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Abstract

Laser-induced breakdown spectroscopy (LIBS) of organic materials is based on the analysis of atomic and ionic
emission lines and on a few molecular bands, the most important being the CN violet system and the C2 Swan
system. This paper is focused in molecular emission of LIBS plasmas based on the CN (B2Z—X2X) band, one
of the strongest emissions appearing in all carbon materials when analyzed in air atmosphere. An analysis of
this band with sufficient spectral resolution provides a great deal of information on the molecule, which has
revealed that valuable information can be obtained from the plume chemistry and dynamics affecting the
excitation mechanisms of the molecules. The vibrational emission of this molecular band has been investigated
to establish the dependence of this emission on the molecular structure of the materials. The paper shows that
excitation/ emission phenomena of molecular species observed in the plume depend strongly on the time
interval selected and on the irradiance deposited on the sample surface. Precise time resolved LIBS
measurements are needed for the observation of distinctive CN emission. For the organic compounds studied,
larger differences in the behavior of the vibrational emission occur at early stages after plasma ignition. Since
molecular emission is generally more complex than that involving atomic emission, local plasma conditions as
well as plume chemistry may induce changes in vibrational emission of molecules. As a consequence,
alterations in the distribution of the emissions occur in terms of relative intensities, being sensitive to the

molecular structure of every single material.
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Introduction

Removal of material from a sample surface can be accomplished by use of laser irradiation, and this process is called
laser ablation [1-5]. Ablation primarily produces ionization of the samples and optical emission of the species at a
sufficient level of irradiance. Laser-induced breakdown spectroscopy (LIBS) allows us to spectrally analyze the laser
ablation plasma [6,7]. The plasma formed in the ablation contains information on the constituents of the samples. The
information presented in a LIBS spectrum is, in most of the cases, elemental information, being extensively used for
discriminating between materials with a different elemental composition [8,9]. The applications of LIBS show
remarkable versatility and include, for example, industry, archeological studies, chemical imaging of historical
buildings and Chemcam investigations among others [10-13]. LIBS can also be combined with other laser-based
techniques such as Raman spectroscopy, enhancing the capabilities of LIBS for organic compound discrimination [14].
However, some drawbacks are presented in LIBS when attempts are made to analyze organic materials with similar
elemental composition. In the last two decades, organic compound analysis using LIBS has involved the use of other
spectroscopic information recorded in organic spectra such as molecular bands [15-17]. There are few molecular bands
in an o pen air LIBS spectrum, namely CN and C2 [18]. The molecular information is usually similar in all organic
compounds, and discrimination based on the emissions of the fundamental transition is not always possible. However,
an exhaustive exploration of the molecular spectrum with adequate resolution offers a great deal of information that
deserves to be explored [19]. Future improvements of LIBS as a tool for organic material analysis may require an
appropriate molecular spectral interpretation.

In most cases, atomic emission is associated with a single transition producing a line at a discrete wavelength, whereas
emission of molecules is associated with a group of emission lines corresponding to vibrational states, which are derived
from electronic transitions of the molecules and are known as vibrational emissions. Although molecular emission has
been widely studied [20-23], vibrational emission of molecules is not so often investigated in LIBS [24-27]. The
response of CN molecule emission to laser ablation has a great potential since CN is presented in every carbon material
when ablated in the presence of nitrogen. Furthermore, the signal-to-noise ratio of this molecular band is usually the
highest in organic LIBS spectra. This emission and its relation to the molecular structure can disclose useful information
for the distinction of organics by LIBS and a deeper understanding of the principal formation routes of CN and other
species existing in laser-induced plasmas. The knowledge of the mechanisms involved in molecular excitation and

reactivity in the plume will help to increase the quality of the analysis [23,28-30].

The complexity of the ablation products may vary from one material to another, altering the chemistry of the plume.
There are two major pathways for CN formation, namely, by direct fragmentation of the materials with structural
carbon-nitrogen bonds, called native CN, or by secondary processes such as atomic reactive recombination, which is
al- ways present in more or less proportion. This fact is one of the main differentiating mediators in CN emission. The
native CN is appearing in the spectra at early times after plasma formation, whereas CN formed by re- active
recombination presents a delay in its emission [31]. The reactive atomic recombination needs nitrogen from the
surroundings to form CN and the location of the molecules in the plasma can be different from that of the molecules
that follow other reaction pathways. In this sense molecules are sensitive to local conditions of the plasma.

This paper offers a fresh perspective on the use of the molecular in-

formation from LIBS spectra of organic materials, based on the study of the vibrational emission of the CN molecular
bands. Molecular emission in laser-induced plasmas is demonstrated to depend on experimental conditions such as the
time evolution and the laser pulse irradiance. The variation with time of the vibrational distribution of the molecules

plays a key role in the observed emissions. Also, the vibrational transitions exhibit different sensitivities to a variation



of the laser pulse irradi- ance. These two factors are thus markedly important when studying the LIBS spectra of organic
molecules. The intensity distribution of vibrational transitions has been investigated for different polymers. A relation
between vibrational emission of CN and molecular structure of the analyzed materials is suggested. A detailed
investigation of vibrational LIBS emission of CN molecules in polymers has revealed that additional information can

be obtained from organic materials from the mere measurement of integrated band intensities.

1.1. Experimental set-up

A pulsed Nd:YAG laser (Ekspla, model NL 303D/SH; @ 1064 nm, 10 Hz, pulse width 4 ns) was used for LIBS
experiments. The experiments were carried out at room temperature and without any control of either pressure or
atmosphere. The laser beam was guided and focused onto the surface of the material through a system of mirrors and
a plano- convex lens with a focal length of 175 mm. Plasma light was collected through a fiber optic onto the entrance
slit of an echelle spectrometer (ME-5000 i-Star, DH734, 190 mm, F/7), with an attached intensified CCD detector
(1024 x 1024 pixels). The grating has 52.13 grooves/mm, the slit-width is 50 um and the camera pixel size is 13 um,
the spectral resolution is FWHM of 0.097 nm at 388 nm (4 pixels FWHM). The spectral range comes from 200 to 950
nm. The wavelength calibration was carried out using a Hg lamp. The sensitivity correction was accomplished with a
certificated reference deuterium/halogen lamp.

Spectroscopic imaging experiment was carried out by filtering plasma light by two narrowband filters, 10 nm width
centered at 385 nm for CN emission and 40 nm width centered at 760 nm for N + O emission. The filtered plasma light
was focused through a 100 mm focal length lens with magnification x1 into an i-CCD detector, used in imaging mode.

1.2. Samples

Five organic polymers were used in this work: nylon, Teflon, polystyrene (PS), polypropilene (PP) and polyvinyl
chloride (PVC). Materials are listed in Table 1, showing the molecular formula and the monomeric structure of the

polymers.

2. Results and discussion

LIBS has been used for the analysis of organic compounds with very promising results in terms of qualitative analysis,
but still one of the most difficult tasks involves the discrimination power and identity assignment between them. In
general, all organics present very similar emission features, either molecular bands or atomic lines (CN, C2, C(l), H(l),
N(1) and O(l)) and only subtle differences are observed between them. Molecular emissions become important as they
are the major source of information available in the spectra [31-33].

Fig. 1(A) shows time integrated LIBS spectra of nylon, polystyrene and Teflon in the CN emission spectral region. As
shown, only subtle differences in the intensity of CN band at 388.2 nm (Av = 0 sequence) can be observed, polystyrene
showing the strongest emission. However, a group of emissions corresponding to transitions between electronic states
of CN, known as vibrational emission, are also observed. Fig. 1(B) shows a schematic diagram of the transitions
involved. The most probable emission is associated with those levels that present less energy requirements, i.e.,
transitions between the lowest vibrational states [19]. The relative intensities of the lowest vibrational states are

considerably stronger than those associated with the highest vibrational states.

Interestingly, however, a detailed analysis of the band structure reveals significant differences between the emissions

of these com- pounds. In order to see these differences a careful study of the measurement timing must be done.



Fig. 2 presents spectra of Teflon at different timing conditions. As shown, the vibrational emission of the CN band
changes at shorter delay times with respect to the spectrum observed at longer delays. In this case, no significant
differences with respect to time-integrated spectra are observed (see Fig. 1). Among other reasons, this behavior is due
to the well known larger temperature and electron number density existing in the plasma at early times. The effect of
plasma parameters on the emission of the CN system is in this sense similar to the dependence of intensities of atomic
and ionic lines: a larger plasma temperature should result in the increased population of high energy levels, namely,
the 4-4 transitions, as compared to the lower levels, or the 0-0 transition.

In a similar fashion, the peak height distribution should depend on the energy deposited at the target. Fig. 3 shows
spectra of Teflon at two irradiances. At 31.2 GW cm™2, the spectrum follows the equilibrium distribution of intensities,
with the 0-0 transition as the most intense line of the Av = 0 sequence. At the larger irradiance of 62.5 GW cm?, the
most intense peak corresponds to the 3-3 vibrational transition (385.59 nm). The different polymers tested respond to
a different extent to the timing parameters and the fluence. The rationale for these results will be discussed below.
Time-resolved spectroscopic imaging with narrowband filters was used for the simultaneous monitoring of the spatial
and temporal distribution of species in the plume [34,35]. Fig. 4 shows time-resolved spectroscopic images of plasmas
generated in Teflon and nylon. The CN emission was acquired across the plasma plume through a 10-nm narrowband
filter centered at 385 nm. The emissions of N and O were filtered by a 40 nm band width centered at 760 nm.

At early stages from plasma ignition (100 ns) the CN emission is observed as a bright spot close to the sample surface.
Later, the CN detaches from the surface as it is clearly seen from 600 ns onwards. As structural nitrogen and native CN
bonds are present only in nylon, the emission at very short delay times show the nascent band in nylon with a high
contribution of structural nitrogen. In Teflon the CN is due to reaction of C dissociated from the original molecule with
atmospheric nitrogen, probably by air entrainment in the plasma. Thus, the different behavior of the CN emissions
observed is due to the different origin of the molecule. On the other hand, after a delay of ca. 500 ns, the integrated CN
emissions in Teflon are preferentially located at the top part of the plume, whereas in nylon, the largest abundance of
CN is situated close to the sample surface.

As commented above, some of the CN emissions observed must derive from reactions of carbon with atmospheric
nitrogen. In this sense, space segregation of different species such as nitrogen and oxygen inside of the plasma will
critically influence CN emission. Structural nitrogen in nylon produces a bright core of nitrogen emission close to the
sample surface, whereas the Teflon plasma exhibits an elongation of the plume in the direction of the incoming laser
beam. This is probably one of the responsible factors of the location of CN species in the top side of Teflon plasma,

since the nitrogen population is increased in this part compared with nylon.

2.1. Time-resolved analysis of the CN vibrational emission

Local conditions in the plasma may induce distinctive spectroscopic features in the CN molecular band, which can
modify the emission itself in the sense of altering the vibrational emission distribution. Time- resolved analysis of the
vibrational emissions is a good option to monitor the influence of the local conditions over the molecular emission of
CN [36].

Fig. 5 shows the net intensity of two transitions of CN as well as one transition of C2 fundamental mode emission
versus time for nylon and Teflon. As shown in Fig. 5(A), the emission of the particular vibrational transition (0-0) at
388.26 nm of CN for both materials presents a similar trend, being slightly different at short delay times. The main
limitation in using CN band for identification of organics by LIBS derives from the use of the emission band head of
the CN for such a purpose [18,32]. As mentioned before, the (0-0) band of CN has lower energetic requirements and
larger relative intensities than the other transitions, hence it has a lower dependence on the material composition. So,
very few variations are expected between materials for this fundamental transition. However, Fig. 5(B) shows that the



emission of the (4-4) vibrational transition at 385.09 nm presents different intensities in each material at delays shorter
than 700 ns. The trend presented by this mode is different than the exhibited by the fundamental emission. Thus, the
use of other transitions from the vibrational structure of the band may have several advantages. One of the most relevant
and pursued issue in this paper is to establish a relation between the emission of the CN vibrational transitions and

material composition.

2.2. Effect of irradiance in vibrational emission

Fig. 6 shows the net intensity of CN at 388.25 nm (0-0), 385.39 nm (3-3) and 385.09 nm (4-4) as a function of irradiance
for nylon, polystyrene and Teflon. The intensity of relevant atomic emission lines is also plotted.

The intensities of the vibrational transitions have grown along with the irradiance after the onset of the molecular
emission. For nylon Fig. 6(A) indicates that the maximum intensity is observed at 42 GW cm™ to decrease afterwards.
At 62 GW cm—2 the signal disappears for the three modes, most probably due to a dissociation of the CN molecules.
The fundamental emission at 388.25 nm is the most prominent in the whole range of irradiance studied.

As Fig. 6(B) shows, polystyrene emissions present a similar trend to nylon, but in this case the three emissions plotted
show a parallel sensitivity to the increased irradiance. If different plume chemistry between nylon and polystyrene is
assumed because of the structural differences among the compounds (presence of aromatic ring in polystyrene and
structural nitrogen in nylon), the generation routes followed by CN in each material could be also be different. On the
other hand, differential energetic requirements for the formation of CN in the plume of each material allows those
transitions in polystyrene (3-3; 4-4), while they are not favored in nylon.

Fig. 6(C) shows the CN band emission of Teflon, where a relative maximum for the three transitions represented is
observed at 42 GW cm—2. However, the emissions continue to grow from 50 GW cm—2 to 70 GW cm—2. This different
behavior as compared to nylon and polystyrene suggests that competitive routes for the generation of CN may coexist
and alternative excitation pathways are modifying the vibrational emission.

Fig. 6(D)—(F) shows the atomic emission of N (1), O (I) and H (1) for the three polymers presented in this section. The
atomic emission intensity increased proportionally with the increased irradiance. Comparing the atomic emissions with
molecular bands in nylon and polystyrene, high irradiances (50 GW ¢cm—2) produced an increase in atomic emission in
detriment of molecular emission. Probably, a high input energy in the plume prevents the formation of stable molecules.
Atomic emissions in Teflon kept growing in the whole irradiance range.

Fig. 6G) and (H) shows the net intensity of the atomic line of C at 247.85 nm for the polymers investigated. A similar
trend with the other atomic lines is observed. The atomic line of F at 685.56 nm is shown in Fig. 6(1). The intensity
also increases with the irradiance as with other atomic lines. However, the F line exhibits a sudden increase in intensity
at 65 GW cm2, which coincides with the increase in CN intensity observed in the high irradiance regime (Fig. 6C). In
this case, it is suggested that the increased intensity of F and CN is due to the dissociation at high irradiance of the CF
molecule released from the polymer, according to the following reaction:

\(CF2\CF2 )n\>CF—C +F (1)

where the new source of atomic carbon (reaction (1)) favors the formation of CN in a subsequent reaction [37],
C+N2>CN+N (2)

and the abundance of F grows through reaction (1). This fact is captured in Fig. 6(1) as the increased emission of F at
irradiance beyond 65 GW cm™2. This mechanism would be also responsible for the observed behavior that the CN
intensity in Teflon continues growing with increasing the laser irradiance as observed in Fig. 6(C). Differently, all other
polymers tested exhibit the opposite behavior, i.e., the intensity of CN decreases with the irradiance beyond 45 GW

cm2 (see Fig. 6(A) and (B) for the case of nylon and polystyrene).



2.3. Vibrational emission dependence on molecular structure

For the five polymers studied, Fig. 7 shows CN normalized intensities of the five spectral transitions at an irradiance
of 44 GW cm2, using a delay time of 500 ns and integrated for 500 ns. As the figure reveals, two groups of compounds
can be distinguished according to their vibrational structure. In polymers containing halogens (PVC and Teflon), the
vibrational distribution of the CN band is distorted in such a way that the 4-4 vibrational transition is more intense than
the lower energy transitions 1-1, 2-2, 3-3. In the absence of halogens (PS, nylon, and PP), the polymers exhibit the
regular intensity distribution. This distorted behavior is due to the vibrational excitation of the CN fragment/molecule,
since the molecule is formed in a highly energetic plasma, where the main excitation process should be electron impact

and the de-excitation process the collisional quenching [37-39].

3. Conclusions

In this paper, an investigation of CN emission in laser-induced plasmas of polymers reveals that additional information
can be obtained from the vibrational structure of this band to that obtained from the mere measurement of integrated
band intensities. Precise time resolved LIBS measurements are needed for observation of distinctive CN vibrational
emission. For the organic compounds studied, larger differences in the behavior of the transition emission occur at early
stages after plasma formation. Most energetic transitions of the vibrational structure are notably more sensitive to time
evolution than those with less energetic requirements.

The laser pulse irradiance influences dramatically the LIBS spectra of organic compounds, affecting both the intensity
of the atomic and molecular emissions and the vibrational emission of CN molecules. In general, high irradiance values
favor atomic emissions, but an upper irradiance level not always involves an enhanced intensity of molecular bands, as
demonstrated for nylon and polystyrene. In Teflon, a different trend in molecular emission with the irradiance is
observed. At high irradiance values, dissociation of fragments/molecules such as CF plays a distinctive role in the sense
of becoming a new carbon source for CN formation, but also modifying the chemistry of the plasma. The material
signature is diluted with time due to recombination and diffusion processes of the species into the plume and with the

atmosphere surrounding the plasma.
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Table 1

Molecular formula and structural features of polymers investigated.
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Fig. 1. (A) Time-integrated of the transitions involved in the CN vibrational emission.
(B) Schematic diagram spectra of nylon, polystyrene and Teflon in the CN emission region
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panels correspond to an irradiance of 31.2 and bottom panels to 62.5 GW cm™2).
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Fig. 7. Normalized intensities of CN vibrational mode five polymers at 44 GW cm™2,



