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Abstract

Mixtures of RDX and TNT or hexolite mixtures are well known precursors for nanodiamond
detonation syntheses. In this study diverse nanoscale hexolite mixtures varying in mass ratios
of RDX and TNT are synthesized via Spray Flash Evaporation. The hexolite mixtures are
characterized by confocal Raman spectroscopy and tip-enhanced Raman spectroscopy (TERS)
to obtain information about their molecular structure composition. The marker bands of pristine
RDX and TNT enable the identification and distinction of both compounds in the Raman
spectra. Confocal Raman spectroscopy indicates an intermixture of RDX and TNT molecules
on the nanoscale since both marker bands are detected in all spectra. TERS investigations of
single hexolite particles reveal that the particle surfaces are mainly composed of TNT. The
comparison of confocal Raman and TERS results suggests that (depending on the mass ratio)
hexolite particles are either inhomogeneous patchy RDX/TNT nanoparticles or anisotropic
RDX/TNT core-shell nanoparticles. A building mechanism to explain the formation/growth of
those nanoparticles is derived from the spectroscopic data and the dynamics of the SFE process.
Finally, a correlation between the TNT shell thickness, the symmetry of the anisotropic hexolite

precursor nanoparticles, and the resulting nanodiamond sizes is discussed in detail.



Introduction

Since the first detonation synthesis of nanodiamonds in the USSR back in the 1960s,
nanodiamonds have become a focal point of interest in various fields of science and industries.*
2 Functionalized nanodiamonds found their use inter alia in biomedical approaches as non-toxic
compounds for biomedical imaging or as drug and gene delivery agents.>® In addition to the
medical approaches, nanodiamonds are used in electronic, chemical, material and energetic
applications.>** Probably due to the broad field of application and the constantly growing
demand for nanodiamonds, research increasingly aims at gaining insights into the mechanism
of nanodiamond formation in detonation syntheses.'*?2 A detailed knowledge of the building
mechanism is crucial for the adaption of nanodiamond sizes and size distribution associated
with their application. Furthermore, especially the structure of the precursor material influences
strongly the resulting nanodiamonds. Pichot et al. demonstrated that nanoscale RDX and TNT
(hexolite) precursor particles result in the formation of nanodiamonds characterized by smaller
mean sizes and narrower size distribution as obtained by employing micron sized precursor
materials.??* Using nanostructured RDX and TNT precursor particles, they obtained
nanodiamonds defined by particle mean sizes between 2.8 nm - 4.2 nm depending on the
precursor compositions. Since the precursor structure affects strongly the resulting
nanodiamonds different nanoscale hexolite mixtures of various RDX and TNT mass ratios are
investigated in this study. All presented nano hexolites were produced by Spray Flash
Evaporation (SFE). This technique allows the continuous production of organic submicron- and
nanoparticles.?>-26 During the SFE process a preheated and pressurized solution containing one
(or more) different components is sprayed through a hollow cone nozzle into a permanently
evacuated reaction chamber. The strong pressure and temperature difference in front and behind
the nozzle implement an immediate evaporation of the dissolved micro droplets resulting in the
release of submicron or nanoparticles. Depending on the composition of the dissolved
precursors a huge variety of submicron or nanoscale particles can be obtained.23-24 26-32

However, the characterization of SFE-produced hexolite composites turned out to be quite
difficult using common measurement methods for several reasons. On the one hand, electron
microscopy and energy dispersive X-ray spectroscopy failed to determine the structure and
composition of single hexolite particles although these techniques allow structure analysis of
other energetic materials.®® Due to the thermal instability of RDX and TNT, hexolite,
nanoparticles tend to dissociate under the electron beam. Other standard methods like infrared
and far-field Raman spectroscopy or X-ray diffraction may provide molecular and

crystallographic information but due to the lack of an adequate sensitivity and resolution, the

3



characterization of single nanoparticles remain impossible. Furthermore, X-ray photoelectron
spectroscopy (XPS) failed to investigate structures and chemical compositions of SFE-
produced hexolite mixtures since nanostructured TNT sublimates rapidly under the high
vacuum conditions of XPS. Thus, AFM-based tip-enhanced Raman spectroscopy (TERS) was
chosen for hexolite nanoparticle characterization since it provides ultrahigh sensitivity and
spatial resolution at a low energetic load on the sample (compared to electron microscopy
methods). In AFM-TERS a common cantilever tip is coated with silver (or gold) nanoparticle
and irradiated with a laser wavelength that matches the plasmon resonance of the nanoparticles.
The incident laser light causes a collective oscillation of the conductive electrons within the
silver nanoparticle. This so called localized surface plasmon resonance (LSPR) leads to an
enhancement of the electrical field close to the silver particle surface, which rapidly decays
within a few nanometers.®*3" The strong field enhancement enables spectroscopic
investigations of nanoparticles, molecular monolayers and even single molecules,3%33 3844
Furthermore, Deckert-Gaudig et al. successfully analyzed hexolite RDX/TNT core-shell
nanoparticles with TERS.* In this contribution, the synthesis and characterization of diverse
SFE produced anisotropic RDX/TNT core-shell nanoparticles and inhomogeneous RDX/TNT
nanoparticles are presented. Furthermore, a building mechanism of these nanoparticles
including the spectroscopic data and the dynamics of the SFE process is proposed. Finally, the

influence of the precursor structure onto the resulting nanodiamonds is discussed in detail.

Experimental section

Chemicals

1,3,5-Trinitro-1,3,5-triazine (RDX; M =222.12 g/mol) and 2-Methyl-1,3,5-trinitrobenzene
(TNT; M =227.13 g/mol) were purchased by EURENCO (Massy, France). Both explosives
were dried in a vacuum drying oven for 6h at 50 °C before further use. Acetone (for HPLC,
>09.9%) was sourced by Sigma-Aldrich (Munich, Germany) and used without further

purification.

Production of hexolite mixtures

Diverse hexolite mixtures were produced via Spray Flash Evaporation (SFE) which is described
in detail elsewhere.? 2° A flow chart of the SFE setup as well as a photography of the used SFE
reactor are depicted in Figure 1. For hexolite mixture production 2 wt.% solutions of various

RDX and TNT mass fractions in 500 mL acetone were prepared. Thus, the mass of RDX plus
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TNT amounted 8.2 g in each solution. The amounts of RDX and TNT for each hexolite mixture
solution are summed up in Table 1. Each solution was given into the solution storage tank of
the vertical SFE — reactor. A pressure of 40 bar was applied onto the solution storage tank.
Afterwards the RDX-TNT-acetone solutions were sprayed through a preheated ruby hollow
cone nozzle (160°C) with a diameter of 200 um into the permanently evacuated atomization
chamber. During the spraying the pressure inside the reaction chamber amounted 2 — 5 mbar.
Final hexolite products were collected as white-yellowish powders whereby the yellowish
shade increases slightly with the amount of TNT. In Table 1 the hexolite mixtures are named
by the mass ratios of RDX and TNT and the first number gives the percentage of RDX and the
second one the percentage of TNT (e.g. 80/20).

Table 1. Mass and amount of substance of RDX and TNT for each hexolite mixture

) RDX TNT
hexolite mass
fraction amount of amount of
(RDX/TNT) mass / g substance / mass / g substance /
mmol mmol
80/20 6.5 29.3 1.7 7.3
60/40 49 22.1 3.3 14.3
40/60 3.3 14.7 49 21.6
20/80 1.7 7.5 6.5 28.6

Production of physically mixed hexolite reference samples

A reference sample using a 60/40 hexolite mixture was prepared through physical mixing.
60 mg of RDX nanoparticles and 40 mg of TNT nanoparticles were transferred into a porcelain
mortar and mixed carefully and pressureless with a porcelain pestle. Pure RDX and TNT
nanoparticles were also prepared via SFE. In a first step 8.2 g (36.7 mmol) RDX, respectively
8.29 (35.9 mmol) TNT were solved in acetone in order to obtain 4 wt.% solutions.
Recrystallization of pure RDX and pure TNT were performed using the same SFE set-up and

settings as described above.
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Figure 1. a) Photography of a medium sized vertical SFE - reactor. b) Flow-chart of SFE setup. Final product is
collected with axial cyclones (marked in grey). B1, B2: solvent and solution tank; R: reaction chamber; D: hollow

cone nozzle, P: vacuum pump; PI: pressure sensor; TIC: temperature sensor.

TERS tip preparation

AppNano ACCESS-NC AFM-probes (Mountain View, USA) were used for TERS
experiments. AFM probes were mounted onto a 30° prism template to generate a perpendicular
arrangement between the tip and the sputtering target, since the tips are mounted onto the
cantilever at an angle of 120° (Figure 2.a). The prism template was inserted into the vacuum
chamber of an HHV Auto 306 (Bangalore, India) argon plasma sputtering device at a distance
of 10 cm from the sputtering target. Initially, 5 nm of titanium were deposited onto the tips with
a deposition rate of 0.5 A/s. Titanium acts as an adhesive promoter between the native oxide
layer of the Sitip and Ag. Afterwards the Si-Ti tips were coated with a 25 nm silver layer
(sputtering rate 0.5 A/s). Finally, the TERS tips were annealed in a muffle furnace for 2.5 min
at 320 °C and stored under Ar and used within two days. The SEM image in Figure 2.b) shows
the successful formation of a single Ag nanoparticle on the tip apex in the described

procedure.®



Figure 2. a) Pristine AppNano Access-NC AFM probe. The tip is mounted onto the cantilever at an angle of 120°.

b) Si — tip sputtered with a 5 nm layer of Ti and a 25 nm layer of Ag. After the sputtering process the tips were

annealed in a muffle furnace.

Nanodiamond detonation syntheses

Each SFE-produced hexolite mixture was pressed to cylinders with lengths and diameters of
15.8 mm at room temperature for 10 minutes. These cylinders were cemented afterwards with
pyrotechnic glue. The cylindrical explosive charges were transferred into a water-filled pocket
before firing in a detonation tank. Obtained nanodiamonds were dried via rotation evaporation.

Analysis methods

Confocal far-field Raman spectroscopy investigations were performed with a HORIBA
(Kyoto, Japan) LabRam HR evolution confocal Raman microscope. In the experiment a
spatula’s tip of the diverse hexolite mixtures was applied to a glass slide. Single point spectra
were obtained by sample excitation with a linear polarized illumination light from a 532 nm
diode laser with an adjusted output power of 13.5 mW at an acquisition time of 3 s per spectrum.
Raman mappings across the substrate were recorded with the same laser and output power. The
acquisition time was set to 0.5 s per spectrum with a step size of 250 nm for these mappings.
The laser light was focused onto the sample through a 100x, 0.9 NA objective. Raman scattered

photons were collected with the same objective in back reflection geometry. Scattered light
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passed an edge filter, a confocal aperture with a diameter adjusted to 100 nm and a diffraction
grating with 300 lines/mm before entering a deep cooled CCD camera (- 60°C). Confocal
Raman maps were calculated and depicted using LabSpec Spectroscopy Suite 6.4.4. (HORIBA,;
Kyoto, Japan).

Atomic Force Microscopy (AFM) size distribution measurements of all SFE-produced
hexolite mixtures and nanodiamonds were performed with an AIST-NT CombiScope™-
1000SPM Atomic Force Microscope (Novato, USA) in non-contact mode. The amplitude of
the cantilever vibration was set to 10 nm. All measurements were performed with AppNano
ACCESS-NC AFM-probes (Mountain View, USA). The size of all AFM topographic images
was 5 um x 5 um with a resolution of 256 x 256 measurements points and a scanning rate of
0.6 Hz. 200 nanoparticles of each SFE-produced hexolite mixture and 200 nanodiamonds of
each hexolite precursor were measured. Samples were prepared by depositing a spatula’s tip of
the diverse hexolite mixtures or nanodiamonds between two 2 cm X 2 cm cover slips. The
sample was spread on the glass surface through pressureless rubbing of the two glass slides

against each other.

Tip Enhanced Raman Spectroscopy (TERS) surface maps were recorded with a combination
of the AFM microscope and the confocal Raman microscope described above. The confocal
Raman microscope acts in this combination as light source and spectrometer. All measurements
were performed in non-contact AFM mode with an amplitude of 10 nm and samples were
illuminated from the below (transmission mode). Incident linear polarized laser light (532 nm)
was focused onto the tip with by a 100x, 1.4 NA oil-immersion objective. The precise
positioning of the AFM-tip in the focused laser spot was achieved by objective scans
perpendicular and parallel towards the AFM-TERS tip. A typical square-shaped TERS surface
map consists of 100 (10 x 10) single TERS spectra. The acquisition time was 3 s per
measurement point at a laser power on the sample of 54 uW. Step sizes between the
measurement points depend on the size and surface area of the investigated nanoparticle and
varied between 2-5 nm. The same samples were used for TERS investigations as for AFM size

distribution measurements.

High Resolution Transmission Electron Microscopy (HR-TEM) images of obtained

nanodiamonds were recorded on a JEOL ARM2000F (Tokyo, Japan) microscope with a



nominal point resolution of 0.8 A at Scherzer defocus. The microscope was operated at 200 kV

acceleration voltage.

Results and discussion

Distinction of RDX and TNT via far- and near-field Raman Spectroscopy

In a first step, far-field Raman spectra of pristine RDX and TNT were recorded to obtain
information about the structure composition of hexolite mixtures. Marker bands of each
compound were chosen from these spectra. These marker band were detected in wavenumber
regions were the other compound did not show a signal. The distinguishability of RDX and
TNT molecules was already demonstrated in an earlier work and the same RDX and TNT
marker bands were chosen.** The RDX marker band at 882 cm™ can be assigned to the ring
breathing vibration.**4” The TNT marker band between 1358-1371 cm™ can be assigned to
three NO, symmetric stretching vibrations.** 484° Figure 3 shows the Raman spectra of RDX
and TNT with marker bands highlighted in green respectively red. The complete Raman spectra
and the assignment are given in the Supporting Information (S1). In confocal far-field Raman
experiments maps were recorded of each hexolite mixture to obtain a first insight into the
structure compositions. TERS was performed to investigate morphology, size and structure
composition of the hexolite mixtures on the nanoscale. Due to its surface sensitivity, TERS is
perfectly suited for surface characterization of composite nano materials as already
demonstrated on 60/40 hexolite nanoparticles and on CL-20/HMX nano co-crystals in previous
studies.®> * TERS surface maps each containing 100 TERS spectra (10 x 10 spectra) with step
sizes between 2-5 nm (depending on the nanoparticle size) were recorded. 15 nanoparticles of
each hexolite mixture were investigated. Thus, differences between far-field Raman spectra and
TERS spectra of hexolite nanoparticles allowed to conclude on the distinct arrangement of RDX

and TNT molecules in the particles.
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Figure 3. Far-field Raman spectra of RDX and TNT nanoparticles in the range between 1700 cm and 600 cm..
The RDX marker band (882 cm™; ring breathing) is highlighted in green. The TNT marker band (1358 cm™ -

1371 cm?; three NO2 symmetric stretching vibrations) is marked in red.



Physically mixed 60/40 hexolite

Physically mixed 60/40 hexolite (p-60/40) was received as white-yellowish powder. Confocal
Raman maps of this powder were recorded to provide insight into the intermixture of RDX and
TNT nanoparticles. Figure 4 shows a microscope image and the corresponding confocal Raman
map of p-60/40. These confocal Raman maps were recorded pixel-wise. The Raman intensity
of the RDX marker band in the single spectra is shown in green and the Raman intensity of
TNT is shown in red. If both marker bands were detected simultaneously, the band intensities
are superimposed and appear as light green over yellow to dark orange pixels. Evidently, the
confocal Raman maps demonstrate that RDX and TNT nanoparticles consist of microscale
agglomerates without a further intermixture on the nanoscale. In order to visualize this finding
Figure 4.a) und Figure 4.b) present only the intensity of RDX respectively TNT marker band.
Even though confocal far-field Raman maps already exclude a nanoscale intermixture of RDX
and TNT nanoparticles, TERS measurements were performed on single nanoparticles to verify
this result and to receive reference data for TERS investigation of SFE produced nano hexolite
mixtures. As expected, only pure RDX and pure TNT nanoparticles could be identified in the

1600 1400 1200 1000 800 600 1600 1400 1200 1000 800 600 a)

—— Far-field RDX| ——TNT - far-field|

W

——TERS - RDX —— TERS - TNT|

norm. Raman intensity / arb. units

1600 1400 1200 1000 800 600 1600 1400 1200 1000 800 600
wavenumber / cm™ wavenumber / cm’

Figure 4. Left: Far-field Raman and TERS spectra of pristine RDX and TNT. Right: Confocal Raman microscopy
maps of physically mixed 60/40 hexolite particles. A better comparability of the Raman intensities was achieved
by normalization. a) Microscope image of p-60/40 nano hexolite particles. b) Corresponding confocal Raman map
of superimposed RDX (882 cm; ring breathing, NNO; stretching) and TNT (1358 cm™ - 1371 cm™*; three NO>
symmetric stretching vibrations) marker band Raman intensities. ¢) Confocal Raman map of RDX marker band

Raman intensities. d) Confocal Raman map of TNT marker band Raman intensities.
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TERS spectra. Generally, TERS spectra differ from far-field Raman spectra by several features.
Thus slight shifts of band positions and differences in Raman intensities of same vibrational
modes are evident in TERS spectra (Figure 4). are evident in TERS spectra (Figure 4). Since
TERS is a surface sensitive detection technique, the orientation of molecules on the probed
particles plays an important role. The surface molecules are supposed to have different
molecular environments due to the crystal symmetry break at the particle's surface. This
environmental change is associated with a change of intermolecular interactions.3 The different
molecular arrangements result in slight changes of the molecular energy levels and thus,
molecular vibrations can be detected with slightly shifted band positions in TERS spectra.>°
This phenomenon is comparable with Raman frequency shifts in Raman spectra of different
organic crystal polymorphs.®*® Furthermore, interactions between surface molecules and the
silver coated tip may contribute to a band position shift as described above.®® % In contrast, the
far-field Raman spectra of the bulk material contain averaged information from all molecule
orientations. Discrepancies of Raman intensities of same vibrational modes between far- and
near-field Raman spectra can be explained by the orientation between illuminated molecules
towards the electric field vector of the enhanced electric field. In general normal modes appear
more intense if the vibrational direction and the electric field vector are aligned parallel .40 5-
% However, TERS spectra of p-60/40 nanoparticles contain all relevant peaks of RDX or TNT
and can be consequently easily assigned to the specific compound (Figure 4). The RDX marker
band is detected between 870-890 cm™ in TERS spectra of RDX nanoparticles. Also, the TNT
marker band is well identifiable in a wavenumber range between 1350 cm™ and 1375 cm™. The
shape of this broad peak can differ in TERS spectra compared to far-field Raman spectra since
it contains several symmetric NO: stretching vibrations which can be enhanced differently due
to specific orientations as described above. In contrast to nano hexolite mixtures produced by
SFE only six particles p-60/40 were investigated by TERS, since a molecular intermixture of
RDX and TNT could be already excluded by confocal Raman microscopy. Thus, a statistical
more reliable investigation was not necessary at this point. However, three RDX and three TNT
nanoparticles could be clearly identified by TERS.

80/20 SFE hexolite mixture
The ultrafine yellowish 80/20 hexolite powder produced by SFE (SFE-80/20) contains
nanoparticles with a mean size of 65.7 nm = 27.6 nm. The particle mean sizes of all investigated

hexolite mixtures were determined via AFM microscopy and are presented in the Supporting
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Information (S2). In contrast to physically mixed nano hexolite p-60/40 particles, not a single
Raman spectrum containing only RDX or TNT signals could be found within SFE-80/20
confocal Raman maps. These measurements reveal that the particles are composed of an
RDX/TNT mixture arrangement. The Raman mapping results are given in Figure 5. Especially
confocal Raman maps showing only RDX and TNT marker band, respectively, (Figure 5.c) and
d) indicate the presence of either of the compounds. On the other hand, TERS spectra of the
SFE-80/20 nanoparticle surface maps indicate either an RDX/TNT mixture or pure TNT. In
other words, 13 of 15 TERS surface maps of investigated SFE-80/20 nanoparticle surfaces
contain RDX and TNT marker bands whereby 2 of 15 TERS spectra show only the TNT marker
band. If the band positions of the NO, modes in RDX and TNT in the TERS spectra containing
both marker vibrations are compared with those of pristine RDX and TNT in the far-field

Raman spectra band position shifts are recognizable (see Table 2). Since some NO2 modes of

1600 1400 1200 1000 800 600

— far—fﬂd

norm. Raman intensity / arb. units

0

1600 1400 1200 1000 800 600
wavenumber / cm™

2 pm

Figure 5. Left: Far-field Raman and TERS spectra of 80/20 hexolite powder produced by SFE. Typical TERS
spectra show either both RDX (882 cm™; ring breathing) and TNT (1358 cm™ - 1371 cm?; three NO2 symmetric
stretching vibrations) marker bands or only the TNT marker band. A indicate the N-NO; stretching vibration and
the NO, asymmetric stretching vibration of RDX; * indicate the investigated NO; stretching vibrations of TNT.
Right: Confocal Raman microscopy maps of SFE-80/20. Raman intensities are normalized for a better
comparability. a) Microscope image of physically SFE-80/20 nano hexolite. b) Corresponding confocal Raman
map of superimposed RDX and TNT marker band Raman intensities. ¢) Confocal Raman map of RDX marker

band Raman intensities. d) Confocal Raman map of TNT marker band Raman intensities.

13



RDX and TNT overlap in the TERS spectra, only clearly assignable vibrational modes are used
for detailed analysis. In RDX two N-NO; stretching vibrations are localized at 1270 cm™ and
1309 cm™, respectively, and one NO- is localized at 1592 cm™ in SFE-80/20 far field spectra.
The RDX N-NO: stretching vibrational modes appear slightly shifted within a wavenumber
range between 1256 cm™ and 1283 cm respectively 1296 cm™ and 1322 cm™ in SFE-80/20
TERS spectra. The RDX NO, asymmetric vibration can be found between 1585 cm™ and
1622 cm™. The TNT marker band containing three clearly identifiable Raman active NO;
symmetric stretching vibrations (between 1358 cm™ and 1371 cm™ in far-field Raman spectra)
appears shifted between 1354 cm™ and 1399 cm™ in TERS spectra. The TNT NO, asymmetric
stretching vibration localized at 1617 cm™ in far-field Raman spectra is shifted between
1617 cm™ and 1653 cm™ in near-field TERS spectra. Generally, RDX N-NO vibrations appear
with a shift of + 14 cm™ less shifted than the RDX NO, asymmetric stretching vibration, which
are detected within + 30 cm™. The TNT symmetric and asymmetric stretching vibrations show
a wavenumber shift of up to 31 cm™ and 36 cm™, respectively. Described shifts are supposed
to appear due to intermolecular interactions between the NO> functional groups of RDX on the
one hand and NO; functional groups of TNT on the other hand. Since the RDX N-NO:
vibrations seem to be less affected by these interactions than the RDX NO2 asymmetric
stretching vibration, it is supposed that negatively charged oxygen atoms of the RDX NO:
functional groups interact electrostatically with positively charged nitrogen atoms of the TNT
NO. functional groups. If the electrostatic interaction would appear between the positively
charged nitrogen atoms of the RDX NO: functional group and the negatively charged oxygen
atoms of the TNT NO: functional groups, shifts of RDX N-NO- stretching vibrations are
expected stronger than shifts of TNT and RDX NO: stretching vibrations. The described
intermolecular electrostatic interactions force RDX respectively TNT molecules in specific
molecular arrangements which differ from their arrangements in the bulk material. Thus,
vibrational modes are slightly shifted in the TERS spectra compared to far-field Raman spectra.
Due to the fact that only RDX/TNT mixed surfaces and pure TNT surfaces could be identified
within the TERS spectra, it is concluded that TNT nano-patches grow on RDX particle surfaces
in the SFE process. This assumption is supported by the lower solubility of RDX in acetone
than TNT. Thus, in SFE RDX nanoparticles are formed followed by the attachment of TNT

molecules.**
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Table 2. Band positions of NO> vibrational modes of RDX and TNT detected in the far-field
Raman and TERS spectra

vibration [ref, 4-46.48-49] far-field Raman ; TERS |
wavenumber / cm wavenumber / cm
RDX: N-NOg str 1270 1256 - 1283
RDX: N-NOg str 1309 1296 - 1322
RDX: NO2 asym str 1541 1527 - 1546
RDX: NO2 asym str 1573 1565 - 1584
RDX: NO2 asym str 1592 1585 - 1622
TNT: 3x NO2 sym str 1358 - 1371 1354 - 1399
TNT: NO2 asym str 1534 1540 - 1546
TNT: NO2 asym str 1553 1559 - 1572
TNT: NO2 asym str 1617 1617 - 1653

asym: asymmetric; sym: symmetric; str: stretching; investigated RDX vibrations are marked in

green; investigated TNT vibrations are marked in red

60/40 SFE hexolite mixture

60/40 hexolite (SFE-60/40) nanoparticles produced in SFE were collected as a yellowish
powder. SFE-60/40 are composed of spherical nanoparticles with a mean size of 32.2 nm %
12.3 nm. Confocal Raman microscopy of SFE-60/40 points to a similar RDX/TNT mixture
found for SFE-80/20. The TERS experiments show that none of the 15 investigated SFE-60/40
nanoparticles surfaces is built up by RDX only. In contrast to SFE-80/20, the TERS surface
investigations of SFE-60/40 particles reveal that 10 of 15 nanoparticle surfaces consist of TNT
only whereas 5 of 15 TERS maps of SFE-60/40 surfaces contain both RDX and TNT marker
bands. Similar results were earlier reported by Deckert-Gaudig et al. using a different TERS
setup.* The authors demonstrated that the surfaces of 5 out of 8 SFE-60/40 nanoparticles were
dominated by a TNT contribution. RDX and TNT marker bands were found in 3 of 8 SFE-60/40
TERS maps. By comparing far-field Raman and TERS spectra it was concluded that RDX cores
were encapsulated by TNT shells. In the case of SFE-60/40 TERS maps showing RDX and

TNT marker bands it is supposed that the thickness of the TNT shells is only a few nanometers.
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Thus, vibrations of TNT surface molecules and RDX molecules close to particle surfaces are
identified in the TERS spectra. TERS spectra containing both RDX and TNT marker bands
show similar band position shifts as already discussed in the SFE-80/20 section above and point
to similar RDX-TNT intermolecular interactions. A typical TERS spectrum containing only
TNT signals and a typical TERS spectrum with RDX and TNT marker bands in SFE-60/40

nanoparticles are shown in Figure 6.
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Figure 6. Left: Far-field Raman and TERS spectra of 60/40 hexolite powder produced by SFE. Typical TERS
spectra show either both RDX (882 cm™; ring breathing) and TNT (1358 cm® - 1371 cm™; three NO, symmetric
stretching vibrations) marker bands or only the TNT marker band. A indicate the N-NO; stretching vibration and
the NO, asymmetric stretching vibration of RDX; * indicate the investigated NO; stretching vibrations of TNT.
Right: Confocal Raman microscopy maps of SFE-60/40. Raman intensities are normalized for a better
comparability. a) Microscope image of physically SFE-60/40 nano hexolite. b) Corresponding confocal Raman
map of superimposed RDX and TNT marker band Raman intensities. ¢) Confocal Raman map of RDX marker

band Raman intensities. d) Confocal Raman map of TNT marker band Raman intensities.
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40/60 SFE hexolite mixture

RDX/TNT (SFE-40/60) hexolite particles with a 40/60 weight ratio was produced via SFE as
ultrafine yellowish powder. The nanoparticles have a mean size of 29.4 nm +11.8 nm. All
far-field Raman spectra of SFE-40/60 show RDX and TNT marker bands (see Figure 7). The
TERS analysis reveals that 12 of 15 investigated SFE-40/60 particle surfaces contain a TNT
shell. In contrast, 3 out of 15 TERS maps show RDX and TNT marker bands. At first glance,
these results appear unexpected since an increased amount of TNT is supposed to form thicker
TNT shells around the RDX cores. As a result, RDX molecules should be undetectable by the
electromagnetic field at the TERS tip apex. However, 3 out of 15 TERS maps demonstrate the
presence of RDX molecules localized close to or even on SFE-40/60 nanoparticle surfaces. At
this point, the formation of isotropic formed hierarchically ordered RDX/TNT core/shell

nanoparticles appeared rather implausible. However, the mixed RDX/TNT TERS spectra show
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Figure 7. Left: Far-field Raman and TERS spectra of 40/60 hexolite powder produced by SFE. Typical TERS
spectra show either both RDX (882 cm?; ring breathing) and TNT (1358 cm™ - 1371 cm'?; three NO2 symmetric
stretching vibrations) marker bands or only the TNT marker band. A indicate the N-NO; stretching vibration and
the NO, asymmetric stretching vibration of RDX; * indicate the investigated NO; stretching vibrations of TNT.
Right: Confocal Raman microscopy maps of SFE-40/60. Raman intensities are normalized for a better
comparability. a) Microscope image of physically SFE-40/60 nano hexolite. b) Corresponding confocal Raman
map of superimposed RDX and TNT marker band Raman intensities. ¢) Confocal Raman map of RDX marker

band Raman intensities. d) Confocal Raman map of TNT marker band Raman intensities.
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the same band position shifts of RDX and TNT NO2 modes indicating similar intermolecular
interactions between RDX and TNT molecules at the particle surfaces. A typical TERS
spectrum showing only TNT signals and a typical TERS spectrum containing RDX and TNT

marker bands of SFE-40/60 nanoparticles are given in Figure 7.

20/80 SFE hexolite mixture

A 20/80 hexolite mixture (SFE-20/80) was collected as an ultrafine yellowish powder
composed of nanoparticles with a mean size of 59.7 nm + 23.8 nm. In agreement with the far-
field Raman measurements of the other SFE hexolite mixtures, all far-field Raman spectra
contain RDX and TNT marker bands. The confocal Raman map given in Figure 8 illustrates
these results by the pixel-wise superimpositions of RDX and TNT marker bands intensities.

TERS maps reveal that 13 out of 15 SFE-20/80 nanoparticle surfaces are formed of TNT only.
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Figure 8. Left: Far-field Raman and TERS spectra of 20/80 hexolite powder produced by SFE. Typical TERS
spectra show either both RDX (882 cm™; ring breathing) and TNT (1358 cm™ - 1371 cm?; three NO2 symmetric
stretching vibrations) marker bands or only the TNT marker band. A indicate the N-NO; stretching vibration and
the NO, asymmetric stretching vibration of RDX; * indicate the investigated NO; stretching vibrations of TNT.
Right: Confocal Raman microscopy maps of SFE-20/80. Raman intensities are normalized for a better
comparability. a) Microscope image of physically SFE-20/80 nano hexolite. b) Corresponding confocal Raman
map of superimposed RDX and TNT marker band Raman intensities. ¢) Confocal Raman map of RDX marker

band Raman intensities. d) Confocal Raman map of TNT marker band Raman intensities.
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TERS spectra from 2 out of 15 SFE-20/80 hexolite nanoparticles contain RDX and TNT marker
bands. Although SFE-20/80 contains four times more TNT than RDX, RDX molecules are still
detectable in the TERS spectra. This observation strengthens the assumption that SFE produced
hexolite mixtures are not formed by isotropic RDX/TNT core/shell nanoparticles. Similar band
position shifts of RDX and TNT NO> functional group vibrations could be identified within
SFE-20/80 TERS spectra as like in TERS spectra of the other hexolite composite nanoparticles.
An example TERS spectrum containing both RDX and TNT marker bands and an example
TERS spectrum including only TNT marker bands are presented in Figure 8. . Since the number
of surfaces containing TNT only increases proportionally with the TNT mass fraction while the
RDX marker band can still be detected in some TERS spectra of each measured hexolite
mixture, an anisotropic RDX/TNT core/shell formation is suggested. The proposed building
mechanism of such anisotropic core/shell nanoparticles will be discussed in detail in the next

section.

Building mechanism of hierarchically structured hexolite nanoparticles

The combination of AFM, confocal Raman microscopy and TERS results provide insights into
the size, morphology and molecular composition of different hexolite mixtures. The smallest
nanoparticle mean size of 29.4nm + 11.8nm was found for SFE-40/60 hexolite
nanocomposites. Particle mean sizes increase with increasing the mass fraction of RDX or TNT
within the hexolite precursor solutions. Thus, SFE-80/20 nanoparticles having a diameter of
65.7 nm = 27.6 nm provide the largest particle mean size. SFE-60/40 shows a particle mean
size of 32.3 nm = 12.3 nm and SFE-20/80 a mean size of 59.7 nm £ 23.8 nm. The dependence
of particle mean sizes is presented as a function of the RDX mass fraction in Figure 9.a). Since
all recorded far-field Raman spectra of each SFE produced hexolite mixtures contain RDX and
TNT marker bands, confocal far-field Raman microscopy and spectroscopy demonstrates that
RDX and TNT molecules are mixed on the nanoscale during the SFE process. Furthermore,
TERS surface analysis demonstrates that not a single nanoparticle of all SFE produced hexolite
nanoscale composites contains RDX only. Thus, TERS maps of all measured hexolites particles
point either to surface covered by TNT only or to a mixture of RDX and TNT. The number of
particles covered by TNT only increases with an increase of the TNT mass fraction. In contrast,
the number of hexolite nanoparticle surfaces formed by RDX and TNT decreases consistently

with an increased TNT mass fraction (Figure 9.b). Moreover, frequency shifts of NO>
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vibrations are detectable in TERS spectra containing both RDX and TNT marker bands. These
shifts point towards an interaction between the NO> substituents in RDX and TNT.

In order to describe the building mechanism of the diverse hexolite mixtures it is necessary to
briefly consider the dynamics of the SFE process. During the SFE process a pressured acetone
solution is sprayed through a hollow cone nozzle into a permanently evacuated reaction
chamber. By passing the hollow cone nozzle the precursor solution is accelerated and
transformed into a fine spray characterized by droplets with a mean size of 2.6 um = 0.8 um
(measured 6 mm behind the nozzle, measurement details are presented in the Supporting
Information S3). Leaving the hollow cone nozzle, parts of acetone droplet surfaces are in
contact with the ruby surface of the nozzle. It is supposed that at these interfaces the free
electron pairs of the carbonyl group in acetone form hydrogen bonds with hydrogen atoms of
hydroxide ions determining the ruby surface. Since only localized areas of the acetone droplets
surfaces interact with the nozzle surface, droplets are accelerated inhomogeneously while
leaving the nozzle. Because of the inhomogeneous acceleration and turbulences within the SFE
crystallization chamber acetone droplets start to spin (Figure 9). Additionally, to the
translational and angular acceleration forced by the nozzle, acetone droplets are continuously
accelerated while passing the reaction chamber due to the flow provided by the vacuum pump.
During the whole SFE processes the droplet size shrinks consistently until the solvent is
completely evaporated (see Supporting Information, S3). Thus, the droplets act as accelerated
dynamic micro reactors in the SFE process. For a better comprehensibility the building
mechanisms for patchy SFE-80/20 nanoparticles and SFE-60/40, SFE-40/60, SFE-20/80
core/shell nanoparticles are described firstly without considering the acceleration of the
dynamic micro-reactor droplets.

Directly after the injection of the hexolite solution droplets into the evacuated reaction chamber,
the concentrations of RDX and TNT molecules within these microscale droplets are still the
same as it is in the previously prepared acetone solutions. The continuous evaporation of
acetone during SFE process and the related droplet shrinking results in a consistent increase of
the RDX and TNT concentrations within the microscale droplets until the solution is
supersaturated with RDX molecules. The supersaturation level of RDX molecules within the
hexolite solution droplets is reached first since RDX exhibits with 6.8 g in 100 g acetone a six-
time less solubility than TNT with 42.4 g per 100 g acetone at room temperature.** Following
the classical theory of nucleation and crystallization, RDX molecules organizes to nuclei while
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Figure 9. a) Mean sizes of anisotropic hexolite core/shell nanoparticles (SFE-80/20, SFE-60/40, SFE-40/60) and
patchy hexolite sub-micron particles (SFE-20/80) as a function of the RDX mass fraction inside the precursor
solutions. Green spheres represent RDX molecules; red spheres symbolize TNT molecules. Anisotropic hexolite
core/shell nanoparticles are depicted as cross sections aimed to visualize its core/shell structure. b) Numbers of
anisotropic hexolite nanoparticles and patchy hexolite sub-micron particles providing RDX only, TNT only and
RDX/TNT mixed surfaces. c) Flowchart of the supposed anisotropic RDX/TNT core/shell nanoparticle building
mechanism.

the concentrations of RDX and TNT molecules further increase (Figure 9.c).%” These RDX
nuclei grow to RDX nanoparticles. The growth of RDX nuclei to RDX nanoparticles appear
due to the attaching of solved RDX molecules onto RDX nuclei, the aggregation of various
RDX nuclei and nanoparticles and further due to Ostwald ripening. The driving force behind
the nuclei growth and aggregation to nanoparticles is the minimization of surface energy which
is realized by decreasing the surface-area-to-volume ratio. Anyway, nucleation and
crystallization of RDX occurs first in all produced hexolite nano-composites independent of the

used RDX and TNT mass fractions within the precursor solution. Due to further shrinking of

21



the droplets and the related increase of RDX and TNT concentrations within the droplets the
point of supersaturation of TNT in the solution is reached in the next step. Consequently, TNT
molecules start to nucleate on top of RDX nanoparticle surfaces acting as nucleation seeds. As
discussed within the SFE-80/20 section, the physisorption of at least the first layer of TNT
molecules onto RDX nanoparticles surfaces is supposed to be initiated by electrostatic
interactions between positively charged nitrogen atoms and negatively charged oxygen atoms
of the NO; functional groups of both RDX and TNT molecules. Further TNT molecules grow
onto this first TNT spots during the continued SFE process leading to the formation of the
investigated TNT shells or TNT patches until the complete acetone is evaporated and the
hexolite nanoparticles can be collected within the filter system (Figure 9.c). However, due to
the different RDX and TNT mass fractions used within the precursor solutions, hexolite
nano-composites differ in size and arrangement. While mainly TNT only determined surfaces
could be identified in TERS surface maps of SFE-60/40, SFE-40/60 and SFE-20/80 hexolite
nanoparticles, TERS maps of SFE-80/20 surfaces contain dominantly both RDX and TNT
marker bands. As already mentioned before, these results indicate the formation of RDX/TNT
core/patches or Janus like nanoparticles for SFE-80/20. In contrast, SFE-60/40, SFE-40/60 and
SFE-20/80 nano-composites are formed by hierarchal ordered nanoparticles providing an
RDX/TNT core/shell character. Since the nucleation and crystallization of RDX occurs first, a
certain amount of TNT molecules is needed to cover the primary RDX nanoparticles completely
with a TNT shell. In case of SFE-80/20, the point of TNT supersaturation within the dynamic
micro reactor droplets is reached later compared to the other hexolite systems due the relatively
low TNT mass fraction (20 %). Thus, RDX molecules are allowed to organize themselves to
larger primary particles within the droplets before TNT molecules start to adsorb onto RDX
nanoparticle surfaces. Since symmetric and asymmetric stretching vibrations of NO- functional
groups of TNT appear less shifted within TERS spectra of TNT only determined hexolite
surfaces, it is supposed that intermolecular interactions between TNT molecules within the TNT
shell and the TNT patches are rather comparable with the intermolecular interactions in TNT
crystals. Thus TNT molecules are supposed to grow preferred onto previously adsorbed TNT
molecules instead of uncoated RDX surfaces since intermolecular TNT-TNT interactions
(electrostatic interactions between NO: functional groups and n-m stacking) should appear
stronger than TNT-RDX interactions (electrostatic interactions between NO> functional groups
only) leading to a reduction of surface and Gibbs free energy. The mechanism of these island
or patch formations might be comparable with the Vollmer-Weber growth describing the

formation of adatom clusters due to stronger adatom-adatom interactions than adatom-surface
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interactions.® Anyway, larger mean sizes of RDX primary particles result in the described
SFE-80/20 patchy or Janus like particle structure since the amount of TNT molecules is
insufficient to guarantee a complete surface coating. Contrary, SFE-60/40, SFE-40/60 and
SFE-20/80 hexolite mixture provide a sufficient TNT content to form RDX/TNT core/shell
particles. In accordance to the building mechanism of SFE-80/20 patchy nanoparticles, the
formation of primary RDX nanoparticles takes place in a first step within these systems. These
primary RDX nanoparticles appear smaller than for SFE-80/20 due to the lower mass fraction
of RDX within the hexolite precursor solutions allowing a complete TNT surface coverage.
While the TNT concentration increases within the droplets due to the related droplet size
shrinking, RDX cores are coated with a TNT shell following the previously described
mechanism. Additionally, further RDX core growths are quenched by the TNT encapsulations.
Up to now, the presented reaction mechanism allows to explain the occurrence of different
particle structure and sizes. However, the building mechanism does not include an explanation
why TERS surface maps of RDX/TNT core/shell nanoparticles still include RDX signals even
if the mass fraction of TNT amounts 80 % yet. Estimations of the RDX core diameters and the
TNT shell thicknesses reveal that a typical SFE-60/40 core/shell nanoparticle provides an RDX
core with a diameter of 26.7 nm and a TNT shell thickness of 2.7 nm. SFE-40/60 is formed by
an RDX core with a diameter of 29.4 nm and a 4.1 nm thick TNT shell. The diameter of the
RDX core of a typical SFE-20/80 nanoparticle amounts 59.7 nm and the TNT shell thickness
amounts 12.9 nm. The estimations are based on the particle mean sizes of the diverse hexolite
nano-composites and the densities of crystalline RDX and TNT. The results are summarized in

Table 3. The detailed calculations are given within the Supporting Information (S4).

Table 3. Estimated RDX core diameters and TNT shell thicknesses for isotropic hexolite

core/shell nanoparticles

mas&f[;a)té:/t{_ol\rlw_rr)atio particle mean size | RDX core diameter | TNT shell thickness
60/40 32.2nm 26.7 nm 2.7 nm
40/60 29.4 nm 21.2 nm 4.1 nm
20/80 59.7 nm 34.0 nm 12.9 nm

Due to the rapid field decay of the enhanced electric field generated by the LSPR of the silver
nanoparticle localized at the AFM tip apeX, the appearance of RDX signals within TERS spectra
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is at least very unlikely for SFE-60/40 and SFE-40/60 de facto impossible for SFE-20/80
(Figure 10.a).3* Therefore the contribution of RDX Raman active frequencies to diverse TERS
spectra must be related to the position of the RDX cores within the hexolite RDX/TNT
core/shell nanoparticles. As mentioned before, the previous building mechanism describes the
hexolite nano-composite formation without considering the translational and angular
accelerations of the droplets in the SFE atomization chamber. Without these accelerations it can
be assumed that RDX primary nanoparticles would be located randomly within the bulk of the
droplets without stronger movements until the complete evaporation of acetone is finished
resulting in the formation of isotropic RDX/TNT core/shell nano-spheres with a centered RDX
core. However, during SFE process droplets are accelerated due to the release of the pressurized
precursor solution into the evacuated atomization chamber through a hollow cone nozzle, the
interactions of acetone droplet surface molecules with the nozzle surface while leaving the
nozzle, turbulences in the atomization chamber and the flow generated by the vacuum pump.
The first steps of the hexolite core/shell nanoparticle building mechanism by means of RDX
superstation and nucleation within the micron sized droplets take place as already described for
the non-accelerated case. After the phase change of solved RDX into solid RDX nuclei and the
aggregation of these RDX nuclei into primary RDX nanoparticles, the acceleration of the
droplets starts to influence the formation of the hierarchical order hexolite nanoparticles. Due
to the translational accelerations (by nozzle and pump, Figure 9.c) of the shrinking dynamic
micro reactor droplets, a fictitious force affects the RDX primary nanoparticles pushing them
back towards the edge of the droplets. This fictitious force is qualitatively the same fictitious
force which presses a passenger into the seat of a car while the car is accelerated. Additionally,
the inhomogeneous acceleration of the droplet while leaving the nozzle and turbulences within
the SFE crystallization chamber induce a spin of the acetone micro droplets. This droplet spin
is described by an angular acceleration of the droplet around itself. Consequently, a centrifugal
force affects the RDX primary nanoparticles within the droplet pushing them towards the edge
of the acetone droplet (Figure 9.c). The combination of both effects forces RDX primary
particles to looping motions starting in the droplet bulk and ending at the droplet surface.
Similar looping motions and particle migrations are described by Chung for the motion of coal
particles inside accelerated n-hexane respectively methanol micro droplets.>® During the RDX
nanoparticle migration the droplet sizes decrease continuously leading to TNT supersaturation
and TNT nucleation on top of the RDX nanoparticles as already described for the non-
accelerated case. Since the RDX core particles are localized close to or at the edges of the

acetone droplets during the growth of the TNT shell, the formation of hexolite core/shell
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nano-spheres processes anisotropic (Figure 9.c). Consequently, RDX cores are not centered in
the middle of hexolite core/shell nanoparticles but are localized near or at the particle edges.
Due to the varying RDX mass fractions within the different hexolite precursor solutions,
kinetics of RDX nucleation and RDX core growths differ. RDX nucleation and RDX
nanoparticle growth occur earlier the higher the RDX mass fraction. Accordingly, RDX primary
nanoparticles are less affected by the fictitious forces the less the RDX mass fraction. Thus, a
complete migration of RDX nanoparticles towards the droplets edges might not takes place for
smaller RDX mass fraction hexolite systems. Therefore, it is expected that the RDX cores of
SFE-20/80 and SFE-40/60 appear more centered inside hexolite nanoparticles. On the other
hand, SFE-60/40 nanoparticles provide RDX cores which are located closer to the particle edges
than to the particle centers. However, all of these arrangements cause nanoparticles providing
partially thicker and thinner TNT shell areas. Thus, particle surface areas formed by RDX only
or by RDX covered with a thin TNT layer occur. These RDX or RDX/TNT determined surface
areas result in the presence of RDX Raman active frequencies within some TERS spectra of
SFE-60/40, SFE-40/60 and SFE-20/80 TERS surface maps. Due to the anisotropic RDX/TNT
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Figure 10. Different alignments of SFE-80/20 RDX/TNT core/shell particles towards the silver particle mounted
at the AFM tip apex. Axis units are given in nm. a) Isotropic SFE-80/20 RDX/TNT core/shell nanoparticle. Due
to the closed TNT shell only TNT Raman active frequencies would occur in TERS spectra. b) Anisotropic
SFE-80/20 RDX/TNT core/shell nanoparticle. The RDX core is aligned towards the silver nanoparticle localized
at the AFM tip apex. RDX or RDX and TNT Raman active frequencies appear in TERS spectra. c) Anisotropic
SFE-80/20 RDX/TNT core/shell nanoparticle. The RDX core is not localized in the enhanced electric field of the

silver nanoparticle. Only TNT Raman active frequencies appear in TERS spectra.
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core/shell nanoparticle morphology the number of TERS spectra containing RDX signals
decreases with the increase of the TNT mass fraction within the hexolite mixtures. An increase
of the TNT mass fraction leads to smaller RDX cores and thicker TNT shells. Therefore, the
surface area of a hexolite nanoparticle formed by RDX respectively RDX and TNT decreases.
Consequently, the possibility that the particle aligns in a manner towards the silver coated AFM
tip so that the RDX determined surface area contributes to the TERS spectra decreases and thus
less RDX and RDX/TNT determined surfaces are found (Figure 10).

Influence of the hexolite precursor size and structure onto the resulting nanodiamonds

Reaction products of the detonation syntheses of SFE produced hexolite mixtures were
collected as dark-grey ultrafine powders after drying. In order to ascertain if nanodiamonds
were formed during the detonation syntheses, reaction products of each SFE produced hexolite
nanoparticles were investigated via HR-TEM and TERS. HR-TEM images of each sample
demonstrates clearly the formation of nanodiamonds. Figure 11 (right) depicts a sample HR-
TEM image of nanodiamonds synthesized from SFE-40/60 (ND-40/60). TERS spectra of
nanodiamonds contain the broad graphene G — and D — bands localized at ~1600 cm™

respectively ~1400 cm™ and the diamond band at 1325 cm™. The occurrence of the graphene
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Figure 11. Left: TERS spectra of certain nanodiamonds synthesized from SFE-40/60 contain graphene G — and
D — bands (~1600 cm, 1400 cm?) as well as the diamond peak (1325 cmt). The shift of the diamond peak from
1333 cm™ to 1325cm™ hints onto a nanodiamonds size <10 nm. The AFM topographic map and the
corresponding TERS map depict an agglomerate of nanodiamonds synthesized from SFE-40/60. Right: HR-TEM

image of nanodiamonds synthesized from SFE-40/60.
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G —and D — bands within the TERS spectra points to the formation of a graphene layer on the
nanodiamond surfaces. The shift of the diamond vibration from 1333 cm™ to the measured
1325 cm™ hints to nanodiamond sizes below 10 nm. Presented TERS results are in good
agreement with a recently published study undertaken by Ali et al.®° Since TERS measurements
are performed innately on single particles the exact position of the G — and D — bands may
varying between single spectra as well as the intensities of these bands and the intensity of the
diamond vibration. AFM topographic maps were recorded to determine the nanodiamond
means sizes and size distribution. These investigations reveal that nanodiamonds resulting from
SFE-40/60 provide with 3.6 nm + 0.04 nm the smallest mean size and the narrowest size
distribution. Detonation of SFE-20/80 leads to nanodiamonds (ND-20/80) with a particle mean
size of 3.7 nm £ 0.08 nm, nanodiamonds synthesized from SFE-60/40 (ND-60/40) show a mean
size of 4.1 nm + 0.04 nm. SFE-80/20 result with 6.1 nm = 0.2 nm in the largest nanodiamond
mean size (ND-80/20). Nanodiamond means sizes and their evolution are summed up in Figure
12 as a function of the RDX mass ratio within the precursor SFE-produced hexolite
nano-composites. It has already been reported that the hexolite precursor particle sizes
influences strongly the mean size and the size distribution of the resulting nanodiamonds. Pichot
et al. describe a correlation between the size reduction of the precursor material from the micro-
onto the nanoscale and a related decrease of nanodiamond mean sizes.?*2* Different hexolite
and octolite (mixture of HMX and TNT) nano compounds with varying mass fraction of RDX
and TNT respectively HMX and TNT are compared with micro structured hexolite and octolite
mixtures in these studies. Both hexolite and octolite hano-composites were also prepared by
SFE using similar settings as in the present work (see experimental section). They could
demonstrate that the mean sizes of obtained nanodiamonds occur up to 50% smaller for
nanostructured hexolite precursor compared to the micro structured precursors by same RDX
and TNT mass fractions. Due to the lack of an accurate measurement technique which enables
the investigation of the molecular arrangements of single particles on the nanoscale, they had
to assume that RDX and TNT nanoparticles appear uncoupled and nearly homogeneous
distributed within the pressed hexolite pellets which were prepared for nanodiamond detonation
synthesis. Due to the assumed homogenous distribution of RDX and TNT particles, they
proposed that the combustion reaction products of RDX (or HMX) form a diffusion barrier due
to the RDX detonation pressure around single TNT nanoparticles (or more precisely the
reaction products of the TNT nanoparticle) leading to a diffusion zone which is much smaller
than the diffusion zone calculated for 1 nm nanodiamond nuclei.?’ Consequently, the amount

of carbon atoms arising from TNT molecules which are mainly involved in the nanodiamond

27



1 ® hexolite np mean sizes

80 -
-
C
~
()
N
(7))
cC
@
© |—A— nanodiamond mean size
E 6-
QL
@)
= 5
4V
Q 4.
_-t.\
3 -
1 1 1 1
0.2 04 0.6 0.8
RDX mass fraction / -
mass fraction
ratio (RDX/TNT) 80/20 60/40 40/60 20/80
q 65.7 nm 32.2nm 29.4 nm 59.7 nm
I +276nm| £123nm| =11.8nm| £23.8nm
d 6.1 nm 4.2 nm 3.6 nm 3.7 nm
2 +0.20nm| £0.05nm| +£0.04nm| £0.08 nm

Figure 12. Evolution of hexolite RDX/TNT core/shell nanoparticles and evolution of detonation synthesized

nanodiamond mean sizes as a function of the RDX mass fraction within the hexolite precursor nano-composite.

formation depends on the TNT nanoparticle diameter. Smaller TNT nanoparticles imply

smaller diffusion zones which include less amounts of carbon atoms resulting generally in a

decrease of nucleation sites and thus in smaller nanodiamonds. However, TERS investigations

could show that SFE produced hexolite mixtures appear as anisotropic RDX/TNT core/shell

particles and not as uncoupled RDX and TNT nanoparticles as presumed. Furthermore, here

presented nanodiamonds do not follow this trend completely. Nanodiamonds resulting from the

detonation of SFE-20/80 show a larger particle mean size than nanodiamonds produced from
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SFE-60/40 although SFE-60/40 core/shell nanoparticles provide a smaller particle mean size
than SFE-20/80 nanoparticles. Consequently, the building mechanism proposed by Pichot et al.
has to be slightly reconsidered.

For this purpose, an ideal case which is defined by monodispersed isotropic RDX/TNT
core/shell nanoparticles forming a hexagonal close-packed precursor material after pressing is
discussed first (Figure 13). After ignition and detonation, RDX reaction products are
accelerated from the particle centers outwards whereas TNT reaction products are accelerated
both towards the particle center and away from the particle center. The migration of RDX and
TNT reaction products is driven by their specific detonation pressures. Depending on the RDX
and TNT mass fractions which define the RDX core diameter and the TNT shell thickness, the
competing migration effects can be dominated either by the RDX detonation pressure or by the
TNT detonation pressure. Generally, RDX providing a higher detonation pressure than TNT.
In case of RDX detonation pressure domination, TNT reaction products are forced into the
center of a tetrahedron while RDX reaction products form a spherical diffusion barrier around
it. If TNT detonation pressure dominates the competing migration effects due to a relatively
low RDX mass fraction, RDX reaction products are forced to spherical diffusion barriers around
the center of a tetrahedron. The tetrahedrons arise from the hexagonal close packing of the
material and represents the smallest repetitive area. The sites of the tetrahedron are defined by
the connection lines between the centers of two neighboring isotropic hexolite particles. Thus,
four times a fourth of the TNT reaction products of one single hexolite core/shell particles
contributes to one diffusion zone. Anyway, depending on whether the RDX or TNT detonation
pressure dominates, different thermodynamic circumstances regarding the pressure and the
temperature prevail within the diffusion zones. Since in case of the RDX detonation pressure
dominance the TNT reaction products are forced towards the tetrahedron centers, pressure and
temperature are higher within these resulting diffusion zones than for diffusion zones formed
in a TNT dominated system. Higher pressures and temperatures promote a more complete
conversion of carbon atoms into nanodiamonds leading consequently to larger nanodiamond
diameters. Contrary, smaller pressure and temperature values result in a less amount of carbon
atoms forming nanodiamonds and thus in smaller nanodiamond mean sizes. However, due to
the high symmetry of ideal packed and perfectly monodispersed isotropic hexolite core/shell
particles, the size of the diffusion zones and the thermodynamic circumstances within one
diffusion zone is constant for all diffusion zones by a given RDX respectively TNT mass
fraction. Consequently, the number of nucleation sites within the diffusions zones appears also

constant and finally the number and sizes of obtained nanodiamonds within one diffusion zone
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Figure 13. Top: Supposed building mechanism of nanodiamonds under ideal conditions presented as 2D cross
sections. The hexolite precursor are built up by hexagonal close-packed isotropic RDX/TNT core/shell
nanoparticles. Due to the higher detonation pressure of RDX compared to TNT and the high symmetry of the
precursor, RDX reactions products form spherical diffusion barriers after detonation. Inside the diffusion zone
nanodiamonds are formed from TNT carbon atoms. In the ideal case all diffusion zones have the identic size and
contain the same amount carbon atoms and nucleation sites. Thus, the same amount of monodispersed
nanodiamonds are formed within the diffusion zones. Consequently, the nanodiamond size depends only on the
TNT shell thickness in the ideal case. Bottom: Supposed building mechanism of nanodiamonds under real
conditions presented as 2D cross sections. SFE-produced anisotropic core/shell nanoparticles are packed dense.
Due to the size distribution of the hexolite precursor particles a perfect hexagonal close packing is not possible.
The random arrangement of the anisotropic core/shell particles leads to the formation of more ellipsoid diffusion
zones of slightly differing sizes. Consequently, diffusion zones contain different amounts of carbon atoms and
nucleation sites. Therefore, synthesized nanodiamonds provide slightly different sizes leading to a nanodiamonds
size distribution. Thus, nanodiamond mean sizes and size distribution depend on the TNT shell thickness and on

the level of anisotropy within the precursor structure.

(Figure 13). Therefore, the nanodiamond size depend only on the RDX mass fraction and the
TNT shell thickness in the ideal case. Following the suggested mechanism for the ideal case it

becomes obvious that the correlation between precursor particle size and nanodiamond size
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proposed by Pichot et al. remains untouched since it is not germane for estimating the
nanodiamond size if the TNT carbon atoms which form the nanodiamonds arises from a single
TNT nanoparticle or of four fourth RDX/TNT core/shell nanoparticles. However, under real
conditions the hexolite precursor material consist of anisotropic core/shell particles exhibiting
a size distribution. Due to the size distribution, a perfect symmetrical hexagonal close packing
is not accomplishable even if a dense packing of the hexolite precursor material is undertaken
before detonation synthesis (see Experimental section). Moreover, the anisotropy of the
core/shell precursor particles (by meaning of the RDX core is not centered in the middle of the
particle) causes a further decrease of the symmetry within the precursor structure. The
symmetry decrease leads to formation of diffusion zones respectively diffusion barriers with
more ellipsoid character and different dimensions (Figure 13). As a consequence, the
thermodynamic and kinetic circumstances as well as the amount of TNT carbon atoms within
the single diffusion zones differ leading to a varying number of nucleation sites. This results in
slightly different nanodiamond sizes and thus in a nanodiamond size distribution.
Consequently, the nanodiamond mean size d,,4; of the obtained nanodiamonds depends not only
on the RDX mass fraction wgpy and the TNT shell thickness d ;1 but also on the parameters
defining the symmetry of the precursor material. These parameters are the hexolite precursor
particle mean size d;,.,, the hexolite precursor size distribution sy, and the level of anisotropy

anex Within the precursor structure. Thus d,,4 can be assumed by the following correlation:

|Shex| .
dna ~ Wrpxdrnt + drnr | Qhex + P Equation 1
hex

The level of anisotropy is defined as the distance between the hexolite particle center and the
center of the corresponding RDX core d..-rpx divided by the hexolite particle mean

radius 13,0y

dh —RDX .
Apoy = ———2 Equation 2

Thex

The described correlation presented in Equation 1 allows an interpretation of the nanodiamond
mean sizes and size distributions of the presented detonation synthesized nanodiamonds.
ND-80/20 provides with 6.1 nm £ 0.2 nm the largest particle means size and the broadest size

distribution. Due to the formation of patchy or Janus particles, the level of anisotropy a;,, Of
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SFE-80/20 nanoparticles has the highest value of all investigated hexolite nano-mixtures
because dj.x_rpx 1S Nearly equal to 1., (compare Figure 9.a). Furthermore d;yr — which is
in case of SFE-80/20 more a TNT patch diameter than a shell thickness — is supposed to be
relatively large since TNT solely form patches at single spots at the RDX surface. Additionally,
the formation of patchy particles causes a reduction of the symmetry within the precursor charge
compared to core/shell particles. Moreover, SFE-80/20 provides the broadest size distribution
reducing further the symmetry of the precursor charge. Finally, SFE-80/20 contains the highest
RDX mass fraction promoting higher temperatures and pressures inside the diffusion zones
leading to a more complete conversation of carbon atoms to nanodiamonds and thus to lager
nanodiamond mean sizes. Contrary to ND-80/20, nanodiamonds formed from RDX/TNT
core/shell nanoparticles (ND-60/40, ND-40/60, ND-20/80) exhibit significant smaller particle
mean sizes and narrower size distributions. ND-60/40 shows with 4.2 nm + 0.05 nm the largest
particle mean size of all nanodiamonds synthesized from core/shell nanoparticles although the
SFE-60/40 hexolite nanoparticles provide a relatively small mean size and TNT shell thickness.
However, as already discussed at the building mechanism section above, RDX nucleates earlier
the higher the RDX mass fractions. Consequently, RDX cores are more affected by the fictitious
forces leading to a complete or nearly complete migration of the primary RDX nanoparticles
towards the acetone droplet edges before TNT nucleation starts. As a consequence, SFE-60/40
shows a higher level of anisotropy ap,, than SFE-40/60 and SFE-20/80 and thus a higher
reduction of the precursor symmetry. Additionally, the relatively high RDX mass fraction
supports the carbon atom to diamond conversion leading to larger nanodiamond mean sizes as
discussed above. On the other hand, ND-20/80 exhibit a mean size of 3.7 nm + 0.08 nm though
the SFE-20/80 precursor shows a larger core/shell nanoparticle means size and a larger TNT
shell thickness d;nr. Since this hexolite mixture includes the lowest RDX mass fraction
SFE-20/80 particles should provide the smallest level of anisotropy of all presented hexolite
mixtures. The lowest RDX mass fraction results further in the lowest temperature and pressure
values inside the diffusion zones of all hexolite materials. Consequently, a less amount of
carbon atoms converts into nanodiamonds leading to smaller nanodiamond mean sizes. Due to
the smaller mean size of ND-20/80 compared to ND-60/40, the symmetry parameters,
especially the level of anisotropy a;.,, seem to affect the nanodiamond mean size at least as
strong as the TNT shell thickness dy and the RDX mass fraction wgzpx. Anyway, the smallest
nanodiamond mean size including the narrowest size distribution could be found at
SFE-40/60-nd with 3.6 = 0.04 nm. The SFE-40/60 hexolite precursor presents a thicker TNT
shell but a less level of anisotropy a;., than SFE-60/40. Contrary, SFE-40/60 is defined by a
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thinner TNT shell but a higher level of anisotropy than SFE-20/80. Since the level of anisotropy
anex and the TNT shell thickness dyy Within an anisotropic hexolite core/shell nanoparticle
should be as small as possible in order to receive the smallest nanodiamonds (Equation 1) but
both parameters behave inversely proportional to each other (due to the varying RDX mass
fractions), SFE-40/60 seems to provide the best mixture between its TNT shell thickness dyr

and its level of anisotropy aey-

Conclusion

Different hexolite mixtures with various RDX/TNT mass ratios were produced via Spray Flash
Evaporation and investigated with AFM, confocal far-field Raman spectroscopy and TERS.
The combination of these techniques gave insight into the sizes of the produced hexolite
particles and into the arrangements of RDX and TNT molecules within single particles on the
nanoscale. It was demonstrated that SFE-80(RDX)/20(TNT) is built up by patchy RDX/TNT
nanoparticles while SFE-60/40, SFE-40/60 and SFE-20/80 form anisotropic RDX/TNT
core/shell nanoparticles. The anisotropy of the particles, which depends on the RDX/TNT mass
ratio, expresses a non-centered RDX core appearing closer to the hexolite nanoparticle edges.
A building mechanism for the different SFE produced hexolite mixtures based on the
experimental results and the dynamics of the SFE process is proposed. Due to the higher
solubility, RDX nanoparticles are formed first during SFE process. Driven by fictitious forces,
RDX nanoparticles migrate towards acetone droplet edges while TNT grows onto RDX
nanoparticle surfaces. Since RDX nanoparticles are not centered in the droplet, hexolite
nanoparticle formation occur anisotropic.

The influence of the hexolite precursor structure on the size and the distribution of the resulting
nanodiamonds was discussed in detail. It is proposed that the TNT shell thickness, the symmetry
reduction by meaning of the level of anisotropy (position of the RDX core center related to the
hexolite particle center) and the precursor size distribution determine the resulting
nanodiamond mean size. Further studies are necessary to verify the correlation between these
parameters and the nanodiamond mean size. For this purpose, more RDX/TNT mass ratios have
to be investigated to find the perfect relationship between TNT shell thickness and the
anisotropy level within the RDX/TNT core/shell nanoparticles. This way, the size distribution

of nanodiamonds produced from the detonation of hexolite mixtures could be further reduced.
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