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Abstract: A hypergolic system is a combination of organic fuel and oxidizer that ignites sponta-
neously upon contact without any external ignition source. Although their main usage pertains to
rocket bipropellants, it is only recently that hypergolics have been established from our group as
a revolutionary preparative method for the synthesis of different types of carbon nanostructures
depending on the organic fuel-oxidizer pair. In an effort to further enrich this concept, the present
work describes new hypergolic pairs based on 1,3-cyclohexadiene and 1,3-cyclooctadiene as the
organic fuels and fuming nitric acid as the strong oxidizer. Both carbon-rich compounds (ca. 90%
C) share a similar chemical structure with unsaturated cyclopentadiene that is also known to react
hypergolically with fuming nitric acid. The particular pairs ignite spontaneously upon contact of the
reagents at ambient conditions to produce carbon nanosheets in suitable yields and useful energy in
the process. The nanosheets appear amorphous with an average thickness of ca. 2 nm and containing
O and N heteroatoms in the carbon matrix. Worth noting, the carbon yield reaches the value of 25%
for 1,3-cyclooctadiene, i.e., the highest reported so far from our group in this context. As far as the
production of useful energy is concerned, the hot flame produced from ignition can be used for the
direct thermal decomposition of ammonium dichromate into Cr,O3 (pigment and catalyst) or the
expansion of expandable graphite into foam (absorbent and insulator), thus demonstrating a mini
flame-pyrolysis burner at the spot.

Keywords: hypergolic reaction; carbon nanosheets; 1,3-cyclohexadiene; 1,3-cyclooctadiene; fuming
nitric acid; useful chemical energy

1. Introduction

Carbon plays a fundamental role in materials science due to its ability to exist in
various forms and morphologies possessing outstanding properties [1-4]. Traditionally,
the making of carbon is often an energy-consuming process that requires high temperature
in order to extract the element from its compounds. However, is it possible to make carbon
at ambient conditions in an energy-liberating manner? Hypergolics may hold the key to
this question. In hypergolics, a fuel and an oxidizer ignite spontaneously upon contact
without external stimuli. Although the concept is widely used in space flights and the
rocket industry for several decades now [5-8], it is only recently that their role in carbon
materials synthesis has been explored by our group [9-16].

More specifically, carbon nanosheets had been previously obtained from self-ignition
of lithium dialkylamides in air [9], highly crystalline graphite through the spontaneous
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reaction of the acetylene-chlorine hypergolic mixture [10], carbon dots or nanosheets via
hypergolic pairs based on Girard’s reagent T or nitrile rubber and fuming nitric acid as
strong oxidizer [11], carbon nanosheets or hydroxylated fullerenes using coffee grains or
Cgp as carbon sources and sodium peroxide as strong oxidizer [12], dense or hollow spheres
derived from the reaction of ferrocene with liquid bromine at room temperature [13], carbon
nanodiscs obtained through the cyclopentadienyllithium-fuming nitric acid hypergolic
pair [14], carbon nanosheets via the hypergolic reaction of furfuryl alcohol with fuming
nitric acid at ambient conditions [15], and lastly, carbon nanosheets or carbon dots from
the hypergolic ignition of conductive polymers [16]. The new synthesis method not only
allows the fast and spontaneous formation of the above-mentioned nanocarbons at ambient
conditions but also produces useful energy in the process, such as chemical, mechanical,
thermoelectric, photovoltaic, or heating fluids. At this point, we would like to mention
that the exothermic character of the hypergolic reactions in combination with the release of
gases provides spontaneity (e.g., AH < 0 and AS > 0 give AG = AH — T-AS < 0), whereas the
fast kinetics probably stems from the fact that hypergolic reactions are usually spin allowed
(e.g., the change of spin is zero as moving from diamagnetic reactants to diamagnetic
products). The spontaneity and fast kinetics at ambient conditions clearly differentiate
from conventional pyrolytic approaches that require energy and time in order to extract
carbon from its compounds.

Since hypergolic materials synthesis is a fresh preparative technique in material science
at its infancy stage, our first priority is to further explore and study as many as possible
chemical options in this direction. Hence, in a continuous search of new pairs in this context,
herein we present the hypergolic ignition of 1,3-cyclohexadiene and 1,3-cyclooctadiene
by fuming nitric acid toward the fast and spontaneous formation of carbon nanosheets at
ambient conditions. The chosen organic compounds, which contain high carbon contents
(90%), can be regarded as a rational extension of the simplest unsaturated prototype
cyclopentadiene presented elsewhere [14]. At the same time, we provide simple ways
of converting the released energy into useful chemical work. For instance, the produced
flame can be used for the direct thermal decomposition of ammonium dichromate into
Cry0O3 or the thermal expansion of graphite bisulfate (expandable graphite) into foam, thus
demonstrating a sort of mini flame-pyrolysis burner sustained by hypergolic reactions.
Lastly, it is worth mentioning the fact that the carbon yield for the 1,3-cyclooctadiene-HNOs3
pair is 25%, i.e., the highest reported so far using hypergolics (usually 5-15%).

2. Materials and Methods

All procedures were performed in a safety hood with a ceramic tile bench using a
small number of reagents.

A glass test tube (diameter: 1.5 cm; length: 15 cm) was charged with 0.5 mL 1,3-
cyclohexadiene (97% CgHg, Sigma-Aldrich, CAS Number: 592-57-4, St. Louis, MO, USA)
followed by the dropwise addition of 0.25 mL fuming nitric acid (100%, Sigma-Aldrich,
St. Louis, MO, USA). The addition of fuming nitric acid triggered ignition toward the
formation of a carbon residue within the test tube. The residue was collected and washed
thoroughly with acetone (>99% Merck KGaA, Darmstadt, Germany), tetrahydrofuran
(THF, >99% Merck KGaA, Darmstadt, Germany), and hexane (>99% Merck KGaA, Darm-
stadt, Germany) prior to drying at 100 °C. A fine carbon powder was obtained (codenamed
CDNA) at 7% yield (N specific surface area: 27 m? g~ !). The ignition process is illustrated
in Figure 1.
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Figure 1. Hypergolic ignition of 1,3-cyclohexadiene by fuming nitric acid. (a) The test tube containing 1,3-cyclohexadiene
before nitric acid addition. (b) Dropwise addition of the acid sparked ignition, emitting an intense burst of flame. (c,d) The
residue within the tube was collected and washed thoroughly to afford a fine carbon powder.

Similarly, 0.5 mL 1,3-cyclooctadiene (>95% CgHjp, Sigma-Aldrich, CAS Number:
1700-10-3, St. Louis, MO, USA) was charged in a test tube (diameter: 1.5 cm; length: 15 cm)
followed by the dropwise addition of 0.5 mL fuming nitric acid (100%, Sigma-Aldrich,
St. Louis, MO, USA). The compound was ignited with a delay releasing an intense flame
(Figure 2). The product was scratched off the walls of the test tube and then thoroughly
washed with acetone (>99% Merck KGaA, Darmstadt, Germany), tetrahydrofuran (THF,
>99%, Merck KGaA, Darmstadt, Germany), and hexane (>99% Merck KGaA, Darmstadt,
Germany) prior to drying at 100 °C. A fine carbon powder was obtained (codenamed
CONA) at 25% yield (N, specific surface area: 43 m? g’l). This carbon yield is the highest
reported so far from our group using hypergolic reactions (typically in the range of 5-15%).
It is likely that the less volatile nature of 1,3-cyclooctadiene (normal boiling point 140 °C)
vs. 1,3-cyclohexadiene (normal boiling point 80 °C) prevents the compound from escaping
the tube during ignition.

Figure 2. Hypergolic ignition of 1,3-cyclooctadiene by fuming nitric acid. (a) The test tube containing 1,3-cyclooctadiene
before nitric acid addition. (b,c) Dropwise addition of the acid triggered ignition, giving off an intense burst of flame. The
residue within the tube was collected and washed several times until a fine carbon powder was obtained (d).
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Powder X-ray diffraction (XRD) was performed using background-free Si wafers
and Cu K« radiation from a Bruker Advance D8 diffractometer (Bruker, Billerica, MA,
USA). Raman spectra were obtained on a DXR Raman microscope using a laser excitation
line at 455 nm, 2 mW (Thermo Scientific Waltham, MA, USA). Optical spectroscopy was
conducted with a UV /Vis spectrophotometer SPECORD S 600 operated by WinASPECT
software. Attenuated total reflection infrared spectrum (ATR-IR) was recorded on a Thermo
Nicolet iS5 FTIR spectrometer, using the Smart Orbit ZnSe ATR accessory. X-ray photo-
electron spectroscopy (XPS) measurements were performed in an ultra-high vacuum at
a base pressure of 4 x 10~!Y mbar with a SPECS GmbH spectrometer equipped with a
monochromatic Mg Ka source (hv = 1253.6 eV and a Phoibos-100 hemispherical analyzer
(Berlin, Germany). The spectral analysis included a Shirley background subtraction and
peak deconvolution with mixed Gaussian-Lorentzian functions using a least-squares curve-
fitting program (WinSpec, University of Namur, Belgium). Scanning electron microscopy
(SEM) images were obtained using a JEOL JSM-6510 LV SEM Microscope (Ltd., Tokyo,
Japan) equipped with an X-Act EDS-detector by Oxford Instruments, Abingdon, Oxford-
shire, U.K. (5 kV). Transmission electron microscopy (TEM) analysis was performed on
JEOL JEM 2100 at 200 kV using a LaB6 type emission gun. Atomic force microscopy (AFM)
images were collected in tapping mode with a Bruker Multimode 3D Nanoscope (Ted Pella
Inc., Redding, CA, USA) using a microfabricated silicon cantilever type TAP-300G, with a
tip radius of <10 nm and a force constant of approximately 20-75 N m~!. The Si wafers
(P/Bor, single-side polished, Si-Mat) used in AFM imaging were cleaned before use for
20 min in an ultrasonic bath (160 W) with water, acetone (>99.5% Sigma-Aldrich, St. Louis,
MO, USA), and ethanol (>99.5% Sigma-Aldrich, St. Louis, MO, USA).

3. Results and Discussion

The carbon obtained from the 1,3-cyclodiene-HNOj3 hypergolic pairs was identified
by the XRD and Raman techniques. The XRD patterns of CDNA and CONA exhibited,
respectively, broad reflections at dyp2 = 0.42 nm and dggp = 0.46 nm (Figure 3, top), thus
signaling the formation of amorphous carbon [17]. Raman spectroscopy (Figure 3, bottom)
revealed the typical for carbon materials G and D bands [18], also indicating the formation
of amorphous carbon. The samples additionally displayed a strong yet broad band at
2900 cm !, indicative of nitrogen incorporation into the carbon lattice [19].

The ATR-IR spectra of the solids are shown in Figure 4, top. In the case of CDNA,
the peaks at 1717 and 1616 cm ! are assigned to the corresponding C=0 and C=C stretch-
ings [20]. The intense band at 1507 cm~! and the weak shoulder at ca. 1300 cm ™! originate
from C=N and C-O moieties, respectively, whereas the band at 1102 cm ! stems from C-N-
C bending vibrations. The peak at 780 cm ! is correlated with the bending modes of C-H.
The material additionally contains aliphatic hydrogens, as evidenced by the stretching of
the C-H group near 3000 cm ! along with the stretching vibrations of N-H, ~OH in the high
region frequencies [21]. On the other hand, CONA displayed similar absorptions bands
with CDNA. The weak peaks near 3000 cm ! were assigned to residual C-H moieties while
the weak shoulder at 1705 cm~! was assigned to carbonyl groups C=0. The broadband at
ca. 1300 cm ! was due to the C-O stretching mode while those at 1539 cm ! and 1619 cm !
due to C=N and C=C bonds, respectively. The material additionally contains the bending
modes of the C-H group (750 cm~!). Lastly, the bands at 3250 cm ™! and 3400 cm~! were
ascribed to N-H and —~OH groups, respectively. As far as the UV-vis spectra of CDNA and
CONA are concerned, these exhibit a well-discernable peak at 273 nm attributed to 7-7t*
transitions within long-ranged sp? domains (Figure 4, bottom) [22-24].
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Figure 3. XRD patterns (top) and Raman spectra (bottom) of CDNA (black lines) and CONA (blue lines).
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Figure 4. ATR-IR spectra (top) and UV-vis spectra (bottom) of CDNA (black lines) and CONA
(blue lines).

The XPS technique was used in order to further clarify the chemical structure of the
solids (Figure 5). The survey spectra clearly showed the presence of variable amounts of
C, O, and N in the elemental composition of the samples. Characteristically, CDNA was
more oxidized than CONA, with the corresponding carbon contents being 49.3% and 79.2%
(note that both samples contained comparable amounts of nitrogen). The high-resolution
Cl1s spectra of CDNA and CONA were deconvoluted into five components. The peak
at 284.6 eVis due to C—-C/C-H/C=C bonds. At 286.1 eV, we have the contribution from
C-O/C-N bonds, while at 287.1 eV the contribution from C-O-C/C=0 groups. The peak
at higher binding energy (288.4 eV) is due to carboxyl groups. We additionally observe
a peak at even higher binding energies that reveals the graphitic nature of the samples
due to pi-pi* interactions between aromatic groups [25]. Lastly, the deconvoluted N1s
spectra showed that the nitrogen atoms were present mainly in two forms: pyrrolic at
lower binding energies and quaternary at higher binding energies [26].
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Figure 5. Survey, Cls and N1s photoelectron spectra of CDNA (a,c,d) and CONA (b,e,f).

The AFM study of CDNA and CONA clearly showed the formation of carbon
nanosheets (Figure 6). The average thicknesses of the sheets as evaluated by AFM cross-
sectional images occupied the range of 1.8-2.5 nm. To properly determine the nanosheets
size distributions, a statistical analysis was performed based on AFM representative imag-
ing. An amount of 30 randomly selected carbon nanostructures were used for the statistical
analysis histograms. As a result, in thickness histograms, the Gaussian curves fit are
centered on the average values of 2.0 nm for CDNA and 2.2 nm for CONA (Figure 7).
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The morphology of the samples was additionally confirmed by electron microscopy
(Figure 8). Accordingly, the SEM and TEM portraits of CDNA and CONA revealed the
presence of carbon nanosheets displaying multilayer structure near the edges due to stacks
of individual layers.

At this point, we would like to mention that since the carbon precursors used in
past preparations vary in structure and composition, it is difficult to make any direct
comparison of the present findings with previous ones from our group. Each system is
unique in terms of the obtained structure, composition, and morphology. Hence, any
rational correlation between them would be rather misleading at this stage. We believe
that only the closely related 1,3-cyclohexadiene and 1,3-cyclooctadiene can be discussed
side-by-side in this work. Nevertheless, we could compare these 1,3-cyclodienes with the
relevant cyclopentadienyllithium presented elsewhere [14]. Accordingly, the nanodiscs that
had been previously obtained from cyclopentadienyllithium are morphologically different
from the present nanosheets, although sharing a comparable structure and composition.
This might be attributed to the starting cyclopentadiene ring, which generally favors the
formation of round-shaped nanostructures. Another point refers to the carbon yields
within this series of compounds, which increases as moving from cyclopentadienyllithium
(2%) to 1,3-cyclohexadiene (7%) to 1,3-cyclooctadiene (25%). Hence, the smaller yield for
cyclopentadienyllithium can be ascribed to the relatively smaller carbon content of the
compound, as well as its tendency to release cyclopentadiene gas upon acid treatment,
which escapes from the reaction.

. _ &
SEl  5kV WD16mm  SS45 3,71 Spm SEl  5kV WD16mm  SS45 X4,500  Spm = e—
Uol 0000 02 Feb 2021 Uol 0000 02 Feb 2021
¥ 7 2 v N 7 ) 2
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¥

Figure 8. SEM and TEM images of CDNA (a,c,e) and CONA (b,df).
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The energy released from the hypergolic reactions was further exploited for the
production of useful chemical work. In one example, the flame produced from the ignition
of 1,3-cyclohexadiene was used for the thermal decomposition of ammonium dichromate
into CrpO;3 (the “chemical volcano” experiment), thus representing a mini flame-pyrolysis
burner set off by the hypergolic reaction (Figure 9). For this purpose, a metallic spatula
loaded with ammonium dichromate was held above the top rim of the “rocket” test tube
in direct contact with the released flame. Cr;Oj3 is a useful green pigment in the paint
industry, as well as an efficient catalyst toward NH3 oxidation in the Ostwald process for
making nitric acid.

H

Tt/
| ,tﬁ'ff’

-

HNO,

1,3-Cyclohexadiene

Figure 9. The flame produced from the ignition of 1,3-cyclohexadiene by fuming nitric acid was used for the thermal

decomposition of ammonium dichromate (NHy4),Cr,Oy (orange solid) into Cro,O3 pigment and catalyst (green solid).

In another example, the flame produced from the ignition of the 1,3-cyclooctadiene—
HNOj3 pair was used to heat-expandable graphite (graphite bisulfate Co4 *"HSO4~, Sigma-
Aldrich, St. Louis, MO, USA) in an aluminum cup (Figure 10). Upon contact of the cup
with the flame, the lustrous graphite flakes turned into foam. Such an expansion results
from the thermal decomposition of the intercalated sulfate species into SO, gas that pushes
the graphite layers apart. The produced foam is considered an excellent absorbent material
for oil removal, as well as a suitable thermal insulator and flame retardant.
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LN ]

1,3-Cyclooctadiene

Figure 10. (a) The starting expandable graphite flakes in an aluminum cup. (b—d) The hypergolic reaction between
1,3-cyclooctadiene and fuming nitric acid provides the necessary heat for the thermal expansion of the flakes into foam (e).

It is interesting to note that poly(1,3-cyclohexadiene), which has been synthesized
via anionic polymerization method under high vacuum techniques [27-31], also reacts
hypergolically with fuming nitric acid (Figure 11), thus expanding the usage of the method
beyond monomers’ reactivity [16].

Figure 11. Dropwise addition of fuming nitric acid into poly(1,3-cyclohexadiene) triggers ignition of
the polymer toward the formation of a carbon residue within the test tube.

4. Conclusions

The hypergolic synthesis of carbon nanomaterials is a new preparative technique
in materials science, allowing synthesis at ambient conditions and releasing useful en-
ergy in the process. In exploring additional chemical options in this direction, we have
demonstrated here that ignition of the carbon-rich compounds 1,3-cyclohexadiene and 1,3-
cyclooctadiene by fuming nitric acid leads to the fast and spontaneous formation of carbon
nanosheets at ambient conditions in fairly suitable yields. In the case of 1,3-cyclooctadiene,
the obtained carbon yield is the highest reported within this context, reaching the value of
25%. The structure and morphology of the sheets were studied with a variety of techniques,
such as XRD, infrared spectroscopies (Raman/IR), UV-vis, XPS, and SEM/TEM/AFM



Micro 2021, 1 26

microscopies. The micron-sized nanosheets are less than 3 nm thick, containing O/N
heteroatoms and displaying amorphous structure. The energy released from ignition can
be further used to produce useful chemical work, such as the thermal decomposition
of (NH4),Cr;O7 into Cr,O3 pigment and catalyst or the expansion of graphite bisulfate
into absorbing and thermal insulating graphite foam. The present findings show that
1,3-cyclodienes are versatile precursors toward the hypergolic synthesis of carbon nanos-
tructures at ambient conditions, thus expanding the arsenal of chemical reagents used
in hypergolic materials synthesis. Although the majority of examples provided from
our group so far pertain to carbon, hypergolic materials synthesis can be extended be-
yond carbon for the synthesis of inorganic materials as well. Future work is underway
in this direction using suitable organometallic compounds and fuming nitric acid as the
starting reagents.
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