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Abstract

Soot generated from the detonation of nine explosives was investigated with Raman micro
spectroscopy and high-resolution transmission electron microscopy (HRTEM). The first order
bands, located at approximately 1580 (G), 1350 (D1), 1620 cm™ (D2), 1500 (D3), and 1200
(D4), are used to provide information on the carbon allotropes and defects. The intensity ratios
and the full-width at half-maximum provide an indication of the disorder in the material. The
Raman spectra of soot acquired from the detonation of nine explosives showed differences which
can be used to identify the precursor explosive. Most differences in the spectra were correlated
with the presence of amorphous carbon in the soot. In additional to identification of distinct
bands in the spectra via deconvolution, principal component analysis was also used to
differentiate the different types of soot. HRTEM performed on soot samples with different
explosive precursors identified several distinct allotropes of carbon such as nanodiamonds,
carbon onions, graphite fibers, and amorphous carbon.
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Introduction

The identification of explosives post detonation is of interest to law enforcement agencies and
many government entities. Identification of the explosive used can provide investigators with
information related to the perpetrators and their motivation. Ideally, explosive residue will be left
behind giving investigators a small sample of the explosive material to work with; however, it is
possible that only detonation soot is left behind. Soot is defined as the carbonaceous material that
remains after the incomplete combustion of a carbon containing material. Many studies have
shown that soot generated from a wide variety of materials contain similar properties, and
Raman spectroscopy is commonly employed to investigate carbon allotropes and the properties
of soot after combustion.!'® Raman spectroscopy can yield molecular structure information
based on the full-width half-maximum (FWHM) and the intensity of the four defect and graphite
bands. Several literature sources propose the graphite (G)!'*!” and defect bands (D1'%!7, D217,
D381 D427:19) are located at approximately 1580, 1350, 1620, 1500, and at 1200 cm™,
respectively. In a typical Raman spectrum of soot, the five bands are convoluted where the D1
and G bands are the most intense in the spectrum. The defect bands are related to specific
molecular changes in the structure of graphite. The Raman bands corresponding to the D bands
become, D1, disordered edge layers of a graphene sheet, D2, disordered surface layer of a
graphene sheet, D3, amorphous carbon, and D4, sp> — sp3 bonds of a disordered graphitic lattice
originating from polyene-like structures. Attempts have been made to correlate the band position,
FWHM, and intensity of the bands with the material properties. The D1/G band intensity ratio
has been used to attempt to identify the degree of structurization of carbon in soot samples as
well as the FWHM of the D1 band. These attempts to correlate spectral parameters with the
structure of the primary carbon allotropes have been found to be unreliable for distinguishing
soots with visually similar spectra.’

An additional problem often observed in the characterization of soot via band characterization is
the reproducibility of the spectra and statistical uncertainties associated with nonlinear fitting
procedures.” Multivariate statistical methods are widely used for classification purposes with
spectroscopic data. Principal component analysis (PCA) is a statistical method commonly used
to classify Raman spectral data’*->> and has been described in great detail previously.?*** Briefly,
PCA is a non-parametric statistical method that performs dimensionality reduction on a large
data set. First, the covariance matrix is computed; the eigenvectors and eigenvalues of the
covariance matrix are then computed to determine the principal components of the data. These
principal components represent features of the spectral data. Small variations in the data are
captured allowing for classification of spectral data sets that all share common characteristics.

Materials and Methods

The explosives used for this study are: ultrafine TATB (UFTATB), 95% TATB 5% Kel F-800
(TATB), 95% HMX 4.5% estane 0.5% polyurethane (HMX), DNTF, HNS IV, 60% TNT 40%
RDX (Comp B), 94% LLM-105 6% viton-A (LLM-105), FOX-7, and TNT. Table 1 shows the
explosives used in this research and their primary carbonaceous species in the detonation soot.
The explosives were placed into an open bore within an ice block, and the ice block was placed
into an aluminum vessel prior to detonation to minimize the environmental carbon collected



w N

O 00 N O U b

10
11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28

29
30
31

32

33
34
35
36
37
38
39
40
41

during recovery of the soot. Ice blocks were cut in half to recover the detonation soot. The
recovered soot was preserved as a suspension in water for further analysis. Previously published
work provides additional details of the detonation and soot collection.?

Raman Spectroscopy:

Aliquots of soot suspended in water were deposited onto a polished metal surface and allowed to
dry before Raman measurements were made. The Raman measurements were made at several
different spots on each soot sample. Micro-Raman spectra were obtained with a LabRAM
HR800 UV (Horiba Scientific). An iDus detector (DU416A-LDC-DD from Andor) with a
1600x400 pixel array was used for collection of the data. The detector’s pixels have 15 um
resolution. The Andor detector was cooled to -95 °C. Labspec 5.78 (HORIBA Scientific)
software was used to control the spectrometer and detector. The laser was focused on the sample
with an Olympus LMPLFLN 50x objective with NA = 0.5. The laser power density was < 0.064
W/um?. A grating with 1800 g/mm and blazed to 500 nm was used in the spectrometer. The
spectral profile of the laser beam was cleaned up with a bandpass filter. An ultrasteep long-pass
edge filter (Semrock) was used to measure the Raman signal down to 100 cm™. The laser power
measured at the sample was between 0.5 and 1 mW and focused with a 50x microscope
objective. Spectral calibration was conducted with the 520.7 cm™! band of silicon. The spectra
were not calibrated for intensity.

The auto-overlap and combination of 3 spectra were taken using the “auto” mode of the scan.
The range of the acquired spectra was 250 — 3750 cm™ and the acquisition time per spectrum
was 1 hour. Spectra were collected at low (0.5 mW), medium (1 mW), and high (2 mW) laser
powers to ensure long acquisition times did not lead to sample heating and spectral artifacts.
Spectral artifacts did occur at high laser powers. Ten spots on the sample were randomly selected
for analysis at low to medium laser power to ensure heating did not introduce artifacts to the
data. A typical acquisition of the 10 spots was thus conducted in ~10 hours. Samples were
analyzed with 405 nm and 514 nm diode lasers. Soot from different explosives showed different
types of fluorescence, and the spectra of the fluorescence observed in the samples varied in
intensity and spectral content.

High-Resolution Transmission Electron Microscopy:
Electron microscopy was conducted on a JEOL 2100-F field emission TEM operating at 200 kV
and equipped with an Orius SC1000 CCD and GIF Tridiem spectrometer (Gatan Inc.).

Data Analysis Methods

Baseline correction was conducted to remove the fluorescence in the spectra using OriginPro.
Following baseline collection, a Savitzky-Golay filter was used to smooth the spectra. Smoothed
spectra were normalized to 1 at ~1600 cm™ (G band). Representative spectra for each wavelength
after correction are shown in Figure 1. Fluorescence can be significant in the spectra as shown in
SI Figure la and 2a. The spectra were baseline corrected, smoothed, normalized, and chopped
from the range of 1000 — 2000 cm™! for the 405 nm data and 800 — 2000 cm™' for the 514 nm data
for further analysis. Representative spectra are shown for each step of preprocessing in SI Figure
1 for the 405 nm data and SI Figure 2 for the 514 nm data. Visual outliers, indicated by the presence
of additional erroneous peaks or no signal, were eliminated from the analysis. Principal component
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analysis was performed using PLS Toolbox in MATLAB. A total of 72 spectra were used for the
514 nm data and 72 spectra for the 405 nm data during the analysis. The methodology for the
analysis of the spectra acquired with the 514 nm laser was modified slightly for the analysis of the
data acquired with the 405 nm laser. The 1% derivative of the 405 nm data was taken before PCA
analysis. This minor modification was made to improve the peak separation in the PCA space.
Spectral deconvolution was performed using GRAMS/AI™ spectroscopy software.

Results and Discussion

Sadezky et. al. have shown that the Raman spectra of soot is primarily made up of five bands
known as the G, D1, D2, D3, and D4 bands.’ The G band (~1580 cm™!) originates from the ideal
graphitic lattice. The D1 band (~1350 cm™), the D2 band (~1620 cm™"), and the D4 band (~1200
cm’™') originated from disordered graphitic lattices. Finally, the D3 band (~1500 cm™) originates
from amorphous carbon. It should be noted the aim of this work was not to fit the bands for each
soot. According to Sadezky et al., a visual examination of the data shows that soots containing
amorphous carbon have a higher intensity around 1500 cm™ as shown in Figure 2. Sadezky et.
al. also observed three additional bands when Raman spectra were recorded with a 514 nm laser
at about 2450, 2720, and 3250 cm™'. The band located around 2450 cm™! was attributed to the
first overtone of the Raman inactive lattice vibration mode located around 1220 cm™. The band
located near 2720 cm™ was attributed to the first overtone of the D1 band, and the band located
near 3240 cm™! to the first overtone of the D2 band. The overtone bands were observed as seen in
Figure 1. Their location and appearance is consistent with literature reports.® SI Figure 1a and SI
Figure 2a show some soots spectra were dominated by fluorescence in the region where the
overtone bands appear. The high level of fluorescence in those soots results in a lower signal to
noise ratio which would lead to greater variability in any analysis of those bands. For those
reasons, the overtone bands were not analyzed in this work.

Typically, the initial spectral analysis of this work aimed to identify any variances in the data
from different spatial regions of the soot deposited on the smooth steel plate. Raman spectra
from ten spots were acquired to identify band intensity variation but also to identify potential
band ratios from the different spectra. The spots analyzed on the sample with a 50x objective
were approximately 5 um in diameter, significantly larger than the typical graphite crystallite
dimensions of ~10 nm. Additional spatial regions of the soot were selected to ensure the acquired
Raman spectra did not significantly vary. Since autofocusing was not available with the
microscope, the intensity of the spectra changed due to focusing conditions although the relative
intensity of the bands remained approximately the same. Figure 1 shows representative spectra
for each soot analyzed from the different explosives. The fluorescent intensity for different spots
within the same soot varied.

Several soot samples demonstrated significant fluorescence intensity with the 514 nm excitation
laser. The order of the fluorescence intensity for the soot samples was established as UFTATB,
HMX, LLM-105, Comp B, DNTF, TATB, TNT, HNS IV, and FOX-7. Fluorescence was not
observed from HNS IV, FOX-7, and TNT at this wavelength. The common denominator for the
non-fluorescent soot with the 514 nm excitation laser is the graphite content where HNS 1V is
characterized with graphite fibers, and FOX-7 and TNT with graphite. Interestingly, Comp B
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which is a 60:40 TNT/RDX mix shows fluorescence suggesting that RDX or reaction products
between Comp B and RDX are responsible for fluorescence in the Comp B analysis.
Fluorescence observed from soot can be the result of the presence of polycyclic compounds in
the sample,"*?® or it can result from hydrogenated forms of carbon.?’-?® In this set of
experiments, the observed lack or presence of fluorescence provides further signatures in the
identification of the precursor explosive. The spectra of the soot acquired with the 405 nm
showed different fluorescence behavior. The order of fluorescent intensity was established as
HMX, DNTF, UFTATB, Comp B, FOX-7, LLM-105, TATB, HNS IV, and TNT. UFTATB and
Comp B exhibited the same amount of fluorescence while fluorescence was not observed for
HNS IV and TNT at 405 nm excitation. FOX-7 displayed a very small amount of fluorescence
with 405 nm excitation.

Figure 2 shows the spectra of soot in the 800 — 2000 cm™' spectral range for data collected with
the 514 nm excitation laser and 1000 — 2000 cm™! for data collected with 405 nm excitation laser.
The data shows the intensity of the defect bands relative to the G band at 1580 cm™. The main
spectral differences among the different types of soot are the valley region at ~1500 cm™, the
intensity of the D1 band, and the shift of the intensity in the 1200 cm™! region corresponding to
the D4 band region. Soot spectra acquired with the 405 nm excitation laser exhibited similar
behavior to the soot acquired with the 514 nm laser, although the D1 band intensity was smaller
and shifted closer to the G band. The observations are in agreement with the wavelength
dependence of the D1 band intensity and location described in the literature.

The behavior of the intensities, locations, and the FWHMSs of the bands in the spectra from the
different types of soot is consistent with formation of different carbon allotropes at the molecular
level, 110-12:17.19.2935 The relative abundance of the amorphous carbon content in the sample
correlates with the intensity of the valley region around 1500 cm™ and the results are shown in
Figure 3 for the soots with the lowest (Comp B) and highest (TATB) amounts of amorphous
carbon. Following the method of Sadezky et. al., bands D1, D2, D4, and G were fit using a
Lorentzian function and the D3 band was fit using a Gaussian function.’ All spectra collected for
a given soot were averaged prior to spectral fitting. Also, the FWHM of the D1 and the G band
regions are affected by the amorphous formation, and similarly the D4 region located at
approximately 1200 cm™'. The small spectral deviations observed from the ten spectra acquired
for each detonation soot suggests that the explosive in the device experienced uniform
thermodynamic conditions during the detonation. Otherwise, the spectral separation among the
different types of soot would have been meaningless due to the high intra-sample variability.
Although the data analyzed comes from soot originating from the detonation of small devices,
the results are likely applicable to the detonation of larger devices as well. Oxidation of the soot
from a prolonged high temperature detonation might change the thermodynamics and affect the
spectral characterization of the soot. The data from these experiments clearly show that Comp B
and HNS IV have the minimum amount of amorphous carbon based on the intensity of the 1500
cm! valley. In order to ensure that the results are consistent using different excitation
wavelengths, the valley intensity was compared for the spectra acquired with the 514 and 405 nm
excitation lasers. Figure 4 shows the relative valley intensities for each excitation laser
wavelength for the different types of soot. The trends for the 405 and 514 nm wavelengths are
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generally parallel, suggesting that analysis of data at different wavelengths produces similar
results. The spectral characterization of the soot and correlation with prevalence of amorphous
carbon is consistent with the TEM analysis of these samples. It should be noted that while
nanodiamond was found to be the primary carbon form found in comp B, a sharp diamond peak
was not observed because the Raman cross section of sp? carbon is up 200 times greater than that
of sp> carbon at visible wavelengths.*® The other primary nanostructures observed are
additionally shown in Figure 5, carbon onions from the DNTF soot and amorphous carbon from
the detonation of UFTATB.

Representative transmission electron microscopy images of different categories of nanocarbon
particulates found in the soot samples are shown in Figure 5. Consistent with previous
reports,?>=7"*" TEM observations revealed a mixture of different carbon allotropes present in the
soots of most explosives. Mixtures of nanodiamond and graphite fibers were observed in soots
generated by Comp B, HNS IV, TNT, and FOX-7.123643 Soots of TATB, UFTATB, and LLM-
105 likewise contained these allotropes in addition to substantial amounts of amorphous
carbon.?”#4 HMX produced a soot that was a menagerie of all three as well as large, stacked
graphite sheets. The major exception to the broad heterogeneity of the soots was DNTF which
produced a soot that was almost completely composed of graphitic, onion-like carbon, with a
very minute fraction of diamond observed.?:#0:4647

Despite the presence of different types of carbon, most soots had a predominant type of carbon
that was observed through extensive imaging, diffraction, and electron energy loss spectroscopy.
As has been well-documented elsewhere, Comp B soot was found to have a large fraction of
nanodiamond.*®*? By contrast, HNS IV, TNT, and FOX-7 were observed to have a substantial
population of graphite fibers. HMX had a broad mixture of different particulates and it would be
difficult to determine a predominate allotrope or morphology based on TEM measurements.
TATB, UFTATB, and LLM-105 soots contained a substantial amount of structures that were
amorphous in character. Finally, while nanodiamonds were very occasionally observed in DNTF
soot, onion-like carbon was the overwhelmingly predominant particulate throughout the sample.

Principal Component Analysis (PCA) is a tool that helps visualize and extract information from a
given explosives (e.g., soot) data set. PCA is a dimensionality reduction method that retains
features and patterns within a data set; it accomplishes data reduction by projecting the data onto
lower dimension data planes. Each of these new planes are referred to as principal components
(PC). Principal components are a linear combination of the original data and are calculated by
determining the direction in which the variance of a data plane is the greatest. Each principal
component is orthogonal to the preceding principal component. The resulting principal
components can then be plotted to identify trends in data that were indistinguishable with the
original data. The applicability of PCA to the data from different types of soot from detonation
shots can provide an image where different measurements can be extracted in a subspace. PCA
was used to differentiate the different types of soot generated from each explosive by identifying
correlations between subsets of the data. PC 1 was found to capture 96.99 % of the variance for
the 405 nm data and 99.70% of the variance for the 514 nm data. This result is expected given
each spectrum shares the same major characteristics and mean centering was not performed on
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the data; thus, PCI1 is characterized by the overall shape of the spectra. Similarly, Grafen et. al.
used PCA to analyze the Raman spectra of soot derived from diesel engines and found that PC1
captured ~99.5% of the variance.® Figure 6 displays the scores plot of PC3 vs. PC2 for the 405
and 514 nm data. PC2 captured 1.36 % for the 405 nm data and 0.17 % of the variance for the
514 nm data. PC 3 captured 0.86 % for the 405 nm data and 0.05 % for the 514 nm. By plotting
the PC2 and PC3 values for a given measurement together, the soot originating from different
precursor explosives can be distinguished based on the aggregation of points in the PCA
diagram.

Principle Component Analysis score plots for the data acquired at 405 nm and 514 nm laser
excitation energy are shown in Figure 6a and 6b, respectively. Inclusion of the overtone bands
did not allow for differentiation. Scores plots using PC1 did not allow for differentiation but are
shown in SI Figure 3 for 405 nm data and SI Figure 4 for 514 nm data. Loading plots for PC1,
PC2, and PC3 are shown in SI Figure 5 for the 405 nm data. The first derivative of the 405 nm
data was used for PCA, so a straightforward comparison to the original data cannot be made.
First derivative values of zero indicate a local maximum or local minimum of the original
spectra. The loading values of PC1 for the 405 nm data, are identical to the derivative of the data,
albeit mirrored, indicating small variations in the overall shape of the data are responsible for the
scores of PC1. The loading values of PC2 for the 405 nm data intersect zero at 1317, 1379, 1470,
1530, 1581, and 1628 cm™'. The loadings values of PC3 for the 405 nm data intersect zero at
1550 and 1623 cm™!. Analyzing the loading plots for the 514 nm data is easier because the data
used for PCA was not preprocessed by taking a derivative. The loading plots for the 514 nm data
are shown in SI Figure 6. As with the 405 nm, the loading values for PC1 for the 514 nm
resemble the average of all spectra indicating scores for PC1 are a result of minor changes in the
overall shape of each spectrum. The loadings values for PC2 assign positive values at 1346 and
1600 cm™ and negative values at 1232, 1492, and 1660 cm™'. The positive values at 1346 cm!
could be caused by the contribution of the D1 band and the positive values at the 1600 cm™ are
likely to be caused by contributions of the G band. Negative values for PC2 at 1232 cm! are
caused by the contribution of the D4 band, negative values at 1492 cm™! are a result of
contributions of the D3 band, and negative values at 1660 cm™ are cause by contributions of the
D2 band. The loading values for PC3 at 514 nm assign positive values at 1247 and 1628 nm.
Negative values are assigned at 1349 and 1561 cm™'. The values indicate that the broadest soot
spectrum result in higher PC3 values. The loading values for PC3 show nearly zero contribution
at 1428 cm™! indicating that the D3 band (amorphous carbon) does not contribute to the values of
PC3.

The location of the points in the diagram and the data scatter each provide information on the
given explosives. For instance, HMX has a large scatter of the data points for both the 405 nm
and 514 nm excitation. HRTEM indicates the existence of diamonds, graphite fibers,
amorphous/weakly graphitic carbon, and large, stacked graphite sheets. Therefore, it is possible
that different measurements were influenced by the different types of carbon allotropes.
Detonation soot from UFTATB, HMX, and LLM-105 were found to have the highest
fluorescence intensities and correlated with the amorphous/weakly graphitic carbon allotrope.
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The presented Raman spectra of the soot is consistent with a model where the main variable for
the spectral information is based on the amorphous carbon content in the samples.

Summary

Soot collected from the detonation of nine explosives was investigated with Raman spectroscopy
and high-resolution transmission electron microscopy (HRTEM). The Raman spectra from the
different types of detonation soot were found to differ significantly enough to provide unique
signatures based on the type of explosive used. The variability in the spectra from analysis at
multiple spots within each detonation soot was found to be small, aiding in differentiating among
the explosives. Principal component analysis was used to map the differences between the
different types of soot and in turn determine the type of explosive that created them. The spectral
data suggest that the main change in the Raman spectra is based on the content of amorphous
carbon affecting the baseline in the 1500 cm™ region. Amorphous carbon content in the soot can
be traced to the explosive used in the detonation. The thermodynamic conditions of the
detonation were responsible for the different carbon allotropes and abundances in the soot.
Results obtained with Raman spectroscopy were found to correlate with the HRTEM images.
Images from TEM have shown that the different types of soot generated from the detonation of
explosives can possess several forms of carbon. Laser-induced fluorescence from the samples
also provided an additional signature to separate different types of soot. Soots from HNS IV and
TNT without fluorescence occupy the same PCA space as the fluorescent HMX, Comp B, and
DNTF. Initial data suggest that fluorescence can also help determine the origin of the soot.
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Table 1. Summary of the explosives used, the chemical formula, and the type of carbon found in
each soot.

Explosive Chemical Formula Carbon Form




UFTATB* C6HeNgOs Amorphous! 1444454 /yweakly graphitic!3031-50
TATB* C6HeNeOs Amorphous' 1444439 weakly graphitic!?30-31-%
HMXA! C4HgN3gOg Amorphous! 14444349 weakly graphitic/graphite
sheets!>3%1:30/graphite fibers*'**/diamond>®+?
DNTF>? CsNgOs Carbon onions*®47-3
HNS V>4 Ci14HeNgO12 Graphite fibers*!:+3
Comp B! 60% C3HsNeOs nanodiamonds>®#?
40% C7H5N306
LLM-105% C4H4NgOs Amorphous! 14444549 weakly
graphitic/graphite'?3%31%/diamond>®+?
FOX-7% C2HaN4O4 Graphite!?30:31:50
TNT’ C7H5N30¢ Graphite '230-31:50
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Figure 1. a) Representative spectra baseline corrected for each soot collected with a 405 nm
excitation laser. b) Representative spectra baseline corrected for each soot collected with a 514
nm excitation laser
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Figure 2. Baseline corrected and averaged Raman spectra of soot from different types of
explosives acquired with the a) 405 nm and b) 514 nm excitation lasers.
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Figure 3. Curve fitting for detonation soots of a) TATB with A =405 nm b) TATB with A = 514
nm c¢) Comp B with A =405 nm, and d) Comp B with A = 514 nm. TATB was found to have the
largest amorphous carbon content and Comp B was found to have lowest.
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Figure 5. Representative HRTEM images of typical structures observed for different categories
of carbon nanostructures observed in the soots. Amorphous carbon from UFTATB (a), graphite
fibers from HNS IV (b), onion-like carbon from DNTF (c), and nanodiamond with some graphite
fibers from Comp B (d). Scale bars are 10 nm.
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Figure 6. The scores plot of PC3 vs. PC2 are shown for a) data acquired with the 405 nm
excitation laser and b) data acquired with the 514 nm excitation laser.
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