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In view of the new challenges that can arise in the next interplanetary missions, studies aimed at shedding
light on the interpretation of acquired analytical signals are of high priority in planetary science. Among the
suite of techniques used in this field, LIBS has gained ample acceptance after its successful demonstration in
the Mars Science Laboratory rover. As a consequence, several planned missions to Mars integrate this
technology due to its capability for the quantitative analysis of rocks, minerals, and soils. While LIBS is
primarily an atomic spectroscopy tool, recent research has demonstrated that significant information
concerning organic radicals in the plasma can be useful for identification of molecular solids such as
polycyclic aromatic hydrocarbons. This work explores this application by studying atomic and molecular
species generated in reactions within the plasma plume in a low pressure CO, atmosphere of selected
organic compounds of interest as possible chemical biosignatures — adenine, glycine, pyrene and urea.
The study also involves mixtures of variable composition of the organic compounds with carbonate salts,
a material that has been detected in the surroundings of the landing site of the Perseverance rover of
the upcoming Mars 2020 mission. Important routes for the formation of C, and CN radicals such as

aromatic ring fragmentation and displacement reactions in the CO, atmosphere are identified using
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The notion that LIBS can complement organic analysis techniques is further developed with successful
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1. Introduction

The use of laser-induced breakdown spectroscopy (LIBS) in
conducting satisfactory qualitative analysis of a variety of
organic materials has been demonstrated in the last few
years."” The application of LIBS in polymer sorting,*"* identi-
fication of explosive residues®® or examination of biological
materials®** has shown excellent and promising results.
Nowadays, LIBS has gone a step further in the scope of
molecular solids and its application in astrobiology research
has become an effective tool in planetary exploration for the
detection of the possible presence of organic extra-terrestrial
materials. The advantages of LIBS are particularly inter-
esting when it is applied in this scientific endeavour.**** Thus,
the integration of LIBS instruments in space missions for
planetary surface analysis has been a reality for some years
now.?' One of the main objectives of these investigations
lies in the detection of possible chemical biosignatures, as
well as in the recognition and discrimination by LIBS of
organic compounds,* a task that may become rather complex
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data for differentiation between the organic compounds, with limits of detection from 3 wt% to 14 wt%

since it is a technique that is very sensitive to environmental
conditions.***®* However, regardless of the verified potential of
LIBS in dealing with these diagnoses by obtaining multi-
elemental information, more needs to be known about the
nature of plasmas from laser ablation of molecular solids,
especially the transfer mechanisms of matter and energy from
the solid towards the plasma and the constant interference of
the surrounding atmosphere. Consequently, determining
a specific emission pattern for identifying a molecular solid is
a very difficult practice due to the mentioned impact of
chemical reactions with atmospheric components. In the
particular case of the Martian atmosphere, its composition
(rich in CO, gas (96%)) and ambient pressure (7-9 mb) lead to
high signal intensities in comparison to the Earth's atmo-
spheric pressure or higher and to a vacuum.?® However, only
a few studies have focused on plasma formation under
simulated Martian atmospheric conditions and its influence
on LIBS emission from laser ablation of molecular solids.***°
Regarding plasma chemistry under such ablation conditions,
in the case of samples containing no carbon, LIBS signals
corresponding to this element will derive exclusively from the
surrounding gas. This factor can be used to investigate the
Martian atmospheric rupture as well as its influence on the
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final plasma emission. However, if a carbon containing
substrate is analyzed by LIBS, the existence of two carbon
sources will contribute to the emission signal at different
levels. Lastly, in the case of an inorganic phase mixed with
a certain organic matter, a third carbon source could be
involved in the mechanisms of ablation and generation
pathways of emitting species, thus turning the plasma
chemistry into a more complex system in which participating
carbon species will arise from different sources under these
conditions. Oxygen, on the other hand, is present in most of
the mineral phases existing on Mars, e.g. in silicates, sulfates
or carbonates. Hence, oxygen spectral emissions could be due
to both the inner oxygen in the sample and a contribution
from the breakup of the atmosphere.”® In this context, the
present work has sought to evaluate the effect of rupture of
a CO, low-pressure atmosphere in laser-induced plasma
formation by sample ablation of an inorganic matrix doped
with selected organic compounds.

On the other hand, through the survey of the spectral
responses of organic molecules and the application of adapted
chemometric methods, the interrelation between principal
emission signals has been analyzed, and therefore, the possi-
bilities of identification and sorting of some molecular
compounds have been studied. In this case, the application of
Discriminant Function Analysis (DFA) besides the calculation of
Pearson coefficients was used as chemometric tools for data
analysis, in order to both try to discern the selected organic
dopants analyzed in a CO, atmosphere and evaluate the rela-
tionship existing between the atomic/molecular emitting
species appearing in LIBS spectra, respectively. Thus, the ach-
ieved results have been used to clarify the preferential routes of
emitting species formation under experimental conditions.
Thus, the plausible origin routes are proposed and discussed
and the limits of detection (LODs) of these main emission
species for each organic compound were established.
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2. Materials and methods
2.1 LIBS instrumentation

A remote LIBS system using a Q-switched Nd-YAG laser
(1064 nm, 9 mm beam diameter, 20 Hz repetition rate and pulse
width 5 ns) in coaxial configuration was used for the present
study. The configuration is depicted in Fig. 1. Measurements
were carried out with two different fluence regimes, 14.5 ] cm >
and 72.4 ] cm ™ on the sample, and a repetition rate of 3 Hz. The
spot diameter measured for the sample using a single laser shot
was around 350 pum.

The laser beam was guided by means of a laser line mirror
for IR irradiation and then expanded using a 5x beam expander
composed of several 1064 nm antireflection-coated fused silica
lenses. Afterward, the expanded beam was re-collimated using
a 45° dichroic mirror (R > 99.5% @ 1064 nm) to finally be
focused using a BK7 800 mm focal length plane-convex lens and
through a quartz window on the target surface situated in
a stainless steel vacuum chamber. This homemade chamber of
about 10 liter capacity was filled either with CO, or with air at
a pressure of 7 mb (700 Pa) at room temperature.

Pellet samples were individually attached to a homemade
holder actuated by a rotary motor with a variable angular
velocity that allowed both manual and automatic turning of the
sample, thus varying the sampling position.

The plasma emission was collinearly collected using
a modified Maksutov-Cassegrain telescope (F 1900 mm, FL/15,
D 127 mm) that was guided to the entrance slit of a Czerny-
Turner multi-channel spectrometer (four linear CCD 2048
pixels, total spectral region 237 to 975 nm) through a quad-
rifurcated UV-fiber optic cable of 600 um diameter and 2 m
length. Detector setting parameters were set at the minimum
values allowed by the instrument, namely, 1.1 ms as the inte-
gration time and an integration delay of 1.28 us from the laser
event. For every measurement, 3 sampling positions were
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Fig. 1 Schematic diagram of the home-made LIBS system design.
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analyzed per data set with 25 sequential laser shots, thus aver-
aging a total of 75 spectra.

2.2. Samples

Calcium carbonate either pure or mixed with organic compounds
was analyzed in pellet form. CaCO; was selected since it has been
detected on Mars in different mineral phases,* namely aragonite,
calcite and dolomite, among others, so it could constitute an
interesting surrogate to gain information of interest for the
upcoming Martian missions. The organic compounds chosen for
the study included adenine, glycine, pyrene and urea because of
their variable functional groups, heteroatoms, presence of cycles,
etc. This structural variability helps in the interpretation of the
LIBS spectral emission response, thus resulting in a better
understanding of their behavior in the CO, atmosphere. These
compounds also arouse interest as they could be related to
biogenic processes.” Adenine is a nitrogenous base which is part
of nucleic acid chains and so it may be present in bacteria.
Meanwhile, glycine is a simple and compact amino acid forming
proteins in living beings, and urea has an important role in the
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metabolism of nitrogen-containing compounds, constituting
a product of the degradation of amino acids. On the other hand,
pyrene is not an indicator or a precursor of life. However, this
compound offers important information on fragmentation path-
ways and recombination processes occurring between atomic
carbon and the different species present in the atmosphere.

Materials were crushed with an agate mortar and then were
mixed and homogenized in increasing concentrations of
organic dopants. Powders were prepared in pellet form for
analysis by compacting 0.5 g of the mixture in a manual
hydraulic press at 1.5 T cm ™2 for 3 minutes, without any other
additional preparation. All pellets exhibited a homogeneous
appearance and a common size of 3 mm width and 11 mm
diameter.

3. Results and discussion

3.1. Influence of organic dopant concentration on the
emission response and LOD calculation

Spectral peak intensities with background subtraction of the
main emission signals registered in the LIBS spectra, both from
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Fig. 2 Effect of the concentration of C-containing dopants (adenine, glycine, pyrene and urea) on optical emission of molecular bands (C,
473.70 mm and CN 388.30 nm). Measurements were conducted under two different atmospheric conditions: in air and in CO,, both at 7 mb. The
laser fluence was fixed at 72.4 J cm ™2,

This journal is © The Royal Society of Chemistry 2020 J. Anal. At. Spectrom., 2020, 35, 1947-1955 | 1949


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ja00167h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 29 2563. Downloaded on 30/1/2569 23:45:49.

(cc)

View Article Online

JAAS Paper
AR % wt/wt co, AR % wt/wt co,
o —d—i Y 100 —9—Adenine R 100 [ @
Glycine \
N\ —a— Pyrene \
\ —@— Urea
\\ ,//
* —o— RSl 50  —e— @ 50 roo— —e
|
~ | /
™ |
\ / —&— Adenine
N | / Glycine
3 e — —o— Pyrene
ey =t N, o
® 0 —= o0 - @— Urea
18000 16000 14000 12000 10000 8000 6000 4000 2000  ® 2000 4000 6000 €000 10000 12000 14000 16000 18000 || 7000  ew00  so00 4000 3000 2000 1000 O 1000 2000 3000 4000 5000 6000 7000
H(l) intensity (counts) 0O(l) intensity (counts)
% wt/wt % wt/wt
S —+@-4—8— 1004 »o\« — 1004 0@
\
\
N \ /]
B s s * ——nC 50 @
|
|
\
\
= -1 ——t R @
2 N .
0 — o @
00 350 a0 250 200 150 180 150 200 250 a0 350 o || 1600 1200 800 4o 400 a0 1200 1600
C(1) intensity (counts) N(1) intensity (counts)

Fig. 3

(A) Effect of the concentration of C-containing dopants (adenine, glycine, pyrene and urea) on optical emission of atomic lines (C()

247.8 mm and H(1) 656.3 nm). Measurements were conducted under two different atmospheric conditions: in air and in CO,, both at 7 mb. The
laser fluence was fixed at 72.4 J cm™2. (B) Effect of the concentration of C-containing dopants (adenine, glycine, pyrene and urea) on optical
emission of atomic lines (O() 777.4 mm and N(i) 746.8 nm). The results were obtained under two different atmospheric conditions: in air and in

CO,, both at 7 mb. The laser fluence was fixed at 72.4 J cm 2.

atomic species (C, H, N and O) and from molecules (CN and C,),
were taken as variables for data analysis. Measurements were
carried out using two different atmospheric conditions (CO,
and air), both at a pressure of 7 mb and at a laser fluence of 72.4
Jem™2

The dependence of emission intensity on dopant
concentration for the molecular bands of C, at 473.7 nm and
CN at 388.3 nm, as well as for the atomic lines, namely C(1)
247.8 nm, H(1) 656.3 nm, O(1) 777.4 nm and N(1) 746.8 nm, is
shown in Fig. 2 and 3, respectively. Error bars were calculated
by averaging signal intensities from three measurements of
25 laser pulses per sampling position. As shown, a positive
linear correlation exists between molecular emission

Air
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intensity and dopant concentration in both the tested
atmospheres for all studied cases except for pyrene. In this
case, saturation of the curve is observed for CN and C, (see
Fig. 2). As for atomic signals (Fig. 3A), the H(1) emission
intensity also exhibits a linear fit with dopant concentration
in all measured cases. However, the emission intensity of C(i)
is found to deviate from that observed for other species. In
air, the carbon intensity does not increase with the increase
in organic concentration, whereas in CO, an inverse rela-
tionship is observed. This fact could be attributed to the
formation of non-emitting species by secondary reactions in
the plasma plume in which carbon is involved. Fig. 4 shows
detailed data of the carbon atomic line at 247.8 nm acquired
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Fig.4 Emission intensity of the atomic carbon signal from both the pure CaCOz matrix and that doped with 10% pyrene in both air and the CO,

atmosphere.
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Table 1 Limits of detection of emitting species calculated in pure CaCOs with a variable content of organic material and expressed as
a percentage (wt%). The measurements were determined in air and in the CO, atmosphere, both at 7 mbar and using two fluence regimes: 14.5 J

cm~2and 72.4 J cm™2

Air CO,

Species Adenine Glycine Pyrene Urea Adenine Glycine Pyrene Urea
LOD in wt%, fluence 14.5 J cm™2

CN 388.3 nm 4 10 3 9 6 14 — 10
C, 473.7 nm 30 — 5 — — — 3 —
H, 656.28 nm — — — — — — — —
LOD in wt%, fluence 72.4 J cm ™2

CN 388.3 nm 1 5 1 4 1 4 — 2
C, 473.7 nm 10 — 3 — 11 — 3 —
H, 656.28 nm 5 4 2 3 1 1 1 1

in both atmospheres in which the evolution of the emission
signal with variation of the percentage of pyrene is clearly
seen. As observed, peak intensities were very low for this
emission line, but reproducible signals were recorded. In air,
similar intensities were found for both pure pyrene and for
a mixture of 50 wt% CaCO;/pyrene samples. On the other
hand, in the case of the CO, atmosphere, the carbon intensity
dropped to nearly 60% when an inorganic matrix was doped
with 50% organic material, thus evidencing the above cited
effect.

For the O(1) and N(1) lines, different patterns were observed in
both atmospheres depending on the organic compound as
shown in Fig. 3B. It is remarkable how the N(1) intensity in air as
well as the O(1) intensity in the CO, atmosphere are enhanced
when pyrene is present in the matrix. An in-depth discussion of
these particular trends will be presented in the following
section.

The limits of detection (LODs) of different emitting species
were calculated in both atmospheres following the IUPAC
criteria, based on the standard deviation of the blank response
(0) and the slope of the calibration curve (s), following the
expression LOD = 3.3g/s. Measurements were carried out at two
different fluence regimes, 14.5 ] cm™ > and 72.4 J cm 2.

LOD values found for the four studied dopants are listed in
Table 1. Samples of pure CaCO; with a variable amount of
organic material, namely 2.5 wt%, 5 wt%, 7.5 wt% and 10 wt%,
were prepared and analyzed. The CN, C, and H(1) emission
signals seem to be in agreement with the results discussed
above. As observed, the LODs are independent of atmospheric
conditions with values ranging from 11 wt% for the C, signal of
adenine in CO, to 1 wt% for the CN signal for the same dopant
and the same atmosphere, with 72.4 J] cm 2 as the fluence
regime. As expected, the detection power drops considerably as
the fluence decreases. Hence, the LOD value for the C, signal of
adenine in the CO, atmosphere, not measurable when using the
14.5 ] cm 2 fluence regime, is 11 wt% at 72.4 J cm > as
mentioned above. Likewise, the LOD value for the CN signal of
urea in the CO, atmosphere is improved from 10 wt% to a value
of 2 wt% when the fluence regime is increased. These results

This journal is © The Royal Society of Chemistry 2020

indicate a high capacity for detection of organic residues in the
CO, atmosphere, even reaching values as small as 3 wt% in the
case of the low fluence regime or 1 wt% at high fluence.

3.2. Discriminant function analysis for organic compounds
in doped matrices

One of the aims of this work was to evaluate the ability of LIBS to
discriminate between different organic materials of interest as
possible biosignatures in the CO, atmosphere. Discriminant
function analysis (DFA) of the LIBS spectra of the doped
matrices was used to examine the possible differentiation
between the organic compounds present in the pellet sample.
DFA consists of a mathematical method for information pro-
cessing that allows the classification of a large number of
measurements into two or more groups based on a set of
experimental quantitative variables. The analysis is carried out
by calculating linear combinations of the chosen variables in
order to optimize the difference between the values of the
function for the cases belonging to each group. The quantitative
variables required for the evaluation are the intensities of the
corresponding spectral lines and bands of interest. They are all
expected to show changes in intensity for the different analyzed
samples. In our case, the emission signals selected as quanti-
tative variables were the same indicated above for LOD calcu-
lation. The number of total measurements was 45 pulses per
sample, averaging 15 pulses at three different sampling points,
and the number of groups to be discriminated was set to 5, or
the number of different samples analyzed (the inorganic matrix
mixed with each of the four organic dopants as well as the pure
matrix sample). Finally, statistically significant discriminant
functions were obtained as output data and 2D DFA plots were
generated by displaying the resulting two main discriminant
functions.

Fig. 5 exhibits the results of the DFA applied for the classi-
fication into groups of measurements for both atmospheric
conditions. In addition to the values of the discriminant func-
tion for each measurement, the location of the average
discriminant function values for each group (or centroids) is
also indicated in the chart (as “+” signs).

J. Anal. At. Spectrom., 2020, 35, 1947-1955 | 1951
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Fig.5 DFA of the doped matrix samples with organic compounds using C(), H(1), O(1) and N() emission lines besides CN and C, emission bands as
input quantitative variables. The experiment was carried out at 7 mb pressure and using 72.4 J cm™2 as the fluence value, firing sets of 25 single
laser shots in 3 different fresh sampling positions in the atmosphere of (A) CO,, 10 wt% organic dopant; (B) CO,, 50 wt% organic dopant; (C) air,

10 wt% organic dopant; (D) air, 50 wt% organic dopant.

As shown, the groups were separated by DFA in the CO,
atmosphere using the 50 wt% doped matrix (Fig. 5A and B). As
expected, glycine and urea groups appear fairly close to each
other in a reduced area, according to their similar molecular
structures. As for the air atmosphere (Fig. 5C and D), however,
these groups are overlapped on the graph, due to the influence
of air fragmentation on the formation of emitting species in the
plasma, namely O(1), N(1) and CN, thus disguising the contri-
bution corresponding to the native composition of the organic
dopant. In the case of pyrene and adenine, points appear
completely separated due to significant differences in the
molecular emission response in both atmospheres by using
a 50 wt% concentration of the organic compound.

Table 2 summarizes the grade of discrimination undergone
by doped samples of different concentrations in organics. As

Table 2 Discrimination of adenine, glycine, pyrene, and urea in
calcium carbonate using DFA. As input quantitative variables for
analysis, the net intensities of C, 473.7 nm, CN 388.3 nm, C(1) 247.8 nm,
H() 656.3 nm, O(1) 777.4 mm and N(i) 746.8 nm spectral signals were
provided. Pressure, 7 mb. Fluence, 724 J cm 2. Number of
measurements, 45 pulses per sample

Percentage of correctly classified cases,
%

Y%wt Air CO,
10 82.7 94.7
50 88.9 97.8
100 100 100

1952 | U Anal At. Spectrom., 2020, 35, 1947-1955

observed, the percentage of correctly classified cases increases
with the organic concentration, reaching total separation for
pure compounds in both atmospheres.

3.3. Pearson correlation coefficients for the detection of
signal association

One of the aims of this study was to shed light on the rela-
tionships between different species existing in the plasma and
how the plasma chemistry influences the LIBS spectral inten-
sities. For this purpose, the Pearson correlation coefficients
were calculated. Measurements were carried out for a variable
content of organic material (0 to 100 wt%) using a CaCO; matrix
with a fluence level of 72.4 J em~> and in the presence of air or
CO,.
The Pearson correlation coefficient is defined as:

S -0 -7)

1 y
¢i0>if¢i@—ﬂz

where 7 is the sample size; X is the mean of all x-data and y is
the mean of all y-data from two data sets; x; and y; are inten-

r=

(1)

sities of the emitting species measured at different concentra-
tion values.

The paired Pearson coefficients obtained from normalized
intensities of emission signals are summarized in Table 3. The
values were calculated after averaging data from three sampling
positions of 25 consecutive laser shots for each concentration
level of the dopant. The values of these coefficients indicated

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ja00167h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 29 2563. Downloaded on 30/1/2569 23:45:49.

(cc)

Paper

View Article Online

JAAS

Table 3 Pearson correlation coefficients of adenine, glycine, pyrene and urea calculated in pure CaCOs with a variable content of organic
material (from O to 100 wt%). The measurements were determined in air and the CO, atmosphere, both at 7 mbar and using a fluence of 72.4 J

cm™2

co,

Species

Adenine Urea

Glycine Pyrene

the existence or absence of linear proportional associations
between the different emission species including the effect of
the variable content of organic material in the sample. There-
fore, they could help in understanding the fragmentation and
recombination pathways undergone by different emitting
species in the plasma. In turn, these routes will depend on the
interplay of multiple factors, namely the atomic composition
and molecular structure of the sample, the distribution in the
plasma plume of existing species (according to the size and
temperature of the plasma), the influence of the nature and
pressure of the surrounding gas, the ablation rate for each
analyzed material, and the reaction enthalpies that come into
play and that will determine the equilibria and preferential
pathways of species formation.

Firstly, it is remarkable how the CO, atmosphere contributes
in a constant way to the atomic C emission intensity at each
organic concentration tested. This species undergoes recombi-
nation reactions in the plasma leading to formation of molec-
ular species, namely CN, C,, CO, CH, etc. In cases in which
atomic C is involved, coefficients offered negative values, so
these became inverse correlations. This fact is owing to the
inverse relation between intensity of the C signal and the
concentration of the dopant, previously observed in both Fig. 3A
and 4. In contrast, as observed for analysis in air, the C intensity
does not decrease with concentration as carbon is absent in air.
As an example, in the CO, atmosphere the coefficient calculated

This journal is © The Royal Society of Chemistry 2020

for C vs. C, in adenine and pyrene presented values of —0.67
and —0.95, respectively. Likewise, in the case of C vs. CN, values
of —0.74, —0.94 and —0.97 for adenine, glycine and urea,
respectively, were found. Both findings suggest that the atomic
C coming from dissociation of CO, reacts to yield the molecular
species C, and CN, shifting the equilibria to the right according
to:

C+N=CN @)
C+C=GC (3)

Similarly, C vs. H coefficients exhibited high negative values
for all the dopants in the CO, atmosphere, as a result of a larger
abundance of free H atoms as the organic concentration
increases in the analyzed sample.

It is likely that atmospheric oxygen reacts with some species
in the plasma. For instance, atomic and molecular oxygen could
tend to capture C according to the reactions:

C+0+M - CO+M 4
C+0,—> 0+CO (5)

which results in the formation of the non-emitting CO. Indeed,
CO has been detected at low pressure in the laser-induced
plasma of trinitrotoluene and pentaerythritol tetranitrate.*
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In contrast, for combinations of C,, CN and H species, the
coefficients are always positive, hinting at the possibility of
these species following pathways in the plasma that do not
involve competitive reactions.

The large correlation observed for C, and CN in adenine and
pyrene (0.97 and 0.99 in air, respectively) may similarly indicate
that both species follow independent formation pathways, C,
deriving from the extensive fragmentation of the molecule and
CN from reactions involving carbon, nitrogen and dissociation
fragments of the original molecule. Pathways for the formation of
such molecular species could coexist in parallel but are linked
between both compounds. Along with direct fragmentation of the
parent compound, one possible explanation could be the occur-
rence of the following displacement reactions in air:

C+N,=CN+N (6)
C, + N, = 2CN (7)
CH,+ N = CN+ CH,_; (8)

On the other hand, the value reached for the C, vs. CN
coefficient (0.98) in the case of adenine ablation in CO, is again
the result of the occurrence of a direct fragmentation of native
bonds of the molecule in addition to reactions (2) and (3), that
could also take place to a variable extent.

Likewise, the significant correlation of the C, vs. H intensi-
ties in pyrene and adenine could be due to the direct frag-
mentation of the organic compound that will lead to
a proportional increase in the concentrations of C, and H in the
plume. These results are compatible with the data shown in
Fig. 2, top panel, and Fig. 3A, where ratios between the slopes of
linear adjustments from the curves of both signals, C, and H,
for both dopants, are very similar both in an air atmosphere
(about 2.5) and in CO, gas (about 1.5).

In the same way, a total correlation is found for the CN/H
pair in all molecules both in air and in CO,. This fact is again
based on the release of H atoms whose abundance in the
plasma plume grows with the dopant concentration level, and
the prompt recombination of C and N atoms in the plasma (2),
which implies a marked increase of the intensity of CN emis-
sion with concentration. Clearly, CN and H are formed by
independent paths, hence their high correlation.

Concerning the tabulated values for the combination of CN
vs. N, coefficients corresponding to adenine (0.88) and urea
(0.73) dopants are in good agreement with the respective
emissions observed in the LIBS spectra (Fig. 3B). As expected,
only these molecules offered atomic N emission in the pres-
ence of CO,, increasing the signal intensity as the concentra-
tion grows. On the other hand, the large coefficient for pyrene
in air (0.87) may be related to the origin of the N source, only
coming from the atomization of nitrogen molecules in air. In
the same vein, a positive correspondence between CN and O in
air is only achieved for pyrene, this being the only studied
molecule in which O and N are absent in its structure.

For the case of pyrene in the CO, atmosphere, other possible
routes could explain the decrease in intensity of atomic carbon
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at 247.8 nm and the rise of atomic oxygen at 777.4 nm displayed
in Fig. 3. They are summarized in the reactions below, assuming
the intervention of the atmosphere itself in the plasma
chemistry:

CO,+C = CO+CO 9)

CO+C=GC+0 (10)

This behavior with opposite trends is in accordance with the
Pearson coefficient found for pyrene in CO, gas between C and
O signals (—0.77); the value is not reported in Table 3.

4. Conclusions

Preferential routes for the formation of carbon emitting species
from organic or inorganic origins in an atmosphere of CO, have
been investigated. This issue has been evaluated using the
emission spectra acquired under the established working
conditions based on Pearson correlation coefficients, taking
into account the intervention of the surrounding gas in the
plasma chemistry. Discrimination of organic dopants present
in a carbonate matrix was possible by means of discriminant
function analysis. As the results demonstrate, an in-depth
analysis of CN and C, molecular emissions constitutes a valu-
able approach in order to establish an identification system for
organic molecules using LIBS.

The emission intensity from the carbon atomic signal
underwent a drop with the increase of the organic compound
concentration in the ablated sample. This observation indicates
the occurrence of pathways of fragmentation and recombina-
tion in the plasma not fully understood in the CO, atmosphere.
Indeed, a number of non-emitting molecules seem to exist that
however take active part in the chemistry of the plasma.

The limit of detection for the compounds of interest was
calculated in the carbonate matrix containing variable concen-
trations of organic material, resulting in LOD values better than
10 wt% in the CO, atmosphere.
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