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ABSTRACT: In the past decades, various methods, such as chemical sensing,
X-ray screening, and spectroscopy, have been employed to detect explosives for | (" ebeam )
environmental protection and national public security. However, achieving )@{

ultrahigh sensitivity for detection, which is crucial for some practical |

applications, remains challenging. This study employs scanning transmission taet !\
electron microscopy and electron energy loss spectroscopy (STEM—EELS) to T@T :
detect individual ~200 nm explosive nanoparticles of octahydro-1,3,5,7- | i
tetranitro-1,3,5,7-tetrazocine (HMX). The vibrational modes of HMX were

acquired for each single nanoparticle under the aloof STEM—EELS mode, | 'eNe0 "',."' E | N Y@}’J 1
which ensures damage-free detection. Detailed comparisons with Raman and -~ SN ‘

-sized Particle

Electron Microscopy D of Single N

infrared spectra validate the acquired data’s origin. This work highlights 4, 80 120 160 200

STEM—EELS as an effective tool in explosives detection, offering ultrahigh

Electron Energy Loss (meV)

sensitivity, damage-free, and nanometer spatial resolution, with potential
applications in environmental protection, public security, and criminal investigations.

Bl INTRODUCTION

High-sensitivity and reliable detection of explosives is of
paramount importance in the fields of environmental
protection, national public security, counter-terrorism, stability
maintenance, and criminal investigation (e.g., forensic
science).'™” Over the past decades, various detection methods
have been reported.”'” They can be mainly cataloged as
chemical detection,'"'>"57"” X-ray screening,m gas detec-
tion,”'* and spectroscopy.””'*'® Specifically, for chemical
detection, chemical sensors are used to detect the specific
chemical composition of explosives, including recently
developed nanoparticle sensors based on metal oxide semi-
conductor.'" For X-ray screening, the objects are scanned by
X-ray to detect the possible explosives.'® Specific gases would
be released from the explosives. Thus, by analyzing the gas
composition in the air, the explosive can be detected and
identified.”'” The signature nature of explosives can be also
identified through various spectroscopic techniques, such as
infrared-spectroscopy,” neutron and gamma-ray spectrosco-
py,'* and Raman spectroscopy.” Note that each of these
detection methods has its own advantages and disadvantages
(see the details in the Supporting Information). For instance,
spectroscopic approaches display very high sensitivities and
selectivities but are often expensive and require specialized
equipment.® X-ray methods offer good sensitivity, but they also
typically require necessitate equipment.'’ Gas detection and
chemical detection are both convenient and cost-effective
methods, but they remain vulnerable to environmental

11
factors.
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Particularly, surface-enhanced Raman spectroscopy (SERS)
is a widely employed technique in the detection of various
materials.”"”*> It has proven to be effective in detecting
explosives when inspecting ammunition stockpiles or verifying
the composition of explosives. However, in specific applica-
tions where the detection of a tiny number of explosives is
required, that is, identifying and analyzing the residues at crime
scenes such as explosive devices, postblast debris, or suspicious
materials, the sensitivity of SERS become insufficient. In fact,
not only Raman spectroscopy but also other traditional
spectroscopies share similar weakness. To date, ultrahigh
sensitivity detection of explosives (e.g, to detect a single
particle with nanometer-size), which is highly desirable for
some practical applications, is still lacking to best of our
knowledge.

The sensitivity of spectroscopies mainly relies on the
interaction cross-section between matter and the probing
source (e.g, X-ray, laser, neutron). In this sense, electron
scattering spectroscopy is expected to achieve higher
sensitivity, as the cross-section of electron interaction is
typically 10* to 10° times larger than that of lasers and X-ray,
and even much larger than that of neutrons, thanks to the
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Figure 1. (a) Molecular structure of HMX. Oxygen atoms, nitrogen atoms, hydrogen atoms, and carbon atoms are labeled as red, blue, white, and
gray solid cycles. (b) Morphology of HMX powder under optical microscope. The bright parts in the image are HMX powder. (c) FTIR spectrum
and Raman spectrum of HMX powder. The dash vertical lines display the peak position observed in the EEL spectrum.

strong Coulomb interactions between the electron and target
matter. Recent advances in electron energy loss spectroscopy
in scanning transmission electron microscope (STEM—EELS)
have enabled meV energy resolution,”>™*® which is sufficient to
detect the vibrational properties of chemical bonds, similar to
infrared absorption spectroscopy and Raman spectroscopy.
Moreover, the aloof configuration for data acquisition allows us
to probe organic matter without causing damage.”* This
configuration involves positioning the electron beam in a
vacuum far away from the sample without physical contact to
avoid direct collision with high-energy electrons. Such a
method offers the potential to detect a small number of
explosives.

B RESULTS AND DISCUSSIONS

In this work, we aim to demonstrate such a capability of the
aloof beam EELS configuration to detect a single nanoparticle
of explosive with a size of approximately 200 nm. We chose
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine, commonly
known as HMX, as an example. HMX is renowned for its
exceptional properties, including high detonation velocity,
sensitivity to initiation, and outstanding thermal stability. As a
result, it holds immense value as a crucial component in
various explosive formulations. For instance, HMX plays a
pivotal role in the formulation of plastic bonded explosives,
which are composite materials where HMX particles are
embedded within a polymer matrix.’ With its extensive use in
explosive devices, the development of effective techniques for
HMX detection has become a matter of utmost importance.”

To ascertain the origin of the acquired EELS data, we
compared the signals of a single HMX nanoparticle detected
by aloof beam EELS with the Raman and infrared spectra,
which showed excellent agreement between the EELS and the
infrared spectral data. Additionally, we conducted quantitative
analysis of the intensity attenuation in aloof beam EELS with
increasing distance away from the tiny HMX particles to
achieve an optimized balance between damage-free and signal-
to-noise ratio (SNR). Our study unambiguously demonstrates
the ability to identify a single ~200 nm HMX nanoparticle by
the STEM—EELS. This opens a new door for ultrahigh
sensitivity detection of explosives, particularly in scenarios
demanding the identification of minute particles for security
and forensic investigations.

The molecular structure of HMX is illustrated in Figure la.
It consists of a central carbon atom (C) connected to four
nitrogen atoms (N) and four oxygen atoms (O). The nitrogen
atoms are parts of the tetrazole rings, while the oxygen atoms
are associated with the nitro functional groups. Our HMX
particles were synthesized using a similar method to that
described in previous studies’” (details in Methods section).
We first employed optical microscopy to characterize the
morphology of the HMX particles, as depicted in Figure 1b.
The particles were placed on a glass slide, which contributes to
the dark green background. To investigate the vibrational
properties of HMX particles, we conducted measurements
using Fourier transform infrared spectroscopy (FTIR) and
Raman spectroscopy, as shown in Figure lc. The spectrum
features are in excellent agreement with previous studies.”’
The dashed lines represent the peaks extracted in STEM—
EELS for comparison, which are discussed in detail below.

To demonstrate the noncontact detection capabilities of
STEM—EELS for HMX particles, we utilized the aloof beam
EELS configuration, as depicted in Figure 2a. The STEM high
angle annular dark field (HAADF) image (Figure 2b) displays
a typical HMX particle with a size of approximately 200 nm
situated on a holey carbon film. This positioning allows the e-
beam (indicated by the blue color) to pass through a vacuum
away from the sample side and the distance can be precisely
and easily controlled. Figure 2c¢ presents an EEL spectrum
recorded away from the particle (~260 nm in distance), and
the spectral peak positions were fitted using simple Gaussian
peak fitting. Under these experimental conditions, dipole
scattering dominates, resulting in peak positions (Figure 2c)
that closely match several IR spectrum peaks (Table 1). The
Raman spectrum of the sample is also plotted in Figure 2c for
comparison. Note that the Raman spectrum shows different
spectral features because it has different section role than the
IR spectrum and STEM—EELS.” Schematic representations
of these vibrational modes are shown in Figure 2d, based on
the previous research.”

As the electron beam moves away from the particle, the
signal intensity decreases. Figure 3ab provides detailed
intensity variations of the EEL spectra at a set of distance
points, where different colors label different positions and their
corresponding EEL spectra. It is noteworthy that vibrational
signals can still be detected even with a probe positioned 200
nm from the specimen. It becomes increasingly challenging to
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Figure 2. (a) Schematic of the aloof beam EELS configuration: the
electron probe is positioned at a distance d away from the sample in
the vacuum. The distance is typically from tens to hundreds of
nanometers. (b) STEM-HAADF image of a typical HMX particle. (c)
The corresponding vibrational EEL spectra of the HMX particle
shown in (b) with the electron beam located at the blue point. Several
peak positions are labeled by different color dashed lines. (d) Graphs
of vibrations corresponding to peaks in (c). Peak 1 (orange) and peak
2 (yellow) are both from the ring deformations, as shown in top
panel. Peak 3 (purple) is from the torsions of CH,, as shown in the
left part of the middle panel. Peak 4 (green) is from the rocking of
NNO,, as shown in the right part of the middle panel. Peak S (cyan)
is from the stretching of NCN, as shown in left part of bottom panel.
Peak 6 (crimson) is from the waggling of CH,, as shown in the right
part of the bottom panel.

Table 1. Cross-Reference Table of Peak Positions and
Vibrational Modes“

serial peak positions in  peak positions in infrared  vibrational
number EELS (meV) spectra (meV) mode
1 76 75 ring
deformation
2 91 92 ring
deformation
3 127.5 127 CH, torsion
4 13S8.5 136 NNO, rock
S 151 151 NCN stretch
6 174 174 CH, waggle

“The cross-reference table between the peak positions fitted in EEL
spectra and corresponding peak positions in the IR spectrum. The
first column is the number of the peak positions sorted by their energy
values. The second and third columns represent the energy values of
the corresponding peak positions in EELS and IR, respectively. The
last column represents the molecular vibration modes corresponding
to these peaks.

detect very small particles due to the trade-off between the
beam-damage and SNR, that is, in order to obtain sufficient
SNR for smaller particles, a smaller distance and longer
acquisition time are required, and thus larger damage happens.
Nevertheless, we have obtained sufficient signal for a smaller
HMX nanoparticle (~100 nm) with the same detection
distance of 200 nm (details in Figure S2). By carefully
inspecting the relation between intensity and distance, we find
that beyond tens of nanometers from the specimen, the
intensity variation aligns well with the modified Bessel function
of second kind (K;), as described by classical dielectric
theory.” The intensity and distance are fitted using the
aforementioned function, as shown in Figure 3c. Please note

that the shape of the fitting function is related to the size, shape
of the specimen, and the incident-electron speed.”*

For HMX particles, we also found notable differences
between the EEL spectra obtained under the aloof beam
configuration and the infrared spectrum. These disparities
result from the distinct spatial scales of detection in these two
techniques. The EEL spectra under aloof beam configuration
are contributed by the molecular vibrations from a specified
ting HMX particle with specific direction (Figure 2). It is
noteworthy that an angle exists between the electric field
induced by the electron beam and the polarization direction of
the vibration of HMX molecules, which contributes to the
variation in peak intensity for different vibrations.”’ More
specifically, the differential scattering cross section of the
electron is determined by the imaginary part of the dielectric
tensor and the scattering vector.”* Due to the anisotropy of the
dielectric tensor in HMX nanoparticles, the probability of
electron scattering varies as the scattering vector changes.”*
Therefore, for a specific HMX nanoparticle, it can only
contribute a vibrational signal along a certain direction, that is,
with the vibration direction perpendicular to the electron
beam. As a result, the EEL spectra of a smaller HMX
nanoparticle (~100 nm) in Figure S2 show that some different
vibrational modes are active compared to the larger nano-
particle (Table S1). In contrast, the infrared spectrum is
derived from the average vibrations from numerous HMX
particles with various orientations, encompassing contributions
from vibrations along all directions.

The spatial resolution of STEM—EELS measurement can
easily achieve subnanometer resolution, which is controlled by
the high voltage, convergence angle, and aberrations of the
electron microscope with aberration corrector. Higher voltage,
larger convergence angle, and smaller aberrations can lead to
an improvement in spatial resolution, allowing finer details of
the sample to be resolved. However, this enhancement comes
at the cost of increased damage and reduced signal intensity in
aloof beam EEL spectra. In our investigation, the signal of
molecular vibrations we observed is primarily contributed by
the dipole scattering of incident electrons, which generally has
a relatively large cross-section and significant delocalization
effect. Hence, the spatial resolution is not critical, and the
signal intensity is usually strong enough for detection. On the
other hand, although high-energy electrons can easily damage
the specimen under traditional TEM characterizations, the
aloof configuration can substantially reduce the damage or
even achieve completely damage-free detection by simply
controlling the distance between the probe and specimen.”*
These unique advantages make aloof beam STEM—EELS a
good general method for detecting explosives, especially for
those cases with amounts below the limit for other detection
methods. However, it also should be pointed out that the
limited energy resolution of STEM—EELS (typically ~10 meV
in our experiments) may make the molecular vibration modes
with similar energies challenging to distinguish.

In summary, our research showcases the potential of
STEM—EELS experiments on a single tiny HMX particle,
demonstrating its effectiveness in detecting molecular
vibrations with ultrahigh sensitivity and high spatial resolution.
Although a trade-off exists among the spatial resolution, signal
intensity, and damage, we believe that the benefits of using
STEM—EELS in the study of these nanometer-sized particles
outweigh the limitations. Considering that the energy
resolution of the STEM—EELS can readily achieve sub-10
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Figure 3. (a) STEM—HAADF image of the same HMX particle in Figure 2. (b) Selected typical spectra showing the spectrum evolution when the
probe is moving closer to the specimen; i.e., the intensity becomes higher when the distance is smaller. The corresponding positions are labeled by
different colors in (a). (c) Variation of total intensity of EELS signal as the probe away from the sample. The fitting function is also plotted with a

red solid line for comparison. The fitted parameter is labeled.

meV nowadays, which is sufficient to detect many vibration
signals in molecules, we believe such a measurement capability
opens up new possibilities for advanced explosives analysis,
contributing to the broader field of environmental protection,
public security, and criminal investigation.

B METHODS

Synthesis. To prepare HMX, five raw materials, namely,
ulotropine, acetic acid, acetic anhydride, ammonium nitrate,
and nitric acid, were used. First, ulotropine and acetic acid
were prepared into black vinegar solution, ammonium nitrate
and nitric acid were prepared into ammonium acid solution,
and then black vinegar solution, ammonium acid solution, and
acetic anhydride were fed in three ways to react.

EELS Acquiring. The vibrational spectra and HAADF
images were acquired at a Nion U-HERMES200 electron
microscope equipped with both the monochromator and the
aberration corrector operated at 60 kV. The probe
convergence semiangle was 10 mrad, and the collection
semiangle was 25 mrad. The energy dispersion channel was set
as 0.5 meV with 2048 channels in total. The spatially resolved
EEL spectra were originally recorded as a spectrum image, with
single exposures of 600 ms per pixel. The acquired spectrum
images are 220 X 180 nm with S nm per pixel.

EELS Processing. All acquired EEL spectra were processed
using the Gatan Microscopy Suite and custom-written
MATLAB code. The EEL spectra were first aligned by
normalized cross-correlation. Next, the block-matching and
three-dimensional filtering algorithms were applied to remove
Gaussian noise.

For the vibrational spectra, the background arising from
both the tail of ZLP and noncharacteristic phonon losses was
fitted using the modified Peason-VII function with two fitting
windows and then subtracted to obtain the vibrational signal.
The Lucy—Richardson algorithm was then employed to
ameliorate the broadening effect caused by finite energy
resolution, taking the elastic ZLP as the point spread function.
The vibrational spectra were fitted using a simple Gaussian
peak-fitting model to extract the peak position. And the
relation between intensity and distance is fitted by a modified
Bessel function of the second kind.

Detailed Comparison among Different Detection
Methods. Chemical detection’s pros:

1 High sensitivity: Chemical tests can detect trace
amounts of explosives.

2 Portable: Some chemical detection kits are compact and
easy to carry.

37675

Chemical detection’s cons:

1 False positives: Some common substances (e.g.,
fertilizers) may trigger false alarms.

2 Limited range: Chemical tests are effective only at close
distances.

Chemical detection’s applicable scenes:
Airports, checkpoints, and public events.
X-ray screening’s pros:
1 Noninvasive: X-rays can penetrate objects to reveal
hidden items.
2 Wide coverage: Scans entire bags or packages.

X-ray screening’s cons:

1 Cost and maintenance: X-ray machines are expensive to
install and maintain.

X-ray screening’s applicable scenes:
Airports, seaports, and mail facilities.
Gas detection’s pros:

1 Rapid response: Gas sensors can detect explosives
quickly.
2 Continuous monitoring: Can be used in high-risk areas.
Gas detection’s cons:

1 False alarms: Environmental factors (e.g., humidity) may
cause false positives.
2 Calibration and maintenance: Sensors require regular

checks.

Gas detection’s applicable scenes:
Underground transportation is critical infrastructure.
Spectroscopy’s pros:

1 High specificity: Identifies unique molecular signatures.

2 Noncontact: No physical sampling required.

3 Versatility: Can analyze various materials.
Spectroscopy’s cons:

1 Expensive equipment: Spectrometers can be costly.

2 Skill-dependent: Requires trained operators.

Spectroscopy’s applicable scenes:
Laboratories, research facilities, and forensic analysis.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.4c02127.

Details in experimental setups, including sample syn-
thesis, EELS acquiring and EELS processing, the SAED
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pattern, the EEL spectra and corresponding analysis of
smaller nanoparticles (PDF)
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