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Even at low concentrations, poly-aromatic hydrocarbons found in soot have substantial health implications. Soot deposits have
been reported and studied using FTIR and Raman spectroscopy. Using a CO2 photolysis laser, the samples were obtained via
infrared multiphoton dissociation (IRMPD) of vinyl bromide (VBr, C2H3Br) molecules. (e solid deposit formed in the IRMPD
of VBr when a relatively high fluence of the order of 204 J.cm−2 was analyzed by FTIR, and it was discovered that the majority of its
composition is aromatic and aliphatic hydrocarbons. Significant fullerene-type carbonaceous soot particles are also found, which
could correspond to C60 and C70 or other carbonaceous agglomerates of a higher order; however, the disappearance of this
fullerene on Raman spectra cast doubt on this explanation. Our samples’ Raman spectroscopy has been compared to Tamor and
Vassell’s research, which may indicate that they have a lesser degree of hardness and density than these authors’ results, indicating
a larger hydrogen content in our samples. (e optical gap has been calculated, yielding a very limited range of values ranging only
between 1.0 and 1.2 eV, resulting in a crystalline size of 0.58 to 1.12 nm.

1. Introduction

Soot, also known as black carbon, is a significant substance
produced by the incomplete combustion of hydrocarbons,
with a large body of research devoted to its generation,
characterization, characteristics, and effects on the envi-
ronment and human health [1]. Soot can be found in the
atmosphere, oceans, soil, sediments, and ice sheets, among
other places [2]. In terms of climate change, current esti-
mates imply that black carbon, after CO2, is the second most
significant contributor to global warming [1]. From a health
aspect, black carbon particles have been shown to have
negative impacts on human health and have a considerable
impact on human life expectancy [3–6]. Vehicle motors [7],
biomass burners [8], and hydrocarbon fuels [9] are only a
few of the many sources of soot.

Understanding the morphological and chemical prop-
erties of soot is critical for improving particle soot emission

reduction techniques. Spectroscopy (i.e., Raman spectros-
copy [10–12, Fourier-transform infrared spectroscopy
[12–14], UV-vis spectroscopy [15, 16], X-ray photoelectron
spectroscopy [12, 17, 18], and electron energy loss spec-
troscopy [19, 20]) is often used to characterize the chemical
features of soot, while the microscopy (i.e., scanning probe
microscopy [21–23], transmission electron microscopy with
high resolution [20, 24], transmission electron microscopy
with high resolution [25–27], SEM [28, 29], and helium ion
microscopy [30, 31]) is used for morphological properties
studies. Microscopy creates pictures of the spatial distri-
bution of density, composition, or morphology, whereas
spectroscopy determines the chemical composition and
physical structures of soot.(emost appropriate approach is
determined by the parameter of interest and the stage of soot
production in question.

Soot samples collected from flames and combustion have
been characterized in previous studies. (ey looked through
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a guideline for choosing between several microscopy and
spectroscopic techniques for analyzing the characteristics of
soot at various phases of its development (incipient, young,
and mature soot). However, depending on the combination
of investigated attributes, amount of soot maturity, and
characterization approach is chosen, accuracy, quantifica-
tion, and time and cost may differ [32].

Recent investigations were conducted to resolve the
chemical and physical aspects of soot categorized by aero-
dynamic diameter using Raman spectroscopy and TEM
analysis [11]. From the tiny to the big aerodynamic diameter,
the Raman spectra revealed a constant change. (e total
(unclassified) soot samples produced by an inverted burner
employing ethylene burning in bottled air have spectra that
are comparable to the middle stages, which makes sense
given that the middle stages capture the majority of the
aerosol mass. (e Raman spectra are fitted to a five-band
model in decreasing ratios as the size increases. (is indi-
cates that the bigger particles have more organized graphitic
domains and are larger.

Popovicheva et al. presented an intriguing study [8] to
examine the environmental implications of generated soot at
various fuel mixtures and operation circumstances. (e
scientists used microscopic methods such as scanning
electron microscopy and high-resolution TEM analysis,
Raman, and FTIR spectroscopic characterization to examine
the soot of those particles [8]. Primary particles, such as
fullerenic nuclei, are agglomerated and surrounded by a
graphitic layer in this study. In addition, when the heating
value of the fuel combination grew, the ratio of disordered to
ordered carbon dropped.

Kazemimanesh et al. [9] published another study that
used the same characterization methodologies to describe
the morphological, physical, and nanostructure soot parti-
cles generated by a buoyant turbulent diffusion flame. (e
scientists found that when the fuel mix varied from light to
medium to heavy, the particle median diameter and con-
centration rose.(emorphological characterization was also
unaffected by fuel type, flow rate, or flare size.(e D1/G ratio
of soot particles dropped as the fuel mixture composition
varied from light to heavy, showing that heavier fuels had
higher graphitic material.

Other research employing Raman spectroscopy and
TEM analysis looks at the size and shape of soot formed
from a big, buoyant turbulent diffusion flame situated at the
size of soot from gas flares as a function of fuel and water
addition. Fuels with a higher HHVv form bigger aggregates
in greater amounts on average than fuels with a lower
HHVv, suggesting a graphitic structure [33].

Several studies showing the positive impact on the
environment and potential benefits of soot aerosols as a
reinforcing agent in the polymer and automotive indus-
tries. A method for making feasible multifunctional
nanocomposites with carbon-based, metallic, or ceramic
nanoparticles or nanofibers that considers both wettability
and conductivity in the air has been reported [34]. Simi-
larly, a recent review paper [35] investigated for the first
time-optimal approaches for postsynthesis reuse of car-
bonaceous aerosols to develop superhydrophobic coatings

for various industrial uses. Furthermore, the focus of this
research has shifted to recyclability procedures and the
practical implications of any sort of soot that is extremely
water-repellent.

To our knowledge, no deposits of soot have been
documented as a result of the infrared multiphoton dis-
sociation (IRMPD) procedure of vinyl bromide. (e goal
of this investigation is to see if FTIR and Raman spec-
troscopy can be used to investigate the black soot created
during the VBr IRMPD process. First, we will go through
the results of IR spectroscopy on soot deposition. To
determine the physical parameters of our samples, we
compared them to data gathered from Tamor and Vassell’s
earlier work [36].

2. Materials and Methods

2.1. IRMPD Process Using a CO2 Photolysis Laser. IRMPD is
an important process in physics and chemistry, in addition
to being an elementary process of radiation-matter inter-
action. (e energy of the electromagnetic field absorbed by
the molecule in the ground state through an active mode is
transformed into its internal energy, and if this energy
exceeds the vibrational potential barrier, overcoming the
anharmonicity of molecules, dissociation or photo-
fragmentation can occur [37]. After irradiating a vibrational
absorption band with a suitably powerful pulsed laser beam,
this procedure is simple; however, several (10 to 40) infrared
photons are required in most circumstances [38]. Although
large levels of vibrational excitation can be seen in both the
generated species and the parent molecule, this energy is
usually insufficient to fill higher electronic states of pho-
tofragments [39]. However, electronic excitation of the
products can occur in some situations, resulting in UV or
visible emission. Unlike the IRMPD process, ultraviolet
multiphoton dissociation occurs primarily in the excited
electronic state, with the absorption of 1 to 3 photons
causing electronic transitions that lead to molecular pho-
todissociation [40].

IRMPD in polyatomic molecules is one of the more
widespread approaches for initiating unimolecular reactions
from the ground state and acquiring free radicals and
fragments of interest in kinetic investigations [38]. In the
high-temperature chemistry of hydrocarbons, elementary
processes involving tiny carbon species such as C2 and C3
play an essential role, as shown in the production and decay
of the newly found C60 fullerene [41, 42]. C2 is created by
IRMPD of a range of polyatomic compounds [43, 44], and
vinyl halides are one of them [45, 46], using easy laser-in-
duced chemistry. IRMPD of VBr using the 10P(24) line of a
TEA CO2 laser has previously produced C2H2, HBr, and
noncondensable gas, thought to be hydrogen, as final stable
products [39, 47]. When a sharply concentrated beam was
utilized, generally with a 10 cm focal length lens, more C4H2
and black carbon soot was produced. In each experiment,
the 24 cm lens produced no solid products. Another paper
[40] provided a time-resolved analysis of the IR fluorescence
emissions caused by IRMPD of VBr under various experi-
mental settings. (ree species have been investigated: the
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parent VBr, the generated HBr†, and C2H2
†, where † is the

vibrational energy [39].
Figure 1 shows the experimental setup used for the

IRMPD procedure of the VBr samples, which has been
largely detailed in earlier publications [39, 47]. Only a basic
explanation of the experimental setup will be offered in this
section.(e CO2 photolysis laser is a Lumonics model K-101
transverse excitation atmospheric (TEA) laser with frontal
Ge multimode optics (35% reflection) and a 135 lines/mm
rear diffraction grating blazed at 10.6 μm. (e irradiation is
done with the 10P(24) line at 940.56 cm−1, which is roughly
resonant with the VBr molecule’s ]5 torsion mode. A 16-A
spectrum analyzer is used to examine the wavelength
(Optical Eng. Co.). In all of studies, the ratio of CO2:N2:He
was set to 8:8:84. (e temporal form of the TEA-CO2 laser
pulse in this setting (see Figure 1) was a pronounced spike of
full width at half maximum (FWHM) 64 ns followed by a
long-lasting tail of lower energy, which was tracked shot by
shot with a Rofin Sinar 7415 photon drag detector. A
Lumonics 20 D with an area of 18 cm2 and an energy de-
tection threshold of 5mJ was used to monitor the CO2 laser’s
energy in front of the lens. (e pyrometer’s calibration error
is 5%, and the fluctuation of its response on the surface is a
maximum of 5% when it comes to the one in the center. A
pyroelectric array detector Delta Development Mark IV,
which consists of a linear array of 60 pyroelectric detectors
with a total length of 26.2mm and a resolution of
0.4375mm, was used to measure the focused radius of the
laser beam at the target point. (7.5 0.6)× 10−3 cm2 was the
measured focused-spot area. (e greatest laser energy ob-
served was (1,530± 76)mJ, resulting in fluence of (204± 6)
J.cm−2.

2.2. FTIR Spectroscopy. (e absorption of IR photons by
molecules is the basis of infrared (IR) spectroscopy. (e
process of absorption can occur when the energy of the IR
photon to be absorbed corresponds with the difference in
energy between two levels of molecule rovibrational energy.
(e frequency-domain spectrum of the resultant interfer-
ogram is then Fourier transformed, giving birth to the term
Fourier-transform infrared (FTIR) spectroscopy [48].

An infrared spectrophotometer, Perkin-Elmer model
1725X, was used to record FTIR transmission spectra in all
experiments. (is device uses a ceramic incandescent source
that is heated to 1400°C. A DTGS (deuterated triglycine
sulfate with quick recovery) detector with a cesium iodide
window was used. (e beam splitter is made of KBr and is
multicoated. It spans the spectrum range of 400 cm−1 to
10,000 cm−1, yet it is only practical up to 600 cm−1 in these
instances owing to the NaCl optics’ transmittance. (e
spectral resolution was 2 cm−1, and each sample yielded 100
scans, resulting in an excellent signal-to-noise ratio. (ere
was no substantial absorption over 4,000 cm−1 in any of the
experiments.

(e traditional KBr pellet approach is used in this FTIR
investigation. Both the samples and the KBr were dried in a
vacuum before analysis to reduce the influence of moisture
on the spectra. (e transmission signal associated with the

clean KBr pellet was removed from each spectrum to get the
spectrum of the simple.

2.3. Raman Spectroscopy. Raman scattering has long been
acknowledged as a potent spectroscopic tool for determining
the degree of structural organization of carbonaceous
matter, whether it is a natural substance or an organic
material that has been intentionally generated (graphitized)
in experimental settings [36, 49–56]. Carbon-carbon
bondingmay occur in a variety of ways to producemolecular
and crystalline structures, which is exceptional when
compared to other elements in the periodic table.

Carbon films, both amorphous and nanocrystalline, may
exist in a variety of matrices and are frequently doped with a
considerable quantity of hydrogen, making the materials
even more complex. Hybridizations of sp3 and sp2 are the
most prevalent chemical linkages in amorphous and
nanocrystalline carbon. A carbon atom in the sp3 config-
uration produces four sp3 orbitals, forming a strong con-
nection with the next atom [57]. Some Raman spectral
features of several forms of amorphous carbon have been
linked to deposition circumstances and macroscopic qual-
ities [58–60].

Tamor and Vassell investigated a variety of amorphous
carbonaceous materials from various sources and manu-
factured them using various procedures [36]. (ey corre-
lated the adjustment parameters with the physical attributes
of the samples, such as hydrogen concentration, optical gap,
hardness, and density, by fitting the Raman spectra to two
types of Gaussian lines. (e analysis of this database indi-
cates several relationships that may be utilized to predict the
qualities of other films. Furthermore, despite their phe-
nomenological character, these correlations appear to apply
to all amorphous carbon films and hence may be beneficial
to all carbonaceous material researchers.

A Renishaw inVia Raman equipment with an electrically
cooled CCD camera and a Leica DM 2500 microscope was
used to detect the Raman spectra. (e equipment was fitted
with laser sources, allowing it to be used. As an excitation
source, a diode laser (HPNIR 785 model, Renishaw) with a
wavelength of 785 nm was utilized, producing power of
2mW. Raman scattering was filtered with a holographic
notch filter system to minimize Rayleigh’s elastic dispersion
of photons with appropriate diffraction grids and then
captured with a 400× 575 pixel electrically air-cooled CCD
detector. —Two wavenumber was chosen as the resolution.
Without any additional preparation, samples placed on glass
and put into VBr photolysis cells were examined immedi-
ately. Each time, a 10 s scan was taken.

All of the Raman spectra were fitted with two Gaussians
to determine the locations and intensities of the G and D
peaks. (e criteria we employ here are the same as those
applied elsewhere [36]: the breadth of a Gaussian curve, σ.
(e FWHM (full width at half maximum) is around 2.30 σ.
Because it gives good fits for all the soot deposits, these two
Gaussian fits properly duplicate the data and more com-
plicated line shape functions. (is might be backed up by
scientific evidence.

Journal of Spectroscopy 3



(e acquired spectra should be deconvoluted to identify
the precise placements, bandwidths, and relative intensities.
(e Raman spectra were processed using the built-in peak
fitting analysis capabilities in OriginPro 7.5 software (Ori-
ginLab Corporation, USA).

3. Results and Discussion

3.1. FTIR Spectroscopy Study of the Soot Deposits.
Figure 2 shows the 2.5 hPa FTIR spectrum of a BrV pure
simple in a gaseous state, recorded between 600 cm−1 and
4,000 cm−1 before and after being bombarded with more
than 600 infrared pulses (Figures 2(a) and 2(b)), respectively.
Along with the decrease in the bands belonging to the BrV,
additional bands appear with the original spectrum, showing
that the BrV has decoupled, as can be seen in the spectrum
obtained after the irradiation. (e bands at 730 cm−1 and
3,270 cm−1, attributed to the torsional vibrations of the CH
bond of the five modes and the three asymmetric CH stretch
modes, respectively, have been recognized as belonging to
acetylene (C2H2) [61–63].

(e transitions of vibrationally excited hydrogen bro-
mide HBr (1–3) have been attributed to the bands occurring
between 2,400 cm–1 and 2,700 cm−1 [61, 62, 64]. Further-
more, a solid deposit has been seen clinging to the cell walls
and windows. Bands at 1,065 cm–1 and 1,165 cm−1 may be
found in Figure 2(b) of this deposit. (ere are no solid
deposits when a small fluence is utilized. Table 1 summarizes
the detection of gaseous end products and the character-
ization of soot deposits.

Lussier and Steinfeld [65] achieved similar results in the
IRMPD of vinyl chloride under identical circumstances to
ours.(ey identify stable end products C2H2, HCl, C4H2, H2,
and a solid deposit when the laser energy is highly con-
centrated in this situation. When the sample is irradiated

with a reduced fluence, the only products generated are
C2H2 and HCl, according to Lussier’s team. Figure 3 shows
the FTIR spectrum of a deposit solid that was observed
clinging to cell walls and windows. (e vibrational transi-
tions of numerous bonds present in the structure create
peaks in the IR spectra. Table 2 shows some typical band
locations in poly-aromatic hydrocarbon molecules and soot
[8, 13, 14, 32, 66] due to certain chemical functionalities. At
various frequencies, the spectrum reveals multiple unique
absorption peaks. Because of the amount of material
combined into the pellet, the bands in the figure have a
substantial intensity. (e absorption peaks in this spectrum
(Figure 3) correspond to the C–H aliphatic functional
groups and have wavenumbers of 2,850 cm−1, 2,925 cm−1,
and 2,960 cm−1. (e peak corresponding to the wavenumber
2,925 cm−1 is the most intense of these peaks. Similar be-
havior has been documented in previous soot experiments
[13, 14, 66–68].(e spectrum also presents many absorption
peaks at 1,390 cm−1 and 1,460 cm−1, showing the presence of
a C–H aliphatic bond, which is caused by scissoring and
bending deformation in CH3 and CH2 [13, 14]. (e peak
origin at 1,600 cm−1 could be due to aromatic C�C func-
tionalities. Literature [13, 32] attributes the 1,720 cm−1

wavenumber range to the carbonyl C�O stretch. A large

TEA CO2 Laser
(Lumonics K-103)

λ=10.63 µm
Mirror

Iris

Oscilloscope

L(10)

L(5)

Photon-drag
or Pyrometer

Beam splitter

Photolysis Cell

VBr sample

Figure 1: Experimental arrangements employed for the IRMPD of the VBr samples for inducing black soot.

Table 1: Identification of products obtained from IRMPD of VBr.

Sample Technique used Products Bands (cm−1)

VBr

FTIR C2H2 730, 3,270
FTIR HBr 2,400–2,700
FTIR C2H4 3,329
FTIR H2 —

Soot deposits
FTIR Solid deposit 1,065, 1,165
FTIR C60 527
FTIR C70 795, 1,134, 1,460
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vibration band in the range of 3,200–3,600 cm−1 is also
visible in the FTIR spectra [68]. (e stretching vibration of
the OH– functional group present in the sample is re-
sponsible for the peak (3,435 cm−1) at this position. (e
existence of this peak, on the other hand, may be attributable
to a water molecule absorbed by the KBr salt during sample
preparation or spectral acquisition.(e existence of tiny (sp2
or sp3) aromatic clusters of amorphous carbon soot is in-
dicated by certain weak bands found at low wavenumbers
1,048 cm−1 and 669 cm−1 [69].

We can also see some weak bands and shoulders, which
we believe are caused by C60 and C70 fullerenes [70] or
higher-order carbonaceous agglomerates. (is identification
was made feasible by comparing the spectra of the soot
deposits to that of a fullerene combination synthesized at the
Rocasolano Institute of Physical Chemistry (Madrid, Spain)
and illustrated in Figure 4. Previously, fullerene-type car-
bonaceous structures were discovered in pyrolysis experi-
ments using IR lasers pulsed in acetylene, ethene, and
benzene [71–73]. (ese findings show that the high tem-
peratures obtained in pulsed IR pyrolysis (>2,000K) pro-
mote the production of curved carbonaceous structures that
can evolve into fullerenes, rather than the more prevalent flat
graphene sheets generated at lower temperatures
(1,500K–1,800K).

We conducted multiple tests with Raman spectroscopy
analysis to gain a better understanding of the generation of
fullerene in the IRMPD process. (e absence of C60 and C70
fullerenes in our samples’ Raman spectra cast doubt on this
explanation.

3.2. Raman Spectroscopy Study of the Soot Deposits. (e
Raman spectra of all solid deposits obtained from the
IRMPD of VBr include the characteristic two primary
features: the G band at 1,550 cm−1 and the D band at around
1,350 cm−1 (Figure 5). (e physical origins of these two
Raman modes are described in detail in [9, 74]: the sp2 sites
are responsible for the G and D peaks. (e bond stretching
of all pairings of sp2 atoms in both rings and chains causes
the G peak. (e D peak is caused by defects along graphitic
edge planes and is caused by the breathing modes of sp2
atoms in rings. (ere have been no bands observed in the
second-order region of the spectrum, between 2,000 cm−1

and 3,600 cm−1, which is dominated by a modulated bump
formed of overtone and combination bands [75], nor around
600 cm−1, where broadband has been detected in hydrogen-
free carbon films [68, 76]. We get values for the G band and
its associated breadth that are comparable to those reported
by various studies [10, 36, 74, 75, 77], even though they are
concentrated in the higher frequency area. (ese findings,
together with the lack of a band at 600 cm−1, indicate that
our deposits are hydrogenated. Our results for the D band,
on the other hand, show a lower frequency location than
those reported by these writers. It is worth noting that their
Raman spectra were obtained using an argon laser at
514.5 nm, whereas ours were obtained using a diode laser at
785 nm.We validated that the identical spectra are produced
at 785 nm using an argon laser at 514.5 nm; however, in the
first case, a significantly stronger fluorescence background
emerges, for which we offer the data obtained at 785 nm.(e
parameters obtained for our samples, including the results of
these authors for the hydrogenated samples, are shown in
Figures 6(a) and 6(b).

Tamor and Vassell [36] discovered relationships between
the width of the G band and macroscopic deposit charac-
teristics including hardness and density. We will be able to
compare our results with theirs and estimate the hardness,
density, and optical gap of our samples since the placements
of the G band in our samples, as well as their associated

Wavenumber (cm–1)

Tr
an

sm
ita

nc
e (

a.u
.)

4000

3329 cm–1

C2H4
3270 cm–1

C2H2

2700-2400 cm–1

HBr
1200-1030 cm–1

Deposit solid

729 cm–1

C2H2

3500 3000 2500 2000 1500 1000 500

(a)

4000

Tr
an

sm
ita

nc
e (

a.u
.)

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm–1)

(b)

Figure 2: (a) FTIR spectrum of a 2.5 hPa of VBr pure sample in a gaseous state, recorded between 600 cm−1 and 4,000 cm−1. (b) FTIR
spectrum after being irradiated with more than 600 infrared pulses.

1000-1300 cm–1

795 cm–1

527 cm–1
1390 cm–1

1460 cm–1

1600 cm–1

1720 cm–1

1134 cm–1

2850 cm–1

2925 cm–1 2960 cm–1

3070 cm–1

3200 - 3600 cm–1

669 cm–1

729 cm–1

C70

C70

C70

C60Tr
an

sm
ita

nc
e (

a.u
.)

4000350030002500200015001000500

Wavenumber (cm–1)

1048 cm–1

Figure 3: FTIR spectrum of soot deposits obtained in the IRMPD
of 2.5 hPa of VBr.

Journal of Spectroscopy 5



widths, are comparable to those acquired by these authors.
Figures 7(a)–7(c) show the findings obtained.

Hardness is the most important attribute for protective
coatings in tribological applications. (e resistance to the
penetration of a hard counterbody is defined by the ratio of
applied force to the indentation area. (e peak position shift
of G band is associated with an increase in sp3 concentration
for an a-C:H and an increase in hardness, according to
Ferrari and Robertson [74]. In addition, a rise in the full
width at half maximum (FWHM) of G band suggests a

decrease in the in-plane correlation length (La, commented
later) and an increase in carbon disorder, both of which are
signs of the nucleation of tiny sp3 sites formed from sp2
bonds [74].

As can be observed, our samples had a lesser degree of
hardness (i.e., up to 7GPa) and density (i.e., ranging between
1.4 g.cm−3 and 2.0 g.cm−3) than the ones tested by Tamor
and Vassell [36], which might indicate a larger hydrogen
concentration in our samples based on their findings.

(e optical gap has been estimated (Figure 7(c)),
obtaining a very narrow range of values varying only be-
tween 1.0 eV and 1.2 eV. So the lower bandgap can be
interpreted; as the overall hydrogen content decreases, the
π-bonded clusters increase in size and modify their shape.
(e dependence of the optical gap on the hydrogen content
is explained by invoking a more pronounced sp2 character in
the less-hydrogenated films. Hence, higher hydrogen con-
tents are associated with larger gaps. In this trend, many
studies of hydrogenated diamond-like carbon comparable
with our gap values (i.e., 1.0–2.0 eV) using a Raman spec-
troscopy estimated an H content (20%–40%) and confirm
this purpose [78, 79].

(e maximum intensities ratio (ID/IG) has long been
used as a useful indicator of crystal structure disorder in soot
samples, and it is related to lattice width (La). Tuinstra and
Koenig [56] were the first to show a linear connection be-
tween the relationship of intensities given by the areas of
bands D and G, ID/IG, of the Raman spectra and the effective
crystallite size, La, in the graphite plane direction. (e
proportionality constant is dependent on the wavelength
laser, La, employed to acquire the Raman spectra [80–82].

Wavenumber (cm–1)

1460 cm–1

C70

1134 cm–1

C70

795 cm–1

C70
527 cm–1

C60

Tr
an

sm
ita

nc
e (

a.u
.)

200015001000500

(a)

1460 cm–1

C70

1134 cm–1

C70

795 cm–1

C70

527 cm–1

C60

Tr
an

sm
ita

nc
e (

a.u
.)

200015001000500

Wavenumber (cm–1)

(b)

Figure 4: (a) Spectrum of the soot deposits formed after irradiating a 10 hPa of VBr pure sample with the CO2 laser. φ� 204 J·cm−2. (b)
Spectrum of a synthetic fullerene sample.

Table 2: IR absorption wavenumber of soot and polyaromatic hydrocarbons summarized from the literature [8, 13, 14, 66].

Main peak wavenumber (cm−1) Chemical functional group to which assigned (cm−1)
1,000–700 Aromatic C�C–H out of plane deformation
1,300–1,000 Aromatic C–C and C–H plane deformation and ether C–O–C stretching

1,460 Aromatic C�C stretching
Aliphatic C–H bending and scissoring of CH3 and CH2

1,600 Aromatic C�C stretching
1,720 Carbonyl C�O stretching
2,850, 2,925, and 2,960 Asymmetric and symmetric C–H stretching of CH3 and CH2 aliphatic functional groups
3,039 Aromatic compounds C�C–H stretching
3,435 Water O−H stretch
3,000–3,600 Hydroxyl O�H group
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Figure 5: Typical Raman spectra of the soot deposits obtained in
the IRMPD process of VBr.
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Vassell [36].
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Figure 7: (a) Hardness of soot deposits as a function of G bandwidth. (b) Density of soot deposits as a function of G bandwidth. (c) Optical
gap of soot deposits as a function of the Raman G band position; , this work; •, work from Tamor and Vassell [36].
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(is dependency is linear in the range 400 nm< λL < 700 nm.
Various phrases have been given in the literature to estimate
La as follows:

L
2
a(nm) � B(λ).

ID

IG
 , (1)

with B(λ) � 1.82 for laser excitation energy, El � 2.41 eV,
used in Raman experiment has been proposed by Ferrari and
Robertson [83]. Cançado et al. [84] utilized a generic
equation to demonstrate (ID/IG). E4

L is proportional to1/La

when using Raman spectroscopy to determine the crystallite
size La of nanographite. Other research [20, 74, 75, 84] has
lately provided a clear explanation for this pattern. (e ratio
between the integrated intensities of the disorder-induced D
and G Raman bands, ID/IG, in nanographite samples with
different crystallite sizes La and using different excitation
laser energies has been studied in detail, resulting in a
general equation for determining La using any visible laser
energy. (ese results reveal that ID/IG is inversely propor-
tional to the fourth power of the laser energy utilized in the
experiment, indicating that the linearity in the visible region
is confirmed. Our samples’ ID/IG values (Figure 8) are in the
range of 1.0 to 3.7. If we use the known proportionality
constant for excitation laser wavelengths of 785 nm as an
example, the crystalline size, La, for them varies between
0.58 nm and 1.12 nm, depending on the following formula
[75, 85]:

L
2
a nm2
  � 5.4.10− 2

.E
4
l eV4
 .

ID

IG
 . (2)

4. Conclusions

A new approach for soot formation by IRMPD of VBr was
applied in this study while applying a rather high fluence of
the order of 204 J.cm−2. FTIR and Raman’s spectroscopy
have been used to characterize such goods. FTIR

spectroscopy was used to examine the soot deposits formed
in the IRMPD of VBr when a relatively high fluence of the
order of 204 J.cm−2 was used. It was discovered that the
majority of the soot particles were the aliphatic and aromatic
groups. On the other hand, we had also found some indi-
cation that the deposited soot is fullerene-type carbonaceous
soot, which could correspond to C60 and C70 or other
carbonaceous agglomerates of a higher order; however, the
tests realization by Raman spectroscopy make in doubt this
purpose. When employing Raman spectroscopy, we dis-
covered that they had a lesser degree of hardness and density
than the samples analyzed by Tamor and Vassell, which
might indicate a larger hydrogen content in our samples,
based on their findings. (e optical gap has been calculated,
yielding a very restricted range of values ranging only be-
tween 1.0 eV and 1.2 eV, resulting in a crystalline size of
0.58 nm to 1.12 nm for them.
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