by MAP-Fcs and AT-Fcs.

emerged. The emergence of two redox peaks in DMSO might be due
to high viscosity of DMSO and interactions of AP-Fcs and AT-Fcs
with DMSO. In DCM and CHCI; the single redox peak indicated
that all ferrocene units acted in similar manner. In a solvent with
higher polarity, the oxidized states of AP-Fcs and AT-Fcs were more
stable andwas harder to reduce.

The electrochemical properties of AP-Fcs and AT-Fcs was also
examined at different potential scan rates. CV curves of AP-Fcs and
AT-Fcs at different potential scan rates (0.1 V/s —0.5 V/s) and in
different organic solvents are shown in Figs. 3—6. Electrochemical
data of AP-Fcs and AT-Fcs in different organic solvents at 0.1 V/s is
shown by Table 7.

AP-Fcs and AT-Fcs were found sensitive to the potential scan
rate and it was noticed that the peak currents (ipa and ipc) were
increased with high potential scan rate. From The CV results
showed that charge transport of the electrode processes followed
Fick’s law at room temperature and the electrode processes were
diffusion controlled [84]. The electrode reaction was faster in DCM.
Furthermore, the charge diffusion rate of DCM was faster because of
its less resistance [78). The easy the charge transfer between the
active sites facilitated distinct oxidation and reduction peaks of AP-
Fcs and AT-Fcs in CV studies and it can be concluded AP-Fcs and AT-
Fcs presented such electrochemical processes that were neither
completely reversible nor fully irreversible [84].

3.3. Anti-migration behavior

AP-Fcs and AT-Fcs were tested for anti-migration performances
against ferrocene and catocene for a time period of 30 days at 50 °C.
The sample preparation for the anti-migration tests is given in
Table 8. The migration tube fabrication process is illustrated in Fig. 7.

AP-Fcs and AT-Fcs showed anti-migratory behavior in compar-
ison to ferrocene as well as catocene. AP-Fcs and AT-Fcs contained
N-H groups within their structure which lead to good anti-
migration performances. The N-H groups resulted in formation of
hydrogen bond and dipole—dipole interactions. The stronger
attractive forces bonded the ferrocenylated compounds and pro-
pellant together and hence retarded the migratory tendency within
the propellant. Anti-migration performances of MAP-Fc, MAT-Fc,
DAP-Fc and DAT-Fc, catocene as well as ferrocene are shown in
Fig. 8 and anti-migration mechanism of MAT-Fc is shown in Fig. 9.
Anti-migration studies photos of MAP-Fc, MAT-Fc, DAP-Fc, DAT-Fc,
catocene and ferrocene are shown in Fig. 10.

3.4. Burning rate catalytic effect and catalytic mechanism

Thermally stable BRCs are regarded significant, as they are
anticipated to facilitate the smooth burning of the propellants [50].
AP accounts for 60—90% of the composite solid propellant, there-
fore its thermal decomposition is believed to greatly influence the
burning velocity and combustion of propellants. In AP-based pro-
pellants, thermal decomposition of AP predominantly affects the
propellant performance. Therefore the BR catalytic effect of a
ferrocene-based BRC is generally verified by exploring its catalytic
effect on the thermal decomposition of AP.

The BR catalytic performances of AP-Fcs and AT-Fcs of AP was
evaluated using TG and DTG techniques.5 wt % mixture of the fer-
rocenylated compounds with AP was chosen for conduct of the
thermal analysis.

Fig. 11(a) and Fig. 11(b) illustrates thermogravimetric results for
pure AP and its mixtures with AP-Fcs and AT-Fcs. The BR catalytic
performance of MAP-Fc was also analyzed by using its different
weight content (1-5 wt.%). Fig. 11(c) and 11(d) shows the TG and
DTG results of MAP-Fc at its different weight content for the ther-
mal decomposition of AP. Table 9 highlights the details of samples
used for thermogravimetric studies. The TG and DTG figures indi-
cated that AP-Fcs and AT-Fcs provided catalytic effect and they
promoted the thermal decomposition of AP. The addition of AP-Fcs
and AT-Fcs as an additive contributed towards the fast decompo-
sition of AP. In TG studies the thermal decomposition temperature
of AP was found to be at 445.27 °C, but after adding AP-Fcs and AT-
Fcs (5 wt%) to AP, the decomposition temperature for AP decreased
up to 350.87 °C. The addition of AP-Fcs and AT-Fcs clearly affected
decomposition temperature of AP as it shifted the decomposition
peaks towards the left, which is indicative of lower decomposition
temperature values. AP-Fcs and AT-Fcs accelerated the decompo-
sition of AP as well as they increased the of heat content during
thermal decomposition of AP [85].

Among all the ferrocene-based compounds MAP-Fc showed
the highest catalytic activity (Fig. 11(a)) as it lowered the thermal
disintegration temperature of AP by 94 °C. Furthermore, from
Fig. 11(c) it was noticed that the high wt. % of MAP-Fc contributed
towards higher catalytic activity and decreased thermal decom-
position temperatures of AP. The increase in catalytic effect shown
by decreasing decomposition temperatures was probably deliv-
ered by the increasing ferrocene content, which is considered to
have a strong catalytic effect and promote accelerated thermal
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decomposition of AP. This increase in wt. % of MAP-Fc resulted in
forward (towards left) shifting of decomposition peaks (Fig. 11(d)),
thereby indicated the fast thermal decomposition of AP.

In Fig. 11(b) the DTG results of pure AP and its mixtures with AP-
Fcs and AT-Fcs indicated multi stage decomposition. The initial
decomposition was marked as low temperature decomposition
(LTD). LTD occurred at low temperature values and it involved
fractional decomposition of AP.Meanwhile the second stage de-
compositions of AP were at observed at high temperatures. These
high temperature decomposition of were referred as HTD and it
involved the complete decomposition of AP. The TG curve of pure
AP, indicated that LTD of pure AP was found at 336.54 °C while the
HTD occurred at 433.14 °C. For AP-Fcs and AT-Fcs mixtures, the TG
results showed that LTD was about 300 °C and HTD was located
around 350 °C 5 wt% MAP-Fc was found to be most effective in
terms maximum weight loss and with highest decrease of
decomposition temperature (Fig. 11(b)). It was proven by the
experimental results that the increase in wt. % of MAP-Fc, facilitated
the thermal decomposition of AP at rapid rate (Fig. 11(d)). The
temperature decreasing trend in both LTD and HTD proved that the
AP-Fcs and AT-Fcs hold catalytic effect in lowering the thermal
decomposition of AP.

The BR catalytic mechanism of ferrocene-based compounds in
AP-based propellant can be described in terms of its relation to the
thermal decomposition of AP [62]. The presence of ferrocene-based
BRCs within the propellant promote accelerated decomposition of
AP by electron transfer mechanism [49].

As combustion of composite solid propellants is a complex
redox reaction, therefore it presents complications. In the com-
bustion of AP-based propellants, it is supposed that ferrocene-
based derivatives are transformed into small scale iron oxide
(Fe03) particles [86]. These nano Fe;03 particles have large sur-
face area and can absorb ClO4 in its gaseous phase to catalyze the
rupture of the chemical bond in AP [8] Hence, both the electron
transfer process and the catalytic decomposition effect of Fe;03
particles can significantly contribute towards the thermal
decomposition of AP. Based on references, the larger surface area
of nano Fe;03 particles offers high catalytic effect and exhibit
excellent BR catalytic effect in thermal decomposition of AP
[49,53,86—88]. The possible BR catalytic mechanism for thermal
decomposition of AP catalyzed by AP-Fcs and AT-Fcs is illustrated
by Fig. 12.

4. Conclusion

AP-Fcs and AT-Fcs have been synthesized as BRCS. AP-Fcs and
AT-Fcs were characterized by '"H NMR and FI-IR spectroscopy. The
electrochemical behavior of AP-Fcs and AT-Fcs were analyzed by CV
in different organic solvents and at different potential scan rates.
AP-Fcs and AT-Fcs were analyzed for anti-migration properties in
comparison with catocene and ferrocene. AP-Fcs and AT-Fcs were
analyzed for their BR catalytic performances on thermal decom-
position of AP.

TH NMR and FT-IR spectra confirmed the synthesis of AP-Fcs and
AT-Fcs. The electrochemical investigations showed that oxidation
and reduction reaction of AP-Fcs and AT-Fcs were diffusion
controlled. The thermogravimetric results confirmed high BR cat-
alytic activities of AP-Fcs and AT-Fcs for the enhanced thermal
decomposition of AP. Among all the compounds, MAP-Fc showed
highest BR catalytic activity for the thermal decomposition of AP.
All the above results, concluded that these low-migratory AP-Fcs
and AT-Fcs have catalytic effect on thermal decomposition of AP
and can be used as BRCs in the AP-based propellant.
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