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A B S T R A C T

The documentation and monitoring of cleaning operations on paintings benefit from the identification and
determination of thickness of the materials to be selectively removed. Since in artworks diagnosis the preser-
vation of the object's integrity is a priority, the application of non-invasive techniques is commonly preferred.
In this work, we present the results obtained with a set of non-invasive optical techniques for the chemical
and physical characterization of six copper-phthalocyanine (Cu-Pc) acrylic paints. Cu-Pc pigments have been
extensively used by artists over the past century, thanks to their properties and low cost of manufacture. They
can also be found in historical paintings in the form of overpaints/retouchings, providing evidence of recent
conservation treatments. The optical behaviour and the chemical composition of Cu-Pc paints were inves-
tigated through a multi-analytical approach involving micro-Raman spectroscopy, Fibre Optics Reflectance
Spectroscopy (FORS) and Laser Induced Fluorescence (LIF), enabling the differentiation among pigments
and highlighting discrepancies with the composition declared by the manufacturer. The applicability of Non
Linear Optical Microscopy (NLOM) for the evaluation of paint layer thickness was assessed using the modal-
ity of Multi-photon Excitation Fluorescence (MPEF). Thickness values measured with MPEF were compared
with those retrieved through Optical Coherence Tomography (OCT), showing significant consistency and
paving the way for further non-linear stratigraphic investigations on painting materials.

© 2018.

1. Introduction

Today azo and polycyclic compounds, including phthalocyanine,
perylene, diaxozine, DPP (diketopyrrolo-pyrrole), indanthrene and
quinacridone, are among the most important synthetic organic pig-
ments in the worldwide production [1]. Linstead [2,3] was the first to
define the molecular structure of phthalocyanine in 1933, whose name
derives from the phthalic acid derivatives used for the pigments syn-
thesis and from the greenish-blue of their hue (cyan from the Greek
κυανος). Phthalocyanine (Pc) molecule consists of four isoindole units
(C8H7N) connected by four nitrogen atoms forming a macrocycle.
Copper phthalocyanines (Cu-Pc) are metal complexes where a Cu2+

cation occupies the central cavity of the macrocycle and forms co-
valent bonds with the N atoms (Fig. 1). Cu-Pc α-, β-, and γ- poly-
morphic forms are widely used as blue and green pigments, refer-
enced as PB15 and PG7 (class 74) in the Colour Index Database
(Society of Dyers and Colourists and American Association of Tex

⁎ Corresponding author at: Consiglio Nazionale delle Ricerche - Istituto Nazionale di
Ottica, CNR-INO, Largo Enrico Fermi 6, 50125 Firenze, Italy.
Email address: alice.dalfovo@ino.it (A.D. Fovo)

tile Chemists and Colorists) [4]. Various artists, inter alia Magritte, Pi-
casso, Lichtenstein, Mondriaan, Kandinsky and Pollock, made use of
PB15 pigments between 1935 and 1990 [5–8].

Phthalocyanine paints owe their success to their remarkable prop-
erties, such as ease of use, low cost of manufacture, excellent light-
fastness, heat stability up to 550°C and good resistance to most sol-
vents [9]. The partial solubility of Cu-Pc in aromatic solvents, though,
may lead to colour changes (blue towards green) due to crystalliza-
tion defects occurring during the transition from α- to β- polymor-
phic form with concurrent growth in crystals size [10]. Since aro-
matic compounds, especially toluene and xylene, are used as sol-
vent agents in several varnishes and adhesives for paintings, the risk
of deterioration of Cu-Pc pigments is significantly high. To prevent
damages, it is crucial to identify the presence of Cu-Pc before any
restoration treatment involving the removal or application of protec-
tive agents/consolidants. Modern pigments, like Cu-Pc, can be found
in historical paintings in the form of pictorial retouchings, especially
when the original colours were toxic or unavailable [6]. Therefore,
the detection of Cu-Pc overpaints may provide evidence of previous
conservation treatments. Generally, when a foreign superficial mate-
rial infringes the ethical standards of restoration – i.e. a pictorial re

https://doi.org/10.1016/j.saa.2018.09.040
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Fig. 1. Copper phthalocyanine molecule. A Cu2+ cation occupies the central cavity of
the macrocycle forming covalent bonds with N.

touching overlapping the historical paint or being excessively recog-
nizable in terms of colour difference – or does not fulfil its protective/
aesthetic function anymore, it has to be thinned down or selectively
removed. The cleaning process is an irreversible and delicate inter-
vention, which may greatly benefit from the precise identification of
the unwanted layer, as well as the estimation of its extension in-depth.
In this sense, it is important to chemically and physically characterize
the constituting materials before, during and after any restoring oper-
ation, both for documentation and monitoring purposes. Since in cul-
tural heritage diagnosis the preservation of the artwork's integrity is a
priority, in-situ, non-invasive modalities, namely not involving sam-
pling, pre-treatments or movements of the object, are generally pre-
ferred.

Among the various non-invasive spectroscopic techniques, Ra-
man spectroscopy, Vis-NIR Fibre Optics Reflectance Spectroscopy
(FORS), and Laser Induced Fluorescence (LIF) are well-established
and widely used for the study of the chemical composition of paint
materials. Raman spectroscopy [11] allows for the assignment of the
molecular composition according to the vibrational frequencies of
chemical bonds present in both inorganic and organic compounds.
Vis-NIR FORS is used to probe pigments and identify molecular func-
tional groups, i.e. absorption bands due to overtones and combinations
of fundamental vibrations [12]. When applied in combination with
Raman spectroscopy, FORS facilitates the identification of chemical
compounds, especially when the detection of the Raman signal is ham-
pered by the intense fluorescence emitted by binders and varnishes
[13], or when different pigments show similar Raman spectra (like
in the case of several phthalocyanine paints analysed in this paper).
On the other hand, LIF [14,15] is based on the detection of the fluo-
rescence emitted by molecules electronically excited with a coherent
monochromatic laser source. Natural and synthetic pigments, organic
and inorganic, may fluoresce due to the presence of delocalized elec-
trons in molecules containing multiple aromatic rings, long chains of
conjugated double bonds or di-azo bonds [16]. Since LIF results are
not always unambiguous, the support of other spectroscopic methods
may be necessary for a full material analysis.

Together with the above mentioned spectroscopic techniques, sev-
eral other non-invasive optical methods and 3D imaging techniques
have been applied to paintings in the past decades for the study of
multi-layer internal structures, aiming at overcoming the detection
limits imposed by the presence of highly scattering and semi-opaque
materials [17–24]. Optical Coherence Tomography (OCT), originally
developed for biological applications, provides high-resolution
cross-sectional images of semi-transparent objects. It has proven to be
effective for the in-depth visualization of low scattering varnish layers

[17], enabling the distinction between aged and new varnishes [18].
In the presence of high-reflecting varnishes, the use of an OCT setup
combined with confocal microscope optics may facilitate internal vi-
sualization, by focusing the beam inside the sample rather than on the
outer varnish surface [19].

Non-linear optical microscopies (NLOM), working in various
modalities, including Multi-Photon Excitation Fluorescence (MPEF)
and Second and Third Harmonic Generation (SHG and THG), ac-
count for cutting-edge, non-invasive analysis based on non-linear op-
tical processes, through which molecules simultaneously interact with
two or more photons within the same quantum event. These non-linear
optical phenomena can be observed when a given material is excited
by a femtosecond (fs) pulsed laser, tightly-focused inside the medium
by a high numerical aperture microscope objective. This ensures good
penetration, of around 1mm and high axial resolution in the range
of micrometres. NLOM techniques [23,25–29] may provide 3D com-
positional and structural information based on the detection of fluo-
rophores (by MPEF) [26], of crystalline or highly organized structures
without inversion symmetry (by SHG) [27] or of local differences in
refractive index and dispersion, i.e. interfaces, (by THG) [23]. NLOM
analyses have been applied for 3D imaging of protective layers with
the aim of supporting the removal of natural and synthetic varnishes
during the cleaning. In-depth monitoring of morphological and chem-
ical degradation of varnishes was carried out through the combination
of MPEF and THG modalities in the case of aging28 or laser ablation29

processes. Cross-sections of pictorial layers were obtained through
the NLOM modality of femtosecond pump-probe microscopy [30,31]
and, more recently, MPEF imaging has been applied for the determi-
nation of thickness of egg-tempera paint layers [32]. A recent work
has illustrated the complementary capabilities of OCT and NLOM for
the study of painting materials [25] and has warned on the possibility
of damaging non-transparent layers by irradiating them with the ex-
cessively high fluences of the femtosecond used in non-linear micro-
scopies. Dal Fovo et al. [32] have examined tempera paint layers by
MPEF upon femtosecond excitation at 740nm and have showed that
their thickness was underestimated due to the strong absorption and
attenuation of the emitted fluorescence. Based on these antecedents,
the main limitation of NLOM imaging seems to be associated with
the presence of highly scattering and/or absorbing media (pigments),
which obstruct the detection of the NLOM signal, and of the high laser
fluences needed to excite a measurable non-linear optical signal.

As mentioned, the techniques applied in this work are particularly
suitable for artworks diagnosis, due to their non-invasive character
and in-situ applicability, which eliminates the necessity of sampling
and moving the artwork [33]. Micro-Raman spectroscopy, FORS, LIF
and OCT can be applied in-situ with portable and widely available
systems. Latour et al. have demonstrated that NLOM can be applied
directly to historic musical instruments using a setup able to collect
nonlinear optical signals in the reflection mode [27].

In this work, we present the results obtained through the appli-
cation of a set of non-invasive optical techniques for the chemical
and physical characterization of six phthalocyanine acrylic paints
(©Maimeri, Brera, IT): Primary Blue Cyan (PBC), Phthalo Blue (PB),
Phthalo Green (PG), Cobalt Blue Hue (CBH), Permanent Blue Light
(PBL) and Permanent Green Light (PGL). The optical behaviour and
the chemical composition of the paints were investigated through
a multi-analytical approach involving micro-Raman spectroscopy,
FORS and LIF. This work also aims at further testing the applic-
ability of advanced NLOM techniques at non-damaging laser exci-
tation conditions, in probing painting materials with different light
absorption properties. In-depth analyses were carried out non-
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invasively by NLOM in the modality of MPEF in reflection mode, and
the reliability of the results was assessed by comparison with OCT
analysis.

2. Experimental

2.1. Materials

The set consists of six acrylic paints (Extra-fine acrylic colours,
©Maimeri Brera, IT) laid on glass coverslips (2.5× 5cm2, 140μm
thickness). Three are pure Cu-Pc: Primary Blue Cyan (PBC), PB15:3
– 74160; Phthalo Blue (PB), PB15:1 – 74160 and Phthalo Green (PG),
PG7 – 74260. The remaining three are mixtures of Cu-Pc and different
organic compounds, like aniline and acetoacetanilide, and inorganic
titanium dioxide: Cobalt Blue Hue (CBH), PB15:3 – 74,160, PW6 –
77891, PB29 – 77007; Permanent Blue Light (PBL), PB15:3 – 74,160,
PG7 – 74260, PW6 – 7789 and Permanent Green Light (PGL), PG7 –
74260, PW6 – 77891, PY97 – 11767. Each pigment is referenced with
two indexes, namely the generic name (GN) and constitution number
(CN), according to the globally recognized Colour Index Database [3].
Colour indexes are descriptors used for pigments classification, to fa-
cilitate their identification in the industrial/commercial field. These in-
dexes are not directly connected to CIEL*a*b* values, which instead
are colorimetric parameters, experimentally measured and reported in
this work for a further characterization of the paints. CIEL*a*b* co-
ordinates, measured through Fibre Optics Reflectance Spectroscopy
(FORS) (see Section 2.2.2), are reported in Fig. 2. Bright-field images
and micro-images, obtained with a Leica DFC 420 charge-coupled de-
tector (CCD) camera, are also shown in this Figure.

2.2. Methods

2.2.1. Micro-Raman Spectroscopy
Raman spectra were collected using a Ranishaw InVia 0310–02

System based on a continuous Nd:YAG laser excitation source at
532nm. The diameter of the laser spot on the sample was diffraction
limited to 1μm by the objective lens (50×). The system is equipped
with a Leica microscope and an electrically refrigerated CCD camera.
The wavenumber resolution was 4cm−1 and the acquisition time set
for measurements of 10s. Low laser powers (0.15–0.3mW) were used
to prevent degradation of the samples [8].

2.2.2. Fibre Optics Reflectance Spectroscopy (FORS)
FORS spectra were acquired with a Zeiss Multi-Channel Spec-

trometer, including a MCS 521 VIS NIR-extended module and a MCS
511 NIR 1.7 module with spectral sensitivity in the 304–1100nm and
950–1700nm ranges, with spectral resolution of 3.2nm and 6.0nm,
in the visible and IR region, respectively. The illumination/observa-
tion geometry is 45°/0°. For measurements, each sample was placed
on a 100% reflecting background (Spectralon) and each spectrum was
the resulting average of three acquisitions from each of three measure-
ments points that were selected for each sample. The output signal was
processed through a dedicated software, providing also CIEL*a*b*
coordinates [34–36], computed using the measured Vis spectrum with
standard D65 illuminant and 2° observer (Fig. 2).

2.2.3. Laser Induced Fluorescence (LIF)
Excitation of the fluorescence emission was induced by a

Q-switched Nd:YAG laser operating at its 4th harmonic at 266nm,
with pulse duration of 15ns, and repetition rate of 1Hz. As in the
case of micro-Raman analyses (see Section 2.2.1.), the laser pulse en-
ergy was very low, of the order of 0.5mJ, to avoid degradation of
samples during measurements. The luminous emission was collected
and dispersed by a 0.30m spectrograph with a 300 lines/mm grating
(TMc300, Bentham) coupled to an intensified charged coupled device
(CCD, 2151 Andor Technologies). The temporal gate (width of 3μs)
was fixed at zero time delay with respect to the arrival of the laser
pulse to the surface of the sample.

2.2.4. Optical Coherence Tomography (OCT)
In-depth imaging was performed with a Time-Domain confocal

OCT prototype developed at Istituto Nazionale di Ottica (CNR-INO,
Italy), which combines confocal microscope optics with the OCT
setup. The system operates at a wavelength of 1550nm with an ax-
ial resolution of 10μm in air and a lateral resolution of 2.5μm. The
maximum acquisition length is 25mm, both in the x and y directions,
whereas the in-depth probing length is 1mm.

2.2.5. Multi-Photon Excitation Fluorescence (MPEF)
In-depth analysis was also performed with a non-linear optical

microscope developed at Instituto de Química Física Rocasolano
(IQFR-CSIC, Spain) that allows the collection of the MPEF signals
from the focal volume at the sample plane in the reflection mode,
as depicted in Fig. 3. The excitation light source is a mode-locked
Ti:Sapphire femtosecond laser emitting at 800nm, with average power
of 680mW, delivering 70 fs pulses at a repetition rate of

Fig. 2. Copper phthalocyanine paint layers applied on glass coverslips (upper row) and micro-images (lower row, 740× 550μm2) showing paint micromorphology. CIEL*a*b* values
as measured through FORS analysis, are also reported (see text).
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Fig. 3. Layout of the non-linear optical microscope used for MPEF measurements.

80MHz. A variable neutral density filter (NDC-50C-2M, Thorlabs)
was used to control the laser power reaching the sample. For the pre-
sent measurements, the average power was in the range of 1–15mW,
values far from the damage threshold of the paints (as monitored
through CCD online visualization of the sample surface during the
femtosecond laser excitation). The laser beam was conducted to the
sample through the aperture of a microscope objective lens (M Plan
Apo HL 50×, Mitutoyo, NA 0.42) by using a dichroic beam splitter
(FF750-SDi02-25× 36, Semrock) with high reflection at 800nm.

The laser focal plane was selected with motorized translation XYZ
stages (Standa 8MVT100–25-1 for XY and Standa 8MTF for Z).
The lateral and in-depth resolutions achieved are of 1 and 2μm, re-
spectively. A LabVIEW interface was used to control both scan-
ning and data acquisition procedures. The MPEF signals were col-
lected in the backward direction through the microscope objective
lens and a beam splitter (70/30) and measured using a photomulti-
plier tube (9783B, ET Enterprises) connected to a lock-in amplifier

Table 1
Main Raman bands of six analysed copper phthalocyanine paints.

Paint (acronym)
Main Raman bands [cm−1] and relative intensitya,
λexc = 532nm

Primary Blue
Cyan (PBC)

231w, 255w, 590 m, 680 m, 747w, 951w, 1037w, 1137w,
1341w, 1451 m, 1527s, 1595w, 2672w, 2870w, 2976w,
3056w

Phthalo Blue
(PB)

Phthalo Green
(PG)

142w, 162w, 505 m, 685 s, 818w, 978w, 1080 m, 1200w,
1284m, 1340w, 1388 m, 1503s, 1536s

Cobalt Blue Hue
(CBH)

230m, 260 m, 548 s, 583 m, 680 m, 747w, 808w, 951w,
1096m, 1145w, 1450 m, 1530s, 1584w, 1644w, 2192w

Permanent Blue
Light (PBL)

143w, 231 m, 255 m, 450 s, 590 s, 609 s, 680 s, 747w, 831w,
951w, 1008w, 1037w, 1137 m, 1341s, 1451s, 1527s, 1595w,
2870w, 3056w

Permanent Green
Light (PGL)

153w, 309 m, 505w, 615w, 685 s, 818w, 978w, 998w,
1008w, 1080 m, 1200 m, 1284s, 1332w, 1340 m, 1388s,
1455w, 1503s, 1536s, 1591w, 1668w

a s: strong; m: medium; w: weak.

(SR810 DSP, Stanford Research Systems) to ensure high amplifica-
tion and signal-to-noise ratio. A short pass filter (335–610nm, Thor-
labs FGB37S) was placed at the entrance of the photomultiplier to cut
off the reflected laser light. The remaining 30% of the MPEF signal
was sent to a CCD camera (Thorlabs DCC1645C) for online visual-
ization of the sample surface and the signal collection process.

3. Results and Discussion

3.1. Micro-Raman Spectroscopy

The chemical composition of the six analysed paints was deter-
mined through comparison with spectral information reported in liter-
ature and databases available online [37–39]. The main Raman bands
assigned for each Cu-Pc pigment, together with their respective inten-
sities, are reported in Table 1, while the chemical compositions are
summarized in Table 2. As an example, Fig. 4 includes the Raman
spectra acquired in the PB and PBL samples.

Spectra of PBC and PB display numerous common bands (the
most intense ones are centred at about 590, 680, 1451 and 1527cm−1),
hampering the distinction between the two pigments.

Table 2
Chemical composition of the six analysed copper phthalocyanine paints.

PB15:1
Inorganic Copper
Phthalocyanine α
[C32H16CuN8]

PB15:3
Inorganic Copper
Phthalocyanine β
[C32H16CuN8]

PG7
Organic Chlorinated
Phthalocyanine
[C32H3Cl13CuN8 to
C32HCl15CuN]

PB29
Inorganic Ultramarine
Sodium Polysulphide-
Aluminosilicate

PY97
Organic Arylide yellow
[azo coupling of aniline
and acetoacetanilide]

PW6
Inorganic
Titanium
Dioxide
[TiO2]

Primary Blue
Cyan
(PBC)

✓ (traces)

Phthalo Blue
(PB)

✓

Phthalo Green
(PG)

✓

Cobalt Blue
Hue (CBH)

✓ ✓ ✓

Permanent
Blue Light
(PBL)

✓ ✓ ✓

Permanent
Green
Light
(PGL)

✓ ✓
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Fig. 4. Micro-Raman spectra of a) Phthalo Blue (PB) and b) Permanent Blue Light (PBL) acrylic paints upon excitation at 532nm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Concerning PG, the most significant bands appear at 685, 1503 and
1536cm−1. Raman analysis on these three pure phthalocyanine pig-
ments (PB, PBC, PG) allowed assignment of the bands in accordance
with literature [7].

The three mixtures (CBH, PBL and PGL) and the PBC paints show
bands ascribed to additional components. The bands at 1332, 1455,
1591 and 1668, cm−1 in the PGL spectrum correspond to the pigment
Arylide Yellow, PY97 [40]. Bands at 260, 548, 583, 808, 1096, 1644
and 2192 cm−1 in the CBH spectrum allow identifying the presence of
Ultramarine, PB29. Bands at 143, 231, 450, 609cm−1 in PBL, CBH,
and PBC (traces) are due to Titanium White, PW6, in rutile form. We
found some discrepancies with the composition declared by the manu-
facturer. The most significant one concerns PGL paint, in which bands
of barium sulphate (at 998cm−1) and calcium sulphate (at 1008cm−1)
where observed, their presence possibly related to a component added
as filler. Also in this case, bands assigned to the Cadmium Yellow
pigment (at 153, 309, 615cm−1) were detected [41]. Furthermore, no
traces of titanium dioxide were found in PGL, in contrast with what
was reported by the manufacturer.

3.2. Fibre Optics Reflectance Spectroscopy (FORS)

The reflectance spectra of the six acrylic paints studied in this work
are reported in Fig. 5a, b, c, showing specific spectral zones for bet-
ter differentiation of the paint materials. Previous studies [42] have
shown that Cu-Pc pigments present specific spectral features, which
upon combined analysis by Raman spectroscopy allow discriminat-
ing between different compounds. It is observed that all the analysed
paints display varying degrees of transparency at 800nm, which is the
wavelength of the femtosecond laser used for MPEF measurements,
and in the spectral region between 335 and 610nm, where the induced
multiphoton emission can be detected. This variation is important in
view of the NLOM measurements performed on the samples, as it pro-
vides a range of conditions to test the capacity of thickness determina-
tion by this technique.

Fig. 5b displays the second derivative of the reflectance function
for Primary Blue Cyan, Phthalo Blue and Phthalo Green paints in the
NIR region between 700 and 900nm. A possible differentiation be-
tween the three paint is based on the identification of the inflection
points, which are located at 800, 860 and 900nm for PBC, PB and
PG respectively. Fig. 5c shows the spectra of all Cu-Pc paints in the
350–700 nm region. Further confirmation of the chemical composi

tion of these paints is based on the detection of a shoulder at 410nm
attributed to titanium dioxide in rutile form [42].

3.3. Laser Induced Fluorescence (LIF)

LIF spectra of the six Cu-Pc paints are displayed in Fig. 6. The
common broad emission band between 280 and 380nm is attributed
to the acrylic binder, in consistency with previous published studies
[13,43,44]. The emission bands at higher wavelengths, between 380
and 580nm, are characteristic of each pigment. Specifically, CBH and
PBC show very similar fluorescence emissions, with maxima at 400
and 440nm, PBL and PB display a broad, somewhat structured emis-
sion band centred at around 400nm, and PG emits a relatively less in-
tense fluorescence band located between 380 and 550nm. The emis-
sions of these five paints are associated with characteristic fluores-
cence emission bands of phthalocyanines [43]. PGL shows a band
slightly shifted towards longer wavelengths (460–570nm, centred at
500nm) with respect to the other pigments, which is associated with
azo compounds emission [43].

The spectra presented in Fig. 6 have not been corrected by absorp-
tion of the pigments or the acrylic dispersion medium and, therefore,
the intensity of the emission of each paint should reflect the effect of
the absorption coefficient and of the fluorescence quantum yield of
the phthalocyanines. However, as regarding the NLOM measurements
performed here, the identification of the LIF emission bands collected
by excitation at 266nm, as described above, is necessary to ensure
the proper detection of the MPEF signals. Given the wavelength of
the femtosecond laser source, it is expected that three-photon absorp-
tion at 800nm would yield similar fluorescence spectra than those col-
lected by one-photon absorption at 266nm. The detection range of
the non-linear optical microscope is limited by the filter in front of
the photomultiplier to the region of 335–610nm. According with LIF
measurements, this implies that MPEF signals include emission from
the binder and pigment components of the paints.

3.4. Optical Coherence Tomography (OCT)

For each sample, two OCT profiles were acquired along two per-
pendicular lines in the middle of the painted surface and indicated
in Fig. 7a. The real thicknesses of the paint layers were evaluated as
an average of six values measured along a 1mm OCT profile, tak-
ing into account the refractive index of the medium (n= 1.5) [45]. The
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Fig. 5. Reflectance spectra of Cu-Pc paints: a) in the 300–1700nm spectral range; b) second derivative curves for PBC, PB and PG in the 700–920nm range, where the zeros of the
functions correspond to the position of the inflection points; c) zoom out of the reflectance spectra of Cu-Pc paints in the 350–700nm. The shoulder at 410nm highlights the presence
of TiO2 only in PBC, CBH and PBL paints.

Fig. 6. LIF spectra acquired by excitation at 266nm of the Cu-Pc pigments.

signal coming from the glass support was taken as a reference, assum-
ing that 1 pixel corresponds to 1μm along the in-depth direction and
to 5μm along the scanning direction of the tomographic image.

It is worth mentioning that the acquired OCT profiles, as the ones
shown for Primary Blue Cyan sample in Fig. 7, enable the visualiza

tion of the lower glass/air interface due to the transparency of the
Cu-Pc paints at the wavelength of the OCT source of 1550nm. Dif-
ferently, no distinction between paint and glass is possible, due to the
negligible difference in refractive index between the two materials.
For that reason, the thickness of the paint layers is assessed taking as
reference the glass surface visible at the border of each sample. Table
3 displays the thickness values determined by OCT for the samples of
this study.

3.5. Multi Photon Excitation Fluorescence (MPEF)

MPEF signals were collected for all the six Cu-Pc paints in an area
of 5× 5mm2 approximately located in the middle of each sample, in
order to ensure a correct comparison with the OCT tomograms. On the
basis of signal intensity, the detection was optimized in each case by
setting the laser power to the most suitable range, although it never
exceeded 15mW to ensure non-damaging measuring conditions [25].
The dependence of the MPEF signal with the depth below the surface
of the paint (Z-scan) was measured at five different sample positions
of the analysed area. MPEF profiles were normalized and fitted with
a Lorentzian function, and the full width at half maximum (FWHM)
was taken as an estimation of the paint layer apparent thickness. To
obtain the real thickness, the FWHM values where subsequently cor-
rected by applying the apparent depth correction factor (F), according
to the formula46
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Fig. 7. a) Bright field image of the Primary Blue Cyan sample showing the position of the two OCT profiles acquired on each sample: red line (25mm scanning length and 1mm
deep) and white line (5 mm scanning length and 1mm deep), orthogonally oriented and crossing at the centre of the painted surface; b) OCT tomogram of PBC paint acquired along
the red line (25 × 1mm; scale bar = 100μm in-depth) displaying the paint layer (coloured in yellow) over the glass support (light-blue lines); the central area, considered for paint
thickness evaluation, is highlighted by the dotted-line rectangle; c)–h) tomograms of the central area for the six phthalocyanine paints. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 3
Comparison between thicknesses measured by MPEF and OCT.

Sample FWHMcorr [μm] ± st. error OCT thickness [μm] ± st. dev.

PBC 53± 2 46± 3
PB 53± 3 48± 3
PG 50± 4 51± 2
CBH 30± 2 28± 3
PBL 40± 1 38± 2
PGL 25± 1 22± 2

where n is the refractive index of the sample (1.5), computed follow-
ing ref. [40], and NA the effective numerical aperture of the focus-
ing objective lens (0.42). The collected MPEF signals as a function of
depth are represented in Fig. 8, together with Lorentzian function fits.

Although in this figure, the signals are normalized to their maximum
value, it should be noticed that their magnitude varies with the degree
of transparency at 800nm (as depicted in Fig. 5). As an example, the
MPEF signal from the highly absorbing PG and PB paints is around
one order of magnitude lower than the signal measured in the rest of
paints. The thickness of the paint layers after correction (FWHMcorr)
are reported in Table 3 with standard errors and OCT measured thick-
ness for comparison.

Table 3 brings evidence of the good agreement between the paint
thickness values determined in this work through MPFE and OCT de-
spite the varying degree of transparency of the samples at the fem-
tosecond laser excitation wavelength. As it has been mentioned above,
measurements were performed at low laser fluence levels which re-
sulted in weak MPEF signal for some of the highly absorbing samples,
like PG and PB. Despite these stringent measuring conditions, the sig-
nal-to-noise ratio was high enough to determine the thickness of the
layer, thus allowing the comparison with OCT results. Notwithstand-
ing the usefulness of the THG modality of NLOM to determine the
layer boundaries, the results shown herein demonstrate that the proper
choice of laser excitation wavelength and average power and of the
spectral range for collection of the fluorescence signals is crucial to
ensure a correct estimation of thickness paint layers by MPEF.
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Fig. 8. Z-Scans of the MPEF signals of Cu-Pc paint samples (in black) and fits by a Lorentzian function (in red). The corresponding FWHM values after refractive index corrections
are indicated in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Conclusions

This paper describes the characterization of a set of purposely de-
veloped samples of six phthalocyanine acrylic paints using non-inva-
sive spectroscopic, interferometric and non-linear optical microscopy
techniques. Chemical-physical characterization of the paint materi-
als was obtained by laser micro-Raman spectroscopy and Fibre Op-
tics Reflectance Spectroscopy (FORS), which provided complemen-
tary information for the identification of molecular compounds in
each paint and for highlighting in some cases discrepancies with the
chemical composition declared by the manufacturer. The application
of these two techniques made also possible to differentiate between
the two pure phthalocyanine Phtalo Blue and Primary Blue Cyan
(PB15:1 and PB15:3 pigments, α- and β- polymorphic forms, respec

tively), having very similar composition but different reflectance be-
haviour. The measurement of the laser induced fluorescence (LIF)
spectra of the paints upon excitation at 266nm allowed for discrimi-
nating the bands emitted by the acrylic binder from those of the pig-
ments, while non-invasive stratigraphic analysis by optical coherence
tomography (OCT) yielded an estimation of the paint thicknesses.
The results obtained using these techniques served to select the ade-
quate excitation and signal collection conditions for studying the ph-
thalocyanine acrylic paints by the cutting-edge Multi-Photon Excita-
tion Fluorescence (MPEF) technique, a modality of non-linear opti-
cal microscopy (NLOM) seldom applied on painting materials. Upon
femtosecond laser excitation at 800nm, and applying average powers
far below the paint damage thresholds, it was possible to determine
the paint layers' thickness through this technique. The good agree-
ment between the thickness values estimated with OCT and MPEF
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serve to validate the latter technique for paint materials that display
sufficient degree of transparency to the excitation laser wavelength
and in the spectral range of the emitted fluorescence. The NLOM mea-
surements described here were carried out in the reflection mode, thus
providing the possibility to apply these techniques to coatings of paint-
ing materials laying on an opaque substrate (board, wood, canvas, etc.)
for in-situ studies. Further research is in progress on samples simulat-
ing the real structure of a painting, and by combining MPFE with other
modalities of NLOM such as Second and Third Harmonic Generation
(SHG and THG).
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