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� Sputtering of Cu and spray coating of
Ca-acetate, were tested to deposit a
molecular forming element on the
surface of a fluoropolymer.

� Reduction of laser energy by a factor
of 4 without loss in sensitivity (LOD
about 160 mg g�1) compared to
atomic emission.

� Spatially resolved measurements of
fluorine distribution via molecular
LIBS possible.
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The growing importance of fluoropolymers in high-tech applications and green technologies results in
the rising need for their characterization. In contrast to conventional methods used for this task, laser-
induced breakdown spectroscopy (LIBS) provides the advantage of a spatially resolved analysis. Never-
theless, the high excitation energy of fluorine results in low sensitivity of the atomic F(I) lines, which
limits the feasibility of its LIBS-based analysis. This work presents a novel approach for quantitative
mapping of fluorine in fluoropolymer samples. It bases on monitoring of molecular emission bands (CuF
or CaF) arising from fluorine containing molecules. These species were generated during later stages of
the LIBS plasma by a recombination of fluorine atoms originating from fluoropolymer sample with a
molecule-forming partner (Cu or Ca) stemming from a surface coating. This approach enables F detection
limits in the parts per million (mg g�1) range and elemental imaging using single shot measurements. The
elements required for molecular formation are deposited on the sample surface prior to analysis. We
evaluate two techniques - spray coating and sputter coating e with regards to their effects on sensitivity
and spatial resolution in elemental mapping. Overall, both methods proved to be suitable for a spatially
resolved analysis of fluorine: whereas sputter-coating of copper yielded a better sensitivity, spray coating
of calcium provided a higher spatial resolution.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Fluoropolymers are materials with outstanding properties such
as mechanical resistance, thermal stability, chemical inertness, and
a low dielectric constant [1]. Thus, they have found amyriad of uses
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in different high-tech applications including protective coatings,
optical devices, medical implants, insulators and dielectrics or
components for automotive industry and aerospace [1e3]. More-
over, fluoropolymers play an important role in the steadily growing
field of green technologies [1]. Their annual production reached
320 300 tons in 2018 [4] and is expected to further rise in the future
[1].

Nevertheless, the inert nature of these materials results in their
low ability to disintegrate over time, which leads to their persis-
tence in the natural environment. Additionally, a recent study
suggests possible threat posed by the fluoropolymers related to the
release of per- and polyfluoroalkyl substances (PFAS) [4]. Thus, as
the production volumes of fluoropolymers rise, the question of
their proper disposal becomes of growing concern. Recycling seems
to be the best available option, considering the release of hydrogen
fluoride and other toxic compounds upon their combustion [5].

As the importance of these materials increases, the need for
their characterization steadily grows. The occurrence of fluoropol-
ymers could be assessed with different techniques for analysis of
organic macro-molecular compounds or by simple measurement of
the element fluorine. State of the art methods for fluorine detec-
tion, such as ion chromatography [6], ion sensitive electrodes [7],
continuous source atomic absorption spectroscopy (CSAAS) [8] and
inductively coupled plasmamass spectrometry (ICP-MS) [9] have in
common that they require sample dissolution prior to analysis. For
inert materials like fluoropolymers, sample digestion is typically
laborious and requires harsh chemicals. Furthermore, it precludes
spatially resolved measurements.

We propose to circumvent the dissolution step by using LIBS
which has recently gained attention in the field of polymer char-
acterization [10,11]. In contrast to the above-mentioned methods,
LIBS is a direct solid sampling technique allowing for a spatially
resolved analysis without need for the sample pre-treatment. In
LIBS, a short-pulse laser is used to ablate, atomize and excite a small
portion of the sample, which results in emission of the character-
istic radiation [12]. Its detection results in a complex emission
spectrum providing information about the elemental composition
of the sample including fluorine.

However, LIBS measurements of fluorine are hindered by the
fact that the main emission lines are in the vacuum UV region
(below 100 nm) which requires a special instrumental setup.
Although additional atomic lines are present in the visible range
[13e15], the relatively high excitation energies of the correspond-
ing states [16] require the application of an increased laser energy
to achieve a reasonable sensitivity. A possible way to overcome
these limitations is the monitoring of molecules containing fluo-
rine. In LIBS, these can arise during later stages of the plasma
expansion in which the temperature becomes sufficiently low for
the atoms to recombine [17].

The idea of monitoring molecular signals to obtain information
about a particular element of interest has been around for a long
time [17] and is currently applied in CS-AAS [8] and laser ablation
molecular isotopic spectrometry (LAMIS) [18]. In case of LIBS, it was
first described for CuCl molecule in 1996 [19] and later applied to
the detection of fluorine by means of the CaF emission [20]. Other
works dealing with the quantification of fluorine reported an
enhancement of the limit of detection (LOD) for fluorine by an order
of magnitude when using molecular emissions of CaF [21] and SrF
[22] instead of the atomic emission line. Both, the fluorine and the
molecular forming elemental partner were either naturally abun-
dant in the sample [14] or the powdered sample was mixed with
the element required for molecular formation and pellets were
used for measurement [22]. An example of the first approach was
the detection of fluorine under Martian conditions [23], the addi-
tion of SrCO3 to ore samples to monitor the SrF emission
2

demonstrates applicability of the second methodology [22].
Alvarez-Llamas et al. [16], developed an innovative approach for

introducing calcium by liquid nebulization over the sample surface
during LIBS analysis. With this approach the analysis of compact
samples which do not contain the element required for molecule
formation was enabled. In another work, molecular emission was
used to quantify fluorine and chlorine in liquid samples by applying
them on a calcite substrate [24].

The previously reported methods are well suited for bulk fluo-
rine analysis, nevertheless, they do not allow mapping of the
fluorine content. The addition of the molecular forming element as
powder is not possible for compact samples and spraying of a liquid
is not feasible for water-soluble samples. Moreover, spatially
resolved information is so far only reported for samples intrinsi-
cally containing both molecular-forming elements [25].

In this work, we present a procedure for the assessment of the
fluorine distribution in solid samples using molecular LIBS. Two
methods for introducing the molecule-forming partner, enabling
the analysis of fluorine in solid materials regardless of their
composition, were developed. The first approach is based on
sputter deposition of a copper thin film on the sample surface, the
second one applies spray deposition of a Ca acetate solution
resulting in formation of a thin calcium-acetate layer upon the
solvent evaporation. Sputter coating is awidespreadmethod for the
deposition of thin films in material sciences [26], however, it has
also found application in the field of analytical chemistry. For
example prior to SEM-EDXmeasurements non-conductive samples
are coated with a thin layer of elemental carbon [27]. Spray coating
is an established method for applying matrices for matrix assisted
laser desorption ionization mass spectrometry (MALDI-MS) mea-
surements [28], in particular for imaging applications where a
uniform distribution of the MALDI matrix is a prerequisite. The two
procedures were employed for the analysis of artificial polymer
samples, which enabled identification of their specific benefits and
drawbacks.

2. Experimental section

2.1. Preparation of standards

To assess the sensitivity and linearity of the two methods, a
series of pressed powder pellets was prepared by combining
different amounts of polytetrafluoroethylene (PTFE) powder (par-
ticle size 3 mm) from Hagen automation (United Kingdom) with
cellulose powder (particle size 20 mm) from Macherey-Nagel
(Germany). The weighted powders were premixed with a Vortex
Genie 2 shaker (Scientific Industries, USA) and then homogenized
in a ball mill (MM 400, Retch Germany) using a shaking frequency
of 15 Hz for 2 min. The resulting powder was pressed with a con-
ventional laboratory press (PerkinElmer, Bodenseewerke, Ger-
many). The fluorine content of the prepared standards ranged
between 0.6 and 14.5% (w/w). For imaging experiments, five PTFE
tubes cut to a length of about 5mmwith an outer diameter of 4mm
and an inner diameter of 2 mm (Bohlender GmbH, Germany) were
embedded in a Versocit-2 acrylic resin (Struers, Germany). Prior to
analysis, the sample surface was polished using a series of silicon
carbide (SiC) grinding papers (Struers, Germany) with grits of 400,
800, 1200, 2000 and 4000. Surface profiles were recorded with a
Dektak XT stylus profilometer (Bruker, USA).

2.2. Sputter coating

Copper thin films were deposited via a magnetron sputter
coater (Baltech MED-020, Liechtenstein) using a copper target
(Micro to Nano, Netherlands) and 150 mA sputter current under



Table 1
Instrumental Parameters used for LIBS measurements.

Sputtered Cu film Sprayed Ca layer F(I) atomic line

Laser energy [mJ] 1.6 1.6 6.5
Spot size [mm] 100 100 100
Frequency [Hz] 10 10 10
Grating grooves [mm�1] 300 300 1800
Stage velocity [mm s�1] 2 1 1
Spot spacing [mm] 200 100 100
Gate delay (ICCD) [ms] 7 2 0.2
Gate width (ICCD) [ms] 10 10 10
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0.8 Pa argon atmosphere. After 30 s of pre-sputtering, the actual
sputter time was varied between 30 and 200 s.

2.3. Spray coating

Spray coating was performed using a HTX TM Sprayer (HTX
Technologies, USA) with a flowrate of 0.03 mL min�1, nozzle tem-
perature of 45 �C, nozzle velocity of 1000mm s�1 and a line spacing
of 2 mm. A 37.5 g L�1 aqueous solution of calcium acetate, prepared
by dissolving calcium acetate (P.A: grade, Merck, Germany) in ul-
trapure water obtained from a Barnstead EASYPURE II water puri-
fication system (Thermo Fisher Scientific, CA, USA), was sprayed
onto the sample surface, which resulted in formation of a Ca acetate
layer due to the immediate evaporation of the solvent. Multiple
application of this spraying procedure on the same sample area
enabled optimization of the deposited amount.

2.4. LIBS measurements

LIBS experiments were performed with a J200 Tandem LIBS
spectrometer (Applied Spectra Inc., USA), equipped with a 266 nm
Nd:YAG laser with 5 ns pulse width and a 6 channel CCD (charge-
coupled device) spectrograph covering the spectral range from 188
to 1048 nm. Further an Acton SP2750 spectrometer (Princeton In-
struments, USA) with a PIMAX2 1024RB intensified CCD (ICCD)
detector (Princeton Instruments, USA) was connected via a fiber
bundle to an additional collection optics of the LIBS system. The 6
channel CCD detector was used to monitor broadband emission
spectra during imaging experiments, whereas molecular emission
and the F(I) atomic emission were recorded with the ICCD system.
All measurements were carried out under an argon gas flow of
1 L min�1, except the bulk measurements for atomic emission of
fluorine which were performed using a helium flow of 1 L min�1

[15]. The parameters used for LIBS measurement are stated in
Table 1.

2.5. Data analysis

Raw data was collected with the instrument software (Axiom
2.0 and WinSpec 2.6.24). The data were processed using baseline-
corrected integrals [29] The quantitative analysis of the pressed
powder standards was performed in OriginPro 2020 (OriginLab
Corporation, USA). Graphs were prepared using the python (v 3.7.6,
https://www.python.org) programming language and the mat-
plotlib (3.2.3) [30], numpy (1.18.1) [31] and scipy (1.4.1) [32]
Table 2
Summary of the monitored molecular bands, data from Herzberg. Molecular Spectra and

Molecular band Binding Energy D0 [eV] Monitored Transition

CaF 5.4 B 2Sþ /X 2Sþ

CuF 4.4 C 1P / X 1Sþ

3

packages. Images were reconstructed from raw data using Epina
ImageLab 3.45 (Epina GmbH, Austria).
3. Results and discussion

3.1. Bulk measurements

In previous molecular LIBS measurements of fluorine [16,22],
earth alkali elements were used as molecular forming partners;
however, they are too reactive to be sputtered with conventional
equipment. Thus, copper was chosen for this work, as it is a rather
noble metal frequently applied for magnetron sputtering. More-
over, the CuF molecule emissions in the visible range are free of
interference from atomic copper lines [33]. The thickness of the
filmwas optimized in the preliminary experiments to yield the best
signal-to-noise ratio. A sputter time of 100 s provided best results
and was used for further experiments. This corresponds to a film
thickness of 120 nm, measured with a stylus profilometer. Calcium
acetate was chosen for spray coating, as calcium was employed in
the previous works dealing with the identification of fluorine [16]
and acetate as it is a suitable counter-ion introducing no additional
elements to polymer samples. Concentration of the calcium acetate
and spraying parameters were chosen to provide a nearly contin-
uous layer of calcium acetate, best results were obtained with a
mean calcium surface concentration of 0.2 mg cm�2. Details of the
molecular bands monitored in the two approaches are described in
Table 2.

To assess the sensitivity and linearity of the two methods,
pressed powder standards made of cellulose and PTFE were eval-
uated. PTFE was chosen, as it is the commercially most important
fluoropolymer and available in powder as well as in bulk form.
These samples were surface treated with both procedures as
described before and used for the optimization of LIBS parameters
as well as for the assessment of the typical figures of merit. For LIBS
analysis, line scans with adjacent single laser shots were performed
on an area of 1.2 mm2 resulting in 60 laser shots for CuF and 120
laser shots for CaF and the measurement of the F(I) atomic line.
ICCD gate delays (Table 1) and the wavelength regions (Table 2)
used for the analysis were selected in a way to avoid interference
from background or prevailing atomic emission lines. To confirm
the absence of interfering emissions from trace metals or other
constituents of the fluoropolymer LIBS measurements of native
PTFE were performed. Using the optimized parameters for gate
delay and gate width only weak signals for the C2 swan band were
observed, whereas the wavelength regions selected for CuF and CaF
molecular structure-Vol I; [33].

v00 position [nm] Spectral region used for integration [nm]

530.95 527.13e544.30
493.36 485.59e498.44

https://www.python.org


Fig. 1. Single shot spectra of pure PTFE (upper row) and the background acrylic embedding resin (lower row), coated with copper (left) and calcium acetate (right). The areas
highlighted in orange/blue indicate the spectral regions integrated and background corrected for image reconstruction, further emission signals from the background acrylic resin
are annotated in grey. The exact wavelengths of the used regions are listed in Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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measurements showed only signals at the background level. This
outcome demonstrates that the molecular emissions obtained in
the presence of Cu and Ca are caused exclusively from the gener-
ated Fluorine-species (for details see Supplementary Fig. 1). For
data evaluation, the spectra were accumulated, and background
corrected emission signals were calculated using the spectral re-
gions described in Table 2. For both methods the integrated areas
correlated linearly with the fluorine contents of the standards.
However, in the case of CaF, the coefficient of determination was
not as high (r2 ¼ 0.95) as in the case of CuF (r2 ¼ 0.99). Moreover,
the calibration function determined for the CuF approach exhibits a
44 times higher slope, indicating an increased sensitivity for this
method. Limits of detectionwere calculated by dividing three times
the standard deviation of the blank by the slope of the calibration
curve. This gives fluorine a LOD of 160 mg g�1 using CuF and
240 mg g�1 using CaF emission, confirming that the CuF approach is
more sensitive although less shots were accumulated for CuF than
for CaF. A further improvement is possible by increasing the
number of shots per measurement, nevertheless achieved findings
were in good agreement with literature data, e.g. Alvarez-Llamas
et al. [16] report a LOD of 49 mg g�1 by averaging the CaF emis-
sions from 140 laser shots for CaF quantification in samples pre-
pared from NaF and Cu powder.

Additionally, the atomic F(I) line at 685.6 nmwas investigated to
compare the molecule-forming approach to conventional direct
detection of atomic lines. For this, a helium atmosphere and the
highest possible laser energy of 6.5 mJ was chosen [15]. The stan-
dards were analyzed using line scans with adjacent single laser
shots with the same 100 mm spacing as used for CaF. As previously,
these were accumulated for further analysis. The F(I) atomic line
yielded a linear calibration functionwith an r2 of 0.94 and an LOD of
4

160 mg g�1. At first sight, this outcome seems to be comparable with
the findings derived for the molecular emissions, however, it must
be considered that the applied laser energy was roughly 4 times
higher (6.5 mJ for atomic fluorine line vs. 1.6 mJ for the molecular
CuF and CaF bands). The substantially higher laser energy necessary
for the measurement of atomic lines is a significant drawback. The
increased ablation rate reduces the overall in-depth resolution of
the method. Additionally, high laser powers restrict the applica-
bility for thermally sensitive samples. On the other hand, mea-
surements with only 1.7 mJ as applied for the CuF and CaF
measurements, does not allow for fluorine atomic lines detection.

3.2. Imaging experiments

Bulk measurements normally accumulate multiple measure-
ments taken at different sample locations. For imaging experi-
ments, a so-called continuous scan mode is used [34]. For this, the
sample stage moves continuously while the laser is firing repeat-
edly onto the sample surface. Carefully adjusted repetition rates
and scan speeds result in exactly one laser shot per position
without overlapping of ablated volumes. Although this measure-
ment mode does not allow signal accumulation, it is the preferred
approach for imaging experiments since it enables fast mapping of
a rather large area [34]. The suitability of the proposed molecular
LIBS procedures for single-shot measurements is very likely but has
to be verified. For this purpose, pure PTFE as a representative for a
fluorine containing sample and Versocit-2 acrylic resin as an
example for a fluorine free sample were analyzed using the con-
ditions reported for bulk measurements, but without the accu-
mulation of individual emission spectra. In Fig.1, selected regions of
single shot spectra acquired from pure PTFE and acrylic resin are



Fig. 2. a: Microscopic image of embedded PTFE tubes used for imaging experiments, b þ c: Reconstructed elemental maps from background corrected integrated emission in-
tensities for the (b) CaF, and the (c) CuF molecular band. d: Scores of the first principal component from the broadband six channel detector recorded simultaneously with the
molecular CuF band. The scale bar represents 1 mm.
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depicted, showing also the areas used for integration of CuF and CaF
molecular emissions. It is evident that molecular emissions are
measurable even with spectra from single laser shots. Moreover,
the significant spectral difference between a blank and the PTFE
sample allows simple identification of fluorine containing poly-
mers. This outcome indicates that both coating approaches exhibit
sufficient signal intensity allowing ultimately for imaging
experiments.

To characterize and compare the mapping capabilities of the
two methods, an artificially structured polymer sample consisting
of five PTFE tubes embedded in acrylic resin was prepared. The
microscopic image of the polished sample is presented in Fig. 2a.
Molecular LIBS images of the two samples were acquired by firing
single laser shots per sample location using the optimized param-
eters listed in Table 1. Plotting the intensity of the integrated mo-
lecular bands at each acquired position resulted in elemental maps
of the CaF (Fig. 2b) and CuF (Fig. 2c) species, which resemble the
distribution of fluorine in the sample. Thus, with both techniques, it
was possible to reconstruct the PTFE ring structure visible in the
microscopic image (Fig. 2a) with a high level of agreement. How-
ever, comparing the two coating approaches for the introduction of
the molecular-forming partner on the sample surface, distinct dif-
ferences were observed. At a first glance, the improved sensitivity
of the CuF measurement is obvious, which is in agreement with the
findings of the bulk investigations reported in the previous section.
Besides sufficient sensitivity, spatial resolution is another impor-
tant parameter for imaging applications. As seen in Fig. 3a, sputter
coating results in a continuous film of copper. However, upon laser
5

ablation during the LIBS measurements, the copper layer shows a
high tendency to delaminate from the sample. This finding can be
attributed to the surface properties of PTFE, which prevent a strong
adhesion of the deposited Cu film. Thus, the selected measurement
parameters represent a compromise between reasonable signal-to-
noise ratio and a fair spatial resolution. In this case, the laser energy
of 1.6 mJ per pulse and a laser spot size of 100 mm resulted in the
ablation of a circular region of copper exhibiting a diameter of
roughly 200 mm.With stylus profilometry it was confirmed that the
actual ablation crater still has a size of 100 mm and a depth of about
1 mm. In case of calcium, this behavior was not observed, as the
spray coating resulted in separate crystals of calcium acetate on the
sample surface (Fig. 3b). However, with LA-ICP-MS measurements
it was confirmed that the calcium is present on each part of the
sprayed area and not just in the larger crystals (for details see
Supplementary Material Fig. 2). Thus, compared to the Cu thin film
the sprayed Ca layer is less homogeneous, but offers still a complete
surface coverage e a prerequisite for imaging applications. Due to
the limitation arising from the delamination of the Cu-film
described previously, the CaF image could be acquired with a two
times better lateral resolution.

Toconfirmtheapplicabilityof thepresentedmethodsforelementalmappingof
fluorine, distribution images of PTFE and embedding material were created using
thebroadbandspectraacquiredwith the6-channel spectrometersimultaneously to
therecordingofthemolecularbandsontheICCD.TodiscriminatethePTFEfromthe
embedding materials a set of spectral descriptors representing the baseline-
subtracted wavelength ranges of C, H and O atoms, as well as C2 and CN mole-
cules(seeBrunnbaueretal.[35]foramoredetaileddescriptionofthisapproach)was



Fig. 3. Detailed view of the crater of one laser shot with 100 mm spot size on (a) copper
coated and (b) a calcium acetate sprayed PTFE sample; the marked circle represents
the 100 mm laser spot size.

Fig. 4. Exemplary single shot broadband LIBS spectrum recorded with the 6-channel
CCD detector during the measurement of the CuF Image in Fig. 2c. The descriptors
used to create the PCA image in Fig. 2d are annotated in the spectrum and are taken
from Brunnbauer et al., 2020 [35].
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usedtoextractthepolymer-specificinformationfromtherawspectra.Anannotated
examplespectrumwiththeusedspectraldescriptorsisshowninFig.4.Theresulting
dataweresubjectedtoprincipal componentanalysis (PCA). Fig.2dshowsthescores
of the first principal component, clearly distinguish between PTFE and the
embedding material. Compared to the measurement of CuF and CaF molecular
emissions this approach offers only limited sensitivity, moreover limited ability to
identify and classify fluorine containing polymers in unknown or more complex
samples isvery likely.Nevertheless, irregularities in theCuF image (Fig.2c, like in the
lower right edgeof the third ring - seearrowmarks) are also identifiedby thePCA
image (Fig. 2d). As these two imageswere recorded simultaneouslywith different
collectionopticsanddetectionsystems,andthe failureswereobserved for thesame
laser shots (equal to samplepositionsandthus image-pixels), errors related tosignal
acquisition are rather unlikely. Instead, sample defects such as artifacts introduced
during samplepolishing are considered tobe responsible for the errors determined
in the images.
3.3. Comparison of image quality

To compare the quality of the two fluorine images by advanced
data analysis, a mask representing the individual pixels of the PTFE
rings and a mask representing the pixels of the background region
(acrylic resin) was created for both samples using the microscopic
6

image and ImageLab. Using spectral descriptors, the baseline-
subtracted molecular bands of CuF and CaF (Table 2) were
defined and extracted from the raw spectra. The resulting values
were plotted in a histogram representing the distribution of the
molecular signal intensities in the region of the PTFE tubes (orange)
and the background (blue) for CuF (Fig. 5a) and CaF (Fig. 5b).
Furthermore, the means and the variances of the two regions were
determined and used for the calculation of Fisher's linear
discriminant evaluating the power of discrimination between the
two distributions [36,37].

The histograms indicate that using the CuF approach, the signals
in the PTFE region can be discriminated from the signals in the
background region to a greater extent than in case of the CaF. This
observation was confirmed by the Fisher's discriminant values of
2.45 for CuF vs. 0.31 for CaF, whereas a higher value indicates a
better discrimination function. Furthermore, a ManneWhitney U
test was performed using 300 randomly selected data points (to
keep the sample size equal for CuF and CaF) from the ring-PTFE and
the acrylic resin, yielding a test statistic of 1687 (p ¼ 3*10�136) for
CuF and 10 069 (p ¼ 2*10�72) for CaF, indicating a highly significant
separation of the PTFE from the background for both systems. Thus,
the spatial mapping of fluorine in fluoropolymers by means of
molecular LIBS proved to be feasible, with sputter coating of copper
providing a better discrimination of the fluoropolymer from the
background. These numbers confirm the impressions of the
elemental maps from Fig. 2, in particular the fluorine mapping
obtained using the sputter coating approach seems to offer more
homogeneous signal intensities, whereas the spray coating tech-
nique delivers signals with higher fluctuations.

To combine the spatially resolved with the statistical informa-
tion, threshold images of CaF and CuF signal were created (Fig. 5).
The threshold was determined with Youden's J statistic [38] and is
marked in the associated histograms. With both approaches a
classification of the image into fluorine containing and not fluorine
containing pixels can be made with a high level of accuracy.
However, with CaF the number of misclassified pixels is higher. This
outcome could be attributed to the quality of the applied coatings.
Copper forms a continuous film on the surface (Fig. 3a), which



Fig. 5. Left: Histograms representing the distribution of the integrated CuF (a) and CuF (b) molecular band intensities in the region of the PTFE ring (orange) and the acrylic resin
(blue). The masks representing the two areas were created using the corresponding optical images. The dotted line represents the PTFE-background threshold determined with
Youden's J. Right: Sample images based on the Youden's J threshold. The threshold images of both signals resemble the fluorine distribution present in the optical images. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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provides constant conditions for the formation of molecules, while
the calcium acetate forms stochastically distributed single crystals
on the surface of the sample (Fig. 3b), causing distinct point-to-
point variations in the emission-intensity of the CaF band.
4. Conclusion

We demonstrated two procedures of applying the element
required for molecule formation on a fluorine -containing sample
(magnetron sputtering and spray coating), which enabled spatially
resolved analysis of fluorine using molecular emission LIBS. Using
conventional bulk measurements, the linearity of the analyte
content and the measured molecular emission was established and
quantitative determination of fluorine in compact solid samples
with detection limits in the parts per million (mg g�1) region was
shown. Moreover, both methods are sensitive enough to detect
fluorine containing molecular emission bands at the single shot
level, enabling single shot imaging. Fluorine mappings obtained via
measurement of CuF and CaF emission bands were found to be in
excellent agreement with the PTFE distribution of the investigated
synthetic material, confirming that the proposed molecular LIBS
method is able to resemble the fluorine distribution in unknown
samples. We used Fisher's linear discriminant as statistical
approach to compare the separation power of the signal from the
background, yielding that measurement of CuF is better in this
aspect, mainly due to the continuous nature of the copper thin film
compared to the randomly distributed crystals of the calcium
7

acetate layer. The approach based on magnetron sputtering of a
thin Cu film onto the sample surface exhibits further a better
linearity in the calibration series and a slightly improved sensitivity.
Spray coating of a thin Ca-layer, however, has the advantage of
allowing a higher resolution in imaging experiments, as compared
to the Cu thin film it does not tend to delaminate during laser
irradiation.

To conclude, bothmethods are feasible for imaging the fluorine distribution in
solid samples. Although the present workwas focused onmeasurements of PTFE
only, thesensitivityof thetwoproposedapproachesenablesalsothe investigationof
other Fluoropolymers with lower fluorine contents. Nevertheless, for a particular
application, onemust decidewhether a higher spatial resolution or a better sensi-
tivity and homogeneity are needed.

Ongoing research will be devoted to improving the adhesion of
the Cu thin film and the homogeneity of the Ca layer, enabling
further advancements in the spatially resolved analysis of fluorine.
Moreover, the proposed coating procedures offer exciting oppor-
tunities in combination with molecular LIBS. After appropriate
adjustments, analysis of other challenging elements should be
possible.
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