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Abstract: Based on a multi-analytical approach involving mobile techniques and lab-based
devices (XPS, portable and micro-Raman spectroscopies, and ATR-FTIR spectroscopy,
combined with SEM/EDS and optical microscopy), this study presents the first in-depth
investigation of two cultural heritage artworks painted by the famous Romanian artist
Stefan Luchian. The research highlights the artist’s use of a wide range of colors, with his
palette including classic pigments such as ochers, lead white, barium white, zinc white, and
viridian, as well as contemporary colors such as cobalt purple, alizarin crimson, and the
little-known indium yellow. Additionally, attempts are made to characterize the binders
used in the paintings, which include linseed oil and animal glue. Beyond identifying the
types of pigments and materials used by the artist and assessing the degradation stage of
the paintings, this study is the first to provide information regarding the use of In,O3 as a
yellow pigment in artwork.

Keywords: Luchian; pigments; spectroscopy; In,Os; degradation phenomena

1. Introduction

The identification of the pigments and materials used by the artist in a painting
is a mandatory step to be considered before any conservation procedure is taken into
account. To conserve and restore works of art, it is vital to identify both the materials
employed by the artist and the degradation processes affecting the painting. Canvases may
be regarded as complex heterogeneous structures in which multiple interactions between
various constituents, in addition to aging and degradation phenomena, take place. In order
to understand the intrinsically complex nature of these phenomena, detailed and advanced
analytical techniques are necessary to obtain information on the nature of the materials
used by the painter and of the ongoing processes of degradation.

A disciple of Nicolae Grigorescu, Stefan Luchian (1868-1916), consecrated as a “flower
painter”, is one of the most representative modern post-impressionist Romanian painters,
who established a scientific basis in modernist pictorial art, both visually and concep-
tually [1]. Stefan Luchian is known to be the first Romanian painter who, in order to
underline Romanian art’s distinct personality within the European context, was inspired by
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traditional mural paintings of medieval churches and by Romanian traditional art, simpli-
fying and underlying some elements and overshadowing others. A colorist by excellence,
Luchian expressed his lyrical spirit by converting nature into linear syntheses and bright
chromatic harmonies. To obtain his desired hues, Luchian used direct mixing of several
pigments in his easel painting, a technique previously adopted by Grigorescu. Regarding
the painting of flowers, Luchian’s technique implied the superposition of a dense paste
in successive layers, by using a knife or by modeling it with a brush, in a stormy texture
replete with nuances and reflexes, thus conferring an irregular topography to corollas [2].

Although the innovative contribution brought to the Romanian painting by the famous
painter Stefan Luchian comprises more than 100 works, there is no comprehensive study
regarding the identification and structural characterization of materials and pigments used
by this artist, as well as of the degradation processes affecting his work. The present study
is a multi-analytical investigation focused on the structural characterization of the materials
and pigments used by Stefan Luchian in two heritage artworks, i.e., Chrysanthemums and
Roses, belonging to the “Moldova” National Museum Complex. A previous investigation
conducted on the same artworks was limited to a rather brief analysis by means of portable
XRF and Raman spectrophotometers [3]. The presence and identification of In,O3 through
analysis of some microscopic fragments of paint layers through SEM/EDS and XPS mea-
surements was thoroughly studied. Although indium yellow, the generic name for either
indium oxide (InyO3) or sulfide (In,S3), has been mentioned since 1869 for its possible use as
a pigment [4], only one reference regarding the use of In,Oj3 as a precursor for the obtaining
of YInMn blue pigment (YInMn stands for the component elements, i.e., yttrium, indium,
and manganese) has been published in the literature [5]. To our knowledge, no reports on
the use of InyOj3 as a yellow pigment in an artwork have been previously published.

2. Materials and Methods

The study of the artwork included on-site investigations with portable equipment,
and an in-depth analysis of microscopic fragments using tabletop instruments. Raman
measurements, performed directly on the paintings, were recorded using a portable Raman
spectrophotometer (R-3000CN from Raman Systems, Woburn, MA, USA) with a 785 nm
diode laser, with a spectral resolution of 2 cm~! and integration time of 10 s. The selected
laser power for these analyses varied in the range of 10-50 mW, depending on the specimen.
In the used configuration, the laser spot was about 0.1 mm in diameter, allowing a real
spatial resolution in the range of few millimeters to be obtained. Due to the relatively large
spot size, the laser power per area was weak in order to avoid any damage to the paintings.
The spectrometer was calibrated before each experimental session using the Raman peak of
a silicon crystal at 520.5 cm 1.

Analyses using invasive techniques were performed on microscopic samples collected
from under the picture frames to ensure no damage to the painting’s surface. These
included small grains, generally less than 1 X 1 mm in size, collected from stains of different
colors, as well as a small canvas fragments from the back of the Chrysanthemums painting
that contained small smudges approx. 2 x 2 mm in size. The samples were named as
follows: microscopic grains from Roses—LIB (point of collection 1’, Figure 1a), microscopic
green grains from Roses—LIB_V (point of collection 2’, Figure 1a), microscopic grains from
Chrysanthemums—LIIB (point of collection 1’, Figure 1b) and Chrysanthemums—LIIB_V
(point of collection 2’, Figure 1b), and a canvas fragment with blackish paint smudges
from Chrysanthemums—LIIA (point of collection 3’, Figure 1b). For the analyzed samples,
the surface elemental composition of the samples and the chemical states of oxygen (O),
carbon (C), sulfur (S), calcium (Ca), lead (Pb), and silicon (Si) were derived from X-ray
Photoelectron Spectroscopy (XPS) measurements. These were performed with a PHI 5000
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VersaProbe, ULVAC-PHI (Chikasaki, Japan) spectrometer, equipped with a monochromated
AlK«x X-ray source (hv = 1486.6 eV) under a take-off angle of the photoelectrons of 45°.
The measurements were recorded using the following settings: pass energy = 58.7 eV,
energy step = 0.1 eV, time/step = 20 ms, X-ray beam energy = 25 W, and X-ray beam
diameter = 100 um. Following a standard procedure [6], the high-resolution XPS spectra
of O1s,Cls,S2p, Ca2p, Pb4f, Si2p, Zn 2p, Co 2p, Ba 3d, and In 3d were used in the
identification of compounds. Due to the small size of the microscopic green grains from
both paintings (samples LIB_V and LIIB_V), spectra could not be recorded for these. For
the larger LIIA sample, four spectra were collected: one in the region of the canvas, two in
the overall area of the blackish paint smudges, and a final one in an area of interest that
contained grains of indium yellow. The calibration of the binding energy (BE) scale was
performed by considering the BE of the C1 s peak (284.8 eV). Peak deconvolution was
performed using the CasaXPS 2323PR1-0 software. ATR-FTIR spectra were produced with
a Bruker Vertex 70 instrument (Billerica, MA, USA), in the 4000-6000 cm ! region, with a
resolution of 2 cm ™!, by performing 64 scans at room temperature, using the ATR technique
and the Opus 5 FTIR Software. ATR-FTIR spectra were recorded for all the samples, and
for the larger LIIA sample, three spectra were recorded: one in the area of the blackish
smudges and two in the area of the canvas without paint. For the microscopic samples
extracted from the painting rims, the Raman spectra were recorded using a Renishaw InVia
Reflex spectrometer with a 632.8 nm He-Ne laser (maximum laser power 50 mW). All the
spectra were collected through a 50x objective, giving a footprint of about 1 pm. The laser
power density on the samples was minimized to 5 mW to avoid any thermal damage. Each
spectrum was recorded using a 1 s accumulation time for 15 spectral accumulations to
achieve an acceptable signal-to-noise ratio. The resolution of the recorded spectra was
2 em~ 1. All the samples taken for analysis were examined in several regions in order
to identify as many pigments as possible. The spectrometer was calibrated before each
experimental session using the Raman peak of a silicon crystal at 520.5 cm~!. The SEM
images were obtained using a Quanta 200 scanning probe microscope, from FEI Company,
Hillsboro, OR, USA with the following settings: 60 Pa void, 10 mm working distance, and
an accelerating current of 20 KeV. Due to the small size of most of the microscopic fragments,
and the desire to not contaminate them with material from the double-sided tape required
for mounting them on Al conducting supports (and thus impede subsequent analyses), it
was decided that only the canvas sample LIIA would be investigated by SEM/EDS. The
sample was mounted on cylindrical-shaped Al conducting supports in order to perform
the investigations. A Leica DM2500 M microscope (Wetzlar, Germany) with transmitted
and incident light and fluorescence, and LAS Interactive Measurement software (https:
/ /www.leica-microsystems.com/products/microscope-software/p/leica-las-x-Is/) for
image acquisition, were used to analyze the microscopic fragments. Graph creation for
the FTIR, Raman, and p-Raman spectra, and background subtraction for the cobalt purple
spectrum, was performed using Origin software (https://www.originlab.com/).

The techniques used in this study (optical microscopy, SEM/EDS, XPS, Raman spec-
troscopy, p-Raman spectroscopy, and FTIR spectroscopy) have been widely used in the
study of cultural heritage objects, as the following reviews describe in detail [7,8].


https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/
https://www.leica-microsystems.com/products/microscope-software/p/leica-las-x-ls/
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Figure 1. Investigated canvases: (a) Roses: 1,4, 5, 6,7, 8, 11,12, 13, 14, and 18—analysis points where
portable Raman spectra with identifiable bands were recorded, and 1/, 2’—overall area from which
samples were collected beneath the frame; (b) Chrysanthemums: 8,9, 11,12, 13, 14, 16—analysis points
where portable Raman spectra with identifiable bands were recorded, and 1’, 2/, 3’—overall area from
which samples were collected beneath the frame.

3. Results and Discussion

The two canvases, i.e., Chrysanthemums and Roses (Figure 1), belong to the painter’s sec-
ond artistic phase, characterized by the flowers theme (1907-1910), by significant brilliance,
and by the study of chromatic forces. These heritage paintings were analyzed using XPS,
portable and micro-Raman spectroscopy, and FTIR spectroscopy, as well as SEM/EDS and
optical microscopies. Table 1 contains a list of all the identified pigments in the analyzed
cultural heritage canvases.

Table 1. List of pigments identified through spectroscopic techniques, or whose use was established
due to the presence of known common degradation products. Pigments were identified and character-
ized using the following techniques: a—XPS; b—SEM/EDX spectroscopy; c—pRaman spectroscopy;
d—portable Raman spectroscopy; and e—FTIR spectroscopy; and they were inspected with f—optical

microscopy.
Artwork
Roses Chrysanthemums
. . oo Samples oo Samples
Color Pigments/paint components Painting Painting
LIB LIB_V LIIA LIIB LIB_V
. d, pts. 8,
Lead white a, e e 11,12, 18 b, e a
Zinc white d, pt. 6 a,b a
White . . d, pts. 3,7,
Barium white 811,13 e e a,b,c C
Calcium carbonate a, e e a,b,e a
Gypsum b
Black Carbon black C
Prussian blue b
Blue Ultramarine C
Azurite C
Viridian b, f
Green Cobalt green/Rinmann’s green ab

Copper-based green pigment
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Table 1. Cont.

Artwork
Roses Chrysanthemums
Indium yellow ab,f
Strontium yellow d, PIZ 13, b, e
Yellow Cadmium yellow b
Yellow ochre b
Massicot a,b,c
Red ochre b, c
s d, pts. 1, 4,
Red Vermillion 56,12, 15 c b, c
Alizarin crimson PR 83 d, pt. 14 d, pt. 9
Phenylazonaphthol PR 57:1 c
B Cassiterite C
rown Burnt umber/Sienna b
Purple Cobalt violet e b, c

3.1. SEM/EDS Microscopy

Generally, the most abundant elements found in the EDS analysis of LIIA were C and
O, in concentrations usually exceeding 20%, which is consistent with the extensive use of
a binder in the painting layer. With the exception of zinc and chrome (generally having
values up to 2-3%), in the areas with a high binder content, the concentrations of other
elements were usually below 1%. However, for certain grains, the EDX measurements
showed high readings for the pigment constituents. The EDS investigations in which
the atomic concentration of various grains are mentioned are illustrated in Table S1 (ESI).
The presence of Ba, Zn, and Ca in multiple analysis points indicates the combined use of
barium white (BaSQOy), zinc white (ZnO), and calcium carbonate (CaCO3) to obtain the
white color. Although the overall amount of these elements slightly varied, the analysis
showed the presence of several grains where the pigments appeared individually. As such,
barium white was revealed by larger grains containing Ba (5.3%) and S (5.4%) in much
higher amounts as opposed to all other elements, except for C and O. One grain with a Ca
concentration of 14.9% showed the use of calcium carbonate, while another one, where the
Ca concentration reached 8.9% and the Zn concentration reached 6.7%, also emphasized
the use of both calcium carbonate and zinc white. An area rich in Ca (5.2%) and S (4.7%)
revealed the use of plaster containing gypsum (CaSQOy) in the preparation layer. However,
the presence of Pb, most likely in the form of lead white pigment (PbO/2PbCO3-Pb(OH),),
used either as a whitener or as a siccative agent, was confirmed by SEM/EDS investigation
in many analysis points. The overall low concentration in which Pb was found indicated
that the painter made little use of this pigment, and preferred other shades of white.

Many of the analyzed points contained significant amounts of Sr, with values reaching
up to 2.3% in the investigated areas. A closer look at the atomic concentrations of the
other elements in the investigated points revealed that Sr was present in high amounts
(more than 1%), as well as Cr. This type of elemental composition matches the structure of
strontium yellow (SrCrOy) pigment.

The identification of high amounts of Fe (15.3%) and Cr (12.10%), while other metals
were present below 1.2% in an investigated area, is consistent with the use of either
siderin yellow (Fep(CrOy)3) or a combination of pigments containing Fe, i.e., red ochre
(containing hematite—Fe;O3) or yellow ochre (containing lepidocrocite—y-FeO(OH)—
with viridian (Cr,O3)). Aside from the iron compounds providing the color, ochres also
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contain impurities in the form of alumino-silicates or quartz. At the analyzed point, Al and
Si were found in a concentration of 1.1% and 1.7%, respectively. Therefore, the use of a
mixture of pigments at the analyzed point is much more likely, as opposed to siderin yellow.

Another yellow pigment that was identified in the SEM/EDS analysis was cadmium
yellow (CdS). While cadmium was present in many of the analysis points, the presence of
this cadmium yellow pigment was highlighted by measurements performed in two distinct
areas containing high amounts of cadmium (10.4% and 13.6%) and sulfur (9.5% and 13.3%).
Moreover, in Figure S1, ESI shows the information regarding the optical microscopy, SEM
image, and elemental composition of a yellow grain containing significant amounts of
cadmium (3.1%) and sulfur (2.6%), pointing out the presence of cadmium yellow.

Regarding the blue pigments, two large grains were observed through optical mi-
croscopy and later identified using SEM/EDS analysis based on morphological landmarks
(one of the grains is shown in Figure S2, ESI). The elemental composition of both grains
showed high amounts of iron (5.3% and 10.1%), indicating that Luchian used Prussian blue
(Fe4[Fe(CN)g]s) in his works of art. Besides the presence of a high amount of iron (5.3%), the
largest grain showed a high concentration of Co (2.7%). The most common blue pigments
containing Co are cobalt blue (CoAl;Oy4), cerulean blue (CoOenSnO;), and enamel (an
alkaline silica containing small amounts of Co). The analyzed blue pigment cannot be
cobalt blue, due to the analyzed pigment containing a small concentration of aluminum
(0.4%) vs. cobalt, or cerulean blue, because of the absence of tin. Also, no relation between
the constituent elements of enamel pigment could be found in the SEM/EDS analysis, with
its silicon (0.6%) and potassium (almost non-detectable) percentages being significantly
lower compared to cobalt (2.7%). The blue color of the analyzed grain suggests the use of
Prussian blue pigment in combination with small amounts of cobalt green, a blue-green
pigment obtained by mixing cobalt oxide with either zinc or iron oxides [9].

Several of the purple grains that were observed using optical microscopy showed
significant values for phosphorus (7.5%) and cobalt (1.3%) when their elemental concentra-
tions were determined through SEM/EDS measurements (Figure S3, ESI). The presence
of these elements is consistent with the use of a cobalt purple pigment, i.e., either cobalt
phosphate Co3(POy); or its octahydrate form (Coz(PO4)2.8H20). An overall review of
the analysis points where cobalt was present raises the possibility that another pigment
may also be present. Aside from the purple grains in which it was identified, along with
important quantities of phosphorus, cobalt also appeared in areas characterized by black,
white and blue hues, as well as in the binder area. Even though no distinct green grains
with a high concentration of only zinc and cobalt were identified, one cannot exclude the
possibility that the artist also used Rinmann’s green pigment (CoxZn;.,O), a pigment with
a similar structure to cobalt green, in which aluminum hydroxide is partially or totally
replaced by zinc oxide [9]. The poor tinting strength of this pigment may explain why
cobalt was found in a variety of analyzed points where the green color was not particularly
obvious when using optical microscopy. At the same time, the low values of cobalt seem to
also indicate that the artist made little use of Rinmann’s green pigment, as is the case for
lead white; this is another reason why large grains of this pigment were not observed.

SEM/EDS measurements performed on two red grains evidenced the presence of high
amounts of Hg (12.4% and 6.4%) and S (11.6% and 6.4%), while other important elements
had concentrations below 2%, which may be attributed to the presence of vermillion
pigment (HgS). At the same time, the elemental concentration of many other analyzed
points revealed noticeable quantities of mercury, indicating an extensive use of this brilliant
red pigment.

Chrome appeared in many of the investigated points, indicating that Luchian had
a preference for the color green, shown by his extensive use of the viridian pigment
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(CrO3-2H,0) (Figure S4, ESI). The green grains identified by optical microscopy showed
a particularly high concentration of chrome. While other authors indicate that viridian
could also be formed during the reduction process of PbCrOy [10], this is not the case here,
since, in several grains, the concentration of Cr was in such large amounts that it sometimes
reached values up to 8%, while Pb did not appear at values higher than 1%.

While viridian is the green pigment that Luchian used in the largest amounts,
SEM/EDS measurements performed on a large green grain observed with optical mi-
croscopy (Figure S5, ESI), showed high amounts of copper. The most common copper-
based green pigments found in art works are malachite (Cuy,CO3(OH);), neutral and/or
basic verdigris, and copper resinate. Unfortunately, a clear identification of the copper-
based green pigment was not possible, as this analysis technique is not able to differentiate
between the three compounds.

While brown pigments could not be easily identified under optical microscopy, an
area that was analyzed through SEM/EDS measurements showed the presence of high
quantities of manganese (10.5%). While manganese is one of the major components of the
brown umber pigment, i.e., mixtures of natural manganese, iron oxides, and hydroxides, or
a minor component of Sienna, i.e., an earth pigment containing iron and manganese oxides,
the presence of manganese oxides as components of clays cannot be excluded.

Several bright areas observed through optical microscopy were later analyzed using
SEM/EDS (Figure 2), and revealed the presence of indium. The possible use of indium
yellow (In;O3) as a yellow pigment was mentioned at the time of the production of the
masterpiece, being considered “chiefly interesting in an artistic sense on account of its
bright yellow color” [4]. The quantity of indium ranged from 20.3% to 22.2%, indicating
very clearly that it could not come from impurities, and leading to the conclusion that
indium yellow was intentionally used by the artist for its coloring properties.

While indium was identified based on EDS measurements, its absence in the XRF
analysis performed on the same two paintings [3] can be attributed to a series of factors.
One of the major issues encountered in identifying indium is the very small difference
between the X-ray lines of this metal and the ones belonging to potassium. Consequently,
the most intense X-ray lines of indium, i.e., La¢; (3.28 eV) and Ly (3.27 eV), are situated
very close to the K& (3.31 eV) and Ka;y (3.31 eV) X-ray lines of potassium, while the L3
X-ray line of indium (3.58 eV) is in the vicinity of Lo X-ray line of potassium (3.48 eV). As
such, unless the user specifically knows of or is looking for indium in the analyzed sample,
they may simply disregard any automated identification of the metal and attribute the
signal to potassium, which is a much more common element found in various minerals
and compounds used for the production of paintings. At the same time, the peak envelope
of the software was not a good match for the assignment of the X-ray lines to the signals
from other elements, due to significant differences in intensities and energy, as can be seen
in Figure 2. The position of the Lx1 line of potassium is slightly shifted in comparison to
the spectrum, while in the case of the La2 line of potassium, both the intensity and position
do not match the spectrum when scaled to the Lx1 line. The attempt to assign the two next
features to the Ca Koy (3.691 eV), Koty (3.688 €V), and Loy (4.012 eV) lines, again, does not
match the envelope of the spectrum, but an adequate fit is obtained for the L3, (3.713 eV)
and Ly (3.920 eV) lines of In. In the low-energy region of the spectrum, the signal after C
cannot be assigned to the Ko (0.392 eV) line of N, as it is too shifted, but it corresponds to
the M (0.368) line of In. Two other features close to 2.9 eV and 3.1 eV can also clearly be
attributed to the Ll and Ln lines of In. Other reasons why indium was not present in the
XRF measurements may come from the fact that, while the grains of the pigment contained
a high amount of indium, this metal was not found in the surrounding regions (as can be
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seen in Figure 2), and it is quite possible that the area measured by XRF did not contain
any indium.

Figure 2. (a) Optical microscopy image of several InyO3 grains from Chrysanthemums, LILA sample
with an indication of the central grain shown in SEM, 0.1 mm scale, 10 x objective; (b) SEM image
of the central In,O3 grain, 30 um scale; (c) EDS spectrum recorded for the central In,O3 grain, with
indication of the position of element bands and In XRF characteristic band (In L, In Lgy, In Lg,
InL, and In M) fitting; (d) EDS spectrum recorded for the central InyO3 grain, with indication of
the position of element bands and K and Ca characteristic XRF band (K K, K Kp, Ca Ky and Ca
Kp fitting).

3.2. X-Ray Photoelectron Spectroscopy (XPS) Analysis

The assignment of XPS bands for LIB, LIB_V, LIIA analysis point 1, LIIA analysis point
2, LIIA canvas, and LITA indium oxide grain samples can be found in Table S2 (ESI). XPS
analysis of one yellow grain found on the canvas fragment belonging to Chrysanthemums
revealed the presence of only indium, oxygen, and carbon elements (Figure 3). The C 1s
spectrum evidenced carbon contamination during air exposure, with the XPS spectrum of
the adventitious carbon consisting of hydrocarbon species of C-C/C-H type (284.83 eV),
and carbooxides containing C-O-C (between 286.1 eV) and O-C=0 (288.91 eV) bonds,
respectively [11]. The In 3d5,, bands contain contributions from both In,O3 and In, with
maximum intensities at 444.36 and 443.39 eV, while the binding energies of In 3d;, levels
were found at 451.87 and 450.85 eV, respectively [12].
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Figure 3. XPS spectra of (a) C 1s, (b) O 1s, and (c) In 3d3,, and 3d5,, peaks of In,O3 grain from
sample LIIA, previously analyzed by SEM/EDS.

Regarding oxygen, the O 1s spectra showed the presence of three signals that can
be attributed to In,O3 (530 eV) [13], to C-O-C (531.89 eV), and to the O-C=0 (533.15 eV)
groups from adventitious carbon [14]. The presence of only In, O, and C in the XPS
spectra may indicate the use of In(OH); as a precursor for obtaining In,O3 through thermal
decomposition. As follows, InyO3 forms upon ignition of In(OH)3 at 850 °C up to a constant
weight, this process is followed by the heating of the resulting material for 30 min, in air, at
around 1000 °C [15]. The appearance of metallic indium could be explained by the heating
of InyO3 in an atmosphere of hydrogen [16] for at least 3 h. Under the action of visible
light, In,O3 is known to exhibit a moderate photocatalytic activity for the production of
hydrogen, i.e., 98.6 mmol of Hj, after 3 h of light irradiation [17]. Most likely, indium
yellow was chosen as a pigment due to its particular yellow color, containing shades of
silvery white due to the presence of a small amount of metallic indium in its structure.

The presence of adventitious carbon was also evidenced in one analyzed sam-
ple from Chrysanthemums (Figure S6a, ESI). In the case of the other analyzed samples
(Figures S7a, S8a, S9a and S10a, ESI), the C 1s spectrum displayed the presence of four
signals attributed to the C-C/C-H (between 284.53 and 284.77 eV), C-O/C-OH/C-O-C
(between 285.13 and 285.83 eV), C=0 (between 287.06 and 287.3 eV), and O-C=0 (be-
tween 288.56 and 288.82 eV) functional groups, these being characteristic of linseed oil
or a binder [14]. For oxygen, the O 1s spectrum showed the presence of two signals that
can be attributed to the C-O-C/0O-C=0/C=0 (between 531.66 and 532.32 eV) and O-C=0
(between 533.15 and 533.77 eV) groups (Figures Séc, S7c, S8b, S9b, S10b, ESI) [12].

The identification of nitrogen in a sample from Chrysanthemums (Figure S7b, ESI)
may suggest the presence of an animal glue, with bands characteristic of amide linkages
appearing at 399.74 eV [18]. The other band, appearing at 405.63 eV, may be correlated with
the adsorption of nitrate ions (NO3 ™) on the pigment layer’s surface [19].

The appearance of Co 2p3,, at 781.92 eV and of Co 2p; /, at 797.23 eV, as well as of an O
1s peak at 531.66 eV (Figure Séb, ESI), may be related to the presence of a cobalt-doped zinc
oxide structure with oxygen vacancies [20,21]. Taking into account the information from the
SEM/EDS and optical microscopy investigations, and that the recipe for producing green
cobalt-based pigments, such as cobalt green or Rinmann’s green, involves the addition
of small amounts of cobalt to ZnO, the presence of the cobalt-doped zinc oxide structure
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seems to indicate the use of one of these two pigments. The attendance of Zn within
the analyzed sample’s wide spectrum (Figures S6d, S7d, S9c and S10g, ESI) may also be
correlated with the usage of ZnO as a pigment, with the two strong peaks situated between
1022.4 and 1022.52 eV, and between 1045.25 and 1045.63 eV, being attributed to Zn 2p3,»
and Zn 2p, /,, respectively [22] (p. 89). The O 1s peaks corresponding to oxygen bound to
zinc were observed between 531.89 and 532.2 eV [23]. The presence of silicon within one
sample (Figure S8d, ESI) may be associated with the presence of quartz-based impurities,
with Ols, Si 2p;/, and Si 2p3/, peaks being observed at 532.33, 102.24, and 102.84 eV,
respectively [13].

Alongside with linseed oil, the presence of carbonate species in the Cls region (290 eV,
290.4 eV) was also evidenced (Figures S7a and S8a, ESI). These species can be attributed
to CO32~ ions from CaCOj5 [22] (p- 63) and PbCO; [24]. Additional peaks related to the
presence of CaCOj3 could be found between 533.67 and 533.77 eV (O 1s of the oxygen atoms
in carbonate ions), while the Ca 2p3,, and Ca 2p; /, peaks were located between 347.79 eV
and 351.34 eV, respectively [25] (Figure 59d, ESI). Another point of analysis evidenced the
occurrence of gypsum (CaSOy4-2H,0) (Figure S10c, ESI), the S2p3,/, and S2pq /, peaks being
observed at 169.69 and 170.87 eV [13].

The binding energies of Pb 4fs5,, (between 139.19 and 139.35 eV) and 4f; /, (between
144.07 and 144.23 eV) (Figures S8e and S9e, ESI) evidence the presence of PbCO3, i.e., the
synthetic white correspondent of the mineral cerussite [25]. Furthermore, the presence
of Pb within one analyzed sample (Figure S10e, ESI) may be also correlated with the
occurrence of PbO, (4f7, 138.35 eV, 4f5,, 143.23 eV) [26], PbS, Pb(OH); (4f7, 138.6 €V, 4fs)
143.48 eV), and PbSOy (4f7/» 139.55 eV, 4f5/, 144.43 eV) [13] species. The O 1s spectra related
to the occurrence of PbO [3] and Pb(OH), [27] could be observed at 530.38 and 532.24 eV,
respectively. The presence of two peaks situated at 780.62 and 795.95 eV may be ascribed to
BaSOy (Figure S10d, ESI) [22] (p. 139). The 2p3/, and 2pq/, components of sulfur illustrated
the presence of PbS (161.25 eV, 162.43 eV) [13], elemental sulfur (163.71 eV, 164.89 eV) [28],
adsorbed SO; (167 eV, 168.18 eV) [29] and PbSOy [22] (p. 189), CaSOy4 [22] (p. 69), and
BaSOy [22] (p. 139) (169.69 eV, 170.87 eV) [12] species. The higher binding energy of oxygen
centered between 531.84 and 532.33 eV can be also connected to chemisorbed oxygen [30].

3.3. Raman Spectroscopy

The Raman spectra of the representative pigments, impurities, and inks identified
throughout the analysis of both the paintings and the micro-samples are illustrated in
Figure 4 (portable Raman) and Figure 5 (uRaman). The assignments of the absorption
bands (portable Raman) of the Roses and Chrysanthemums paintings, and of the absorption
bands (p-Raman) of the LIB, LIB_V, LIIA, LIIB, LIIB_V, LIIA_pz1, and LIIA_pz2 samples,
can be found in Tables S3 and S4 (ESI).

The portable Raman spectroscopy analyses (Figure 4) evidenced the use of several
pigments, such as barium white (BaSOy), vermillion, lead white, zinc white (ZnO), alizarin
crimson, and strontium yellow, as well as beeswax. The dominant Raman bands illustrating
the presence of barium white (Roses—analysis points 3, 5, 7, 8, 11, 18) were evidenced at
453 cm~ ! (vq symmetric bending of S04%7), 462 cm ™! (v, bending of S0,4%7), and 989 cm ™!
(v1 symmetric stretching of SO4%~), respectively [31]. The appearance of Raman bands at
253 cm ! (A1 mode), 283, and 343 cm ! (Eu mode) (Roses—analysis points 1, 4, 5, 6, 12, 15)
can be associated with the HgS stretching modes of cinnabar, a natural red HgS mineral [32].
However, the absence of the Raman bands that may come from the presence of quartz, an
impurity frequently found in association with cinnabar minerals, rather suggests the use of
an artificial red pigment, i.e., vermillion. The use of zinc white (Roses—analysis point 6)
was confirmed by the Raman bands at 386 cm ™! (A1(TO) mode) and 435 cm~! (E2 mode),
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respectively [33]. The presence of the orange pigment called alizarin crimson (PR83), i.e.,
1,2-dihydroxyanthraquinone precipitated on aluminum hydrate (Roses—analysis point
14; Chrysanthemums—analysis point 9), was suggested by the intense Raman bands situ-
ated at 1291 cm~! (CO stretching, CC stretching, CCC in-plane bending), 1327 cm~! (CC
stretching), and 1482 cm ™! (CO stretching, CC stretching, CH in-plane bending), respec-
tively [34]. Due to the fluorescence phenomenon, the identification of some pigments
through Raman spectroscopy was possible only based on the presence of a single band,
i.e., the most intense one corresponding to each compound. The Raman peaks at 863 and
892 cm~! (Chrysanthemums—analysis points 13, 14) correspond to the v; symmetric and v3
antisymmetric stretching modes of the CrO4 group from SrCrQOy, i.e., a pale yellow pigment,
also known under the name of strontium yellow [35]. Regarding the use of hydrocerussite,
the Raman spectroscopy (Chrysanthemums—analysis points 8, 11, 12, 18) confirmed its
presence through bands situated at 1049 cm~! (v; CO3%~ symmetric stretching vibrations)
and 1372 cm~! (v3 CO32~ antisymmetric stretching vibrations) [36]. As opposed to the
characteristic spectrum of hydrocerussite, no splitting of the v; Raman band was recorded
in the present study, most likely due to the formation of a new carbonate species, i.e.,
xPbCOj3-yPbS, under the action of atmospheric H,S [37]. Although the presence of two
Raman bands at 1298 cm ™! (§(CH,, CH3) deformations) and 1442 cm ™! (§(CH, deforma-
tions), respectively (Chrysanthemums—analysis point 8), can be correlated with the presence
of either linseed oil, beeswax, shellac, or colophony [38], the absence of the strong Raman
peak from around 1650 cm~! might indicate the presence of only beeswax.

vermilion + zinc oxide 1330 1483

vermilion 1291 \

= alizarin crimson
= barium white

283 . 343
(b)
400 600 800 1000 800 1000 1200 1400 1600
Raman shift (cm ‘1) Raman shift (cm ‘1)
strontium yellow
alizarin crimson 1049 1327 1482

lead white + beeswax \ / y 4

863 892 (c)

L 4
W
,\ 1049 Y ‘ ,1442

800 1000 1200 1400
Raman shift (cm '1)

Figure 4. Portable Raman spectra of representative pigments, inks, and consolidating paint layers
found at the analyzed points: (a) vermillion and zinc white, (b) alizarin crimson PR 83 and barium
white (Roses), and (c) strontium yellow, alizarin crimson, lead white, and beeswax (Chrysanthemums).
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Figure 5. Micro—Raman spectra of representative pigments and impurities found at the analyzed
points: (a) barium white and vermillion (Roses); (b) anatase, massicot, and ultramarine; (c) cobalt
purple, vermillion, hematite, and barium white; and (d) carbon black (Chrysanthemums).

Either due to fluorescence or to the thick layer of linseed oil, in the case of Roses, only
two pigments (barium white—LIB, vermillion—LIB, LIB_V) were evidenced in the pRaman
spectra (Figure 5). The analysis of Chrysanthemums allowed laser-induced degradation
during Raman analysis, i.e., the identification of a large number of pigments and impurities
in the LIIA sample (ultramarine, massicot, barium white, hematite, vermillion, cobalt
purple, carbon black, and anatase). The presence of synthetic ultramarine was evidenced
through only one Raman band at 544 cm !, which can be ascribed to the v; symmetric
stretching vibration of the S>~ ion [39]. The Raman analysis yielded, through the pres-
ence of bands at 140 cm~! (combination band) and 292 cm ™! (B2g and Bgg), respectively,
evidence of the presence of massicot (orthorhombic PbO), a soft yellow pigment widely
used since antiquity [40]. Although the use of massicot itself cannot be ruled out, this
compound can also be found in red lead pigment (Pb3O;), either as an impurity or due
to incomplete synthesis [9]. Although the misidentification of lead-based compounds
(especially if these could derive from lead white degradation), can be encountered due
to laser-induced degradation during Raman analysis, i.e., the degradation of plattnerite
(PbO,, a dark brown to black pigment) into massicot at the operating Raman wavelength
of 632.8 nm, the yellow color of the analyzed fragment eliminates this possibility [41]. The
Raman bands placed at 226 cm~! (A1g mode, symmetric bends of Fe-O), 245, 292, 408,
609 cm ! (Eg mode, symmetric stretch of Fe-O), and 655 cm~! (Eu mode, IR active LO)
indicate the presence of hematite (o-Fe;O3) [42], most likely as a constituent of a red ochre
pigment. The presence of the Raman band located at 196 cm ! can be attributed to the
external mode of cobalt phosphate (Co(POy);), a dark cobalt violet pigment [43]. Raman
spectroscopy alone is not able to discriminate between cobalt phosphate and its octahy-
drate form, i.e., Co3(POy),-8H,0O, another cobalt violet that was available at the time of the
paintings’ production. The micro-Raman spectra of several microscopic fragments showed
the presence of two peaks, one located at 1365 cm ™! (D1 band, due to the occurrence of
disordered structures, i.e., breathing modes of sp? bonded carbon atoms possessing Aqg
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symmetry), and another one positioned at 1585 cm~! (G band coming from the sp? carbon
planar configuration of graphite, i.e., Exg, vibration mode of a crystal with D*g}, symmetry)
that can be ascribed to graphite, the crystalline form of carbon black, a generic term used
to illustrate the presence of a carbon-based pigment [44]. One of the recorded spectra
revealed the presence of anatase, with the Blg band at 145 cm ! [45]. As anatase is not a
pigment, but rather a component of another pigment, such as red ochre or yellow ochre,
or a degradation product of titanium white (rutile), its presence cannot be definitively
attributed to any specific source. However, the identification of hematite suggests that it is
more likely present as a distinct grain within red ochre.

Despite repeated efforts to show the presence of indium yellow by means of ptRaman
spectroscopy, the measurements did not provide any useful spectra.

3.4. FTIR Spectroscopy

FTIR spectroscopy allowed use to acquire molecular information complementary to
the ones obtained with the other analytical techniques, and increased our insight into the
materials” composition and execution technique. The infrared spectra of the constitutive
pigments and materials and details regarding the identification of the main absorption
bands are shown in Figure 6. The assignments of absorption bands (FTIR) for the LIB,
LIB_V, LIIA, LIIB, LIIB_V, LIIA_pz1, and LIIA_pz2 samples can be found in Table S5 (ESI).
The absorption bands found in the FTIR spectra were mainly assigned by making reference
to the presence of the absorption bands for the pigments that were already found through
the other studied techniques, i.e., Raman, XPS, and EDS.

MM
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Figure 6. FTIR spectra of various samples: (a) LIB—microscopic sample from Roses painting, and
LIB_V—microscopic sample with green hue from Roses painting; (b) LIIB—microscopic sample
from Chrysanthemums painting, LIIB_V—microscopic sample with green hue from Chrysanthemums
painting, LIITA—pigment area from canvas fragment from Chrysanthemums painting, LIIA_pzl—
canvas area from canvas fragment from Chrysanthemums painting, and LIIA_pz2—canvas area from
canvas fragment from Chrysanthemums painting.
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Lead white pigment consists of a mixture of hydrocerussite (Pb3(CO3)2(OH);) and
cerussite (PbCO3) in various proportions [46], and was encountered in the LIB, LIB_V,
and LIIA spectra. The FTIR spectrum of cerussite contained several absorption bands
situated between 1730 and 1736 cm ™! (v; + v4 combination modes of CO327), 1396 and
1400 cm ™! (antisymmetric stretching of CO327), 1053 and 1055 cm ™! (symmetric stretching
of CO327), 842 and 849 cm™! (out-of-plane bending vibration of CO3%7), and 680 and
685 cm ! (in-plane bending vibration of CO3%7) [47]. As for hydrocerussite, several
absorption bands could be observed at 3528 cm ! (stretching mode of OH group), between
1730 and 1736 cm ™! (v + v4 combination modes of CO327), between 1396 and 1400 cm ™!
(antisymmetric stretching of CO32~), between 1053 and 1055 cm ™! (symmetric stretching
of CO327), at 1045 cm ™! (symmetric stretching of CO327), between 930 and 931 cm ™! (6
Pb-OH), between 698 and 703 cm ! (in-plane bending modes of CO327), and between 680
and 685 cm~! (in-plane bending modes of CO3%7).

The absorption bands of strontium yellow (SrCrOy), found in spectra LIIA, were
located between 930 and 931 cm ™!, between 897 and 902 cm 1, at 886 cm~!, and between
872 and 879 cm !, corresponding to the Cr-O asymmetric stretching mode, while the ones
situated between 842 and 849 cm~! can be ascribed to Cr-O symmetric stretching mode [48].

The presence of quartz in the LIIA spectrum was evidenced by the appearance of the
characteristic absorption bands located at 1165 cm ™! (Si-O asymmetrical stretching), at
1088 cm ™! (Si-O stretching), at 793 and 766 cm~! (Si-O symmetrical stretching), and at
698 cm~! (Si-O symmetrical bending) [49]. Besides red ochre, quartz can be frequently
found as an associated material with other types of pigments, i.e., black chalk (graphite),
calcium carbonate, kaolin, cinnabar, clay minerals, green earth, and lead white a.s.o. [9].

The occurrence of the absorption bands in the LIIA spectrum located at 3393 cm !
(“loosely bound water” adsorbed on the surface), 3143 cm~! (hydroxyl stretching), the
triplet around 1697 cm~!, 1646 cm ™!, and 1633 ecm™! (OH bending modes), 905 cm !
(in-plane OH deformational mode), 793 cm ™! (out-of-plane OH deformational mode),
662 cm~! (combination band), and 610 cm~! (FeOg lattice) points out the presence of
goethite («x-FeOOH) [33] as a main constituent of yellow ochre pigment, i.e., a mixture
of a-FeOOH and kaolinite. The absorption bands of kaolinite can be found in LIB_V at
3727 and 3662 cm ! (outer hydroxyl ions), 3622 cm~! (inner hydroxyl ions), 1023 cm !
(Si-O-5i stretching), 1004 em ™! (Si-O-Al stretching), 930 cm~! (OH deformation, associated
with 2A137), and 776 and 793 cm~! (symmetric stretching of Si-O-Si inter tetrahedral
bonds) [50]. The main coloring component of red ochre is hematite, which may usually
be found in association with calcite, ilmenite, magnetite, feldspars, and rutile, and is
sometimes adulterated with quartz [9]. Hematite has no characteristic absorption bands in
the 4000-6000 cm ! range.

The main absorption band of cobalt phosphate (Co3(POy4)7), i.e., the antisymmetric
stretching, is located at 1045 cm !, accompanied by two other shoulders between 1064 and
1067 cm~! and 1028 and 1030 cm !, respectively (LIB, LITA). Other characteristic absorption
bands can be found between 945 and 953 cm ! and 633 and 637 cm~! (bending of O-P-O
group), as well as between 984 and 985 cm ! (P-O stretching) and 680 and 685 cm ! (Co-O
lattice vibration mode), respectively. The presence of the crystallization water of Co3(POy4),
is indicated by the OH stretching vibration at around 3080 cm~! and by the H-OH bending
vibration at 1593 cm ! [51].

While several other pigments, such as viridian [52], barium white [53], CdS [54],
cobalt green or Rinnemann’s green pigment [55], and ultramarine [56] were identified
through the other spectroscopic techniques, and all their characteristic absorption bands
were present within the FTIR spectra, the overlapping of the absorption bands makes
their clear identification problematic. The same situation was encountered for beeswax (a
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consolidating paint layer) [57] and shellac resin [58,59]. The assignment of the absorption
bands corresponding to these pigments can be found in Table S5 (ESI).

The absorption bands from around 1336 cm~! (CH, deformation band, LIIB, LIIB_V,
LIIA_pzl and LIIA_pza2) indicate the use of an animal glue as a proteinaceous binder in
the studied oil painting. The positions of the CH, deformation band (~1336 cm~1) and of
absorption bands that can be correlated with the presence of amide I (between 1625 and
1627 cm™1), amide II (between 1527 and 1532 cm 1), and amide III (1237-1241 cm™ 1), are
characteristic of protein-based materials, mainly collagen-derived glues such as rabbit skin,
hide, and bone glues [60-62]. However, due to the similar absorption band positions for
amide [, II, and III and CH; deformation for all animal glues, and the overlap of other
absorption bands within the same region, the FTIR technique cannot identify the specific
type of animal glue.

The fundamental vibration modes of gypsum (CaSOy4-2H,O) may be observed between
3385 and 3393 cm~! (OH stretching), 2087 and 2091 cm ™! (combination of 1st overtone
and asymmetric stretching of SO42~), 1156 and 1165 cm ™! (symmetric bending of SO4%™),
1003 and 1008 cm ! (symmetric stretching of SO42~), 876 and 879 cm~! (OH bending), 677
and 685, and 610 and 611 cm~! (asymmetric bending of SO42~), respectively (LIIA, LIIB_V,
LIIA_pz1, and LIIA_pz2) [63].

Calcium carbonate was found in the spectra of LIB, LIB_V, LIIA_pz1, and LIIA_pz2,
and its presence can be attributed either to its use as a filler or its presence as an impurity
in ochres. The vibrations of calcium carbonate can be found between 1786 and 1792 cm !
(stretching of CO327), 1421 and 1432 cm™! (asymmetric stretching of CO527), 872 and
879 cm~! (out-of-plane bending of CO327), and 712 and 715 cm™~! (planar bending of
CO3%7) [64].

3.5. Degradation Processes

The occurrence of both carboxylic acids and metal carboxylates indicates a degradation
process. Whereas carboxylic acids appear due to degradation processes in drying oil, metal
carboxylates migrate to the painting’s surface and form protrusions, i.e., clusters of metal
soaps, that are responsible for various deterioration phenomena, such as susceptibility to
mechanical damage, loss of pigment, modification of light areas as a consequence of dirt
incorporation or changes in fatty acid ratios, and changes in surface texture [64].

The main absorption bands that can be attributed to aged linseed oil can be seen
between 3332 and 3340 cm ! (OH stretching of oxidative products such as hydroperoxides,
alcohols), 2918 and 2922 cm™~! (asymmetric CH stretching of alkyl CH-CH, groups), 2851
and 2853 cm ™! (symmetric CH stretching of CH-CH, and CHj groups), 2729 and 2740 cm ™!
(overtone CH in plane deformation of aliphatic aldehydes), 1730 and 1735 cm ™! (ester C=O
stretching of triglyceride constituents), 1712 and 1714 cm~! (C=O stretching of free car-
boxylic acids and saturated ketones appeared upon oxidation), 1643 and 1654 cm~! (C=C
stretching, C=0O stretching of aldehyde or acid compounds), 1611 and 1613 cm~! (C=0O
stretching of carboxylic acids, aldehydes, ot/ 3 unsaturated ketones), 1454 and 1460 cm !
(CH3 asymmetric bending and CHj scissoring), 1406 and 1414 cm™! (CO bending of acid
groups, CH bending of -CH,-COO groups), 1370 and 1373 cm~! (CH bending), 1234 and
1241 cm~! (CH, twisting of esters), 1249 and 1260, 1156 and 1165, and 1103 and 1105 cm !
(CO stretching in C-O-C groups from esters), 1200 and 1202 cm~! (CO stretching from
alcohols), and 984 and 986 cm~! (CH wagging of isolated trans CH=CH groups), respec-
tively [65]. The absence of the absorption band from around 3010 cm ™!, representing CH
stretching of the aliphatic cis un-conjugated double bonds, can be connected with the cis-
trans isomerization reaction of linseed oil as a result of oxidation and polymerization during
drying. The isomerization process is usually accompanied by the disappearance of CH
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bending of the aliphatic cis un-conjugated double bonds (between 719 and 724 cm~!—not
clearly evidenced in the present study due to the overlapping of other absorption bands),
as well as by the increase in the absorption bands between 984 and 986 cm !, representing
CH wagging of isolated trans CH=CH groups. The lower intensity of these absorption
bands, in comparison with the ones belonging to asymmetric stretching vibrations of
carboxylate groups, points out the hydrolysis of the ester groups from triglycerides and
formation of metal carboxylates. The position of the asymmetric stretching vibrations of
carboxylate groups from metal soaps depends on the type of the metal ion, i.e., between
1593 and 1597 cm ™! (copper oleates, LIIB, LIIB_V), 1574 and 1576 cm ™! (calcium palmi-
tates, LIB, LIB_V, LIIB_pz1, LIIB_pz2), 1564 cm ! (manganese palmitates, LIIB_V), 1538
and 1546 cm ™! (lead palmitates, LIIB, LIIB_V, LIIB_pz1, LIIB_pz2), 1485 and 1492 cm ™!
(lead oleates, LIIB_V, LIIB_pz1, LIIB_pz2), and 1538 and 1544 cm~! (zinc oleates, LIIB,
LIIB_V) [66]. Symmetric stretching vibrations of carboxylate units for copper, calcium,
and manganese metal ions may be observed between 1421 and 1432 cm ™!, while for zinc
and lead, these appeared between 1404 and 1414 cm~1, and between 1406 and 1412 cm 1,
respectively. CH, bending vibrations can be noticed in the 1452 and 1458 cm ™! range for
all metal cations.

Among the pigments already found in the studied samples that are usually subjected to
chemical degradation or fading, one can mention lead-based pigments. The degradation of
lead white is usually described as a blackening process due to the formation of galena (PbS),
although different types of colors, i.e., ranging from light pink to black, can result under
the action of atmospheric hydrogen sulfides or interaction with other sulfur-containing
pigments. Although no significant darkening of the painting surfaces was observed in
the present study, most likely because the artist used a low concentration of lead white
pigment, some evidence regarding the blackening process of lead white was obtained
through XPS and Raman and FTIR spectroscopies. XPS evidenced the presence of the
oxidation products of galena (PbS) upon exposure to air, i.e., PbO, Pb(OH),, PbSOy4, and
elemental sulfur [67]. The appearance of a new carbonate species, i.e., xPbCOj3-yPbS, in
one Raman spectrum, illustrated a change in the color appearance of lead white pigment.
The absence of PbS in the corresponding Raman spectrum can be related to either the
fluorescence phenomenon or to a partial protection offered by the frames against the H,S
action, since the micro-samples subjected to spectral analyses were collected from under
the frames. As concerns the FTIR spectra, the decomposition of galena in acidic conditions
usually yields PbSOy4 [9]. PbSOy displays several components of asymmetric and symmetric
stretching modes of 50,42 between 1173 and 1179 cm ™!, 1053 and 1054 cm ™!, and 945
and 956 cm ™!, respectively, as well as asymmetric bend modes of SO42~ between 633
and 643 cm~! [60]. The only structural changes that may be correlated with lead white
darkening over time can be highlighted in the monitoring of the evolution of the absorption
bands located at 3528 cm ! (OH stretching), between 1394 and 1400 cm ! (C-O stretching),
and between 680 and 685 cm ™! (in-plane bending modes of CO527), respectively [68]. Due
to the overlapping of the absorption bands of lead white with the ones corresponding to
the linseed oil, the decrease in only one absorption band, i.e., the one situated between 680
and 685 cm ™!, illustrates changes in the C-O groups linked to Pb due to their replacement
with sulfide units.

The main absorption bands correlated with asymmetric C=O stretching of copper and
zinc oxalates are situated between 1666 and 1673 cm~! (LIB_V, LIIB, LIIB_V) and between
1629 and 1635 cm ! [69] (LIIB, LIIB_V), respectively. The other absorption bands of copper
oxalate can be viewed at 1364 cm ! and between 1315 and 1319 cm ™! (combination modes
of C-O stretching and O-C=0 bending). As regards zinc oxalates, the other absorption bands
of zinc oxalates appeared around 3390 cm~! (OH stretching), and between 1370-1373 and
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1315-1316 cm ™! (combination modes of C-O stretching and O-C=0 bending), respectively.
Most likely, the formation of both copper and zinc oxalates can be connected with the
selective chemical degradations of a copper-containing pigment and zinc white in the
presence of an oxalic acid source [70], i.e., a degraded lipidic paint binder exposed to UV
irradiation and air pollutants [71]. The absence of the malachite strong absorption band
that usually appears at 1494 cm~! suggests the lack of green malachite pigment, therefore
the copper green pigment may be verdigris or copper resinate.

Taking into account the level of some pigment’s degradation, the conservation and
restoration of the two heritage artworks, i.e., Chrysanthemums and Roses, are necessary.
Furthermore, other measures to assure long-term protection can be considered, such as
the use of a UV-blocking glass or of particular LED sources containing a tunable white
lighting technology.

4. Conclusions

The identification and the structural characterization of materials and pigments used
by the great artist Stefan Luchian in two important cultural heritage paintings illustrate
the painter’s preference for a high variety of pigments of red, yellow, and green colors, a
common practice of post-impressionism painters. The incidence of a degradation process
of some of the pigments used, i.e., lead white and a copper-containing pigment, was
demonstrated by the appearance of the oxidation products and variation in some absorption
bands from FTIR or Raman spectra. Furthermore, evidence concerning the presence of metal
soaps and carboxylic acids completed the overall picture of the degradation phenomena.

This article is the first to provide information regarding the use of In,O3 as a yellow
pigment in artwork. The lack of information does not necessarily mean that this metal oxide
was not previously used as a yellow pigment by other painters. This could be attributed
to several factors, like the use of small amounts in masterpieces, the inhomogeneity of
works of art, or being simply the fact of it being overlooked up to this point due to a very
small number of references in the literature. At the same time, the presence of K in works
of art may cause researchers performing XRF measurements in museum settings, who
are not acquainted with the literature on In-based pigments, to disregard the presence of
In; O3 in their measurements, and attribute the signal to K. The identification of InpO3 was
demonstrated through SEM/EDS and XPS techniques that prove to be valuable tools for
the identification of the presence of indium oxide when it is possible to take microscopic
fragments from under picture frames.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /heritage8010026/s1: Figure S1: Investigated cadmium yellow
grain: (a) optical microscopy, (b) SEM image of the investigated area (as identified on the basis of
sample morphology and optical microscopy) with the pigment grain highlighted, (c) EDS spectrum
of the investigated grain revealing high amounts of Cd and S; Figure S2: Investigated Prussian blue
grain: (a) optical microscopy, (b) SEM image of the investigated area (as identified on the basis of
sample morphology and optical microscopy) with the pigment grain highlighted, (c) EDS spectrum
of the investigated grain revealing high amounts of Fe.; Figure S3: Investigated cobalt purple grain:
(a) optical microscopy, (b) SEM image of the investigated area (as identified on the basis of sample
morphology and optical microscopy) with the pigment grain highlighted, (c) EDS spectrum of the
investigated grain showing significant amounts of Co and P; Figure S4: Investigated chrome green
grain: (a) optical microscopy, (b) SEM image of the investigated area (as identified on the basis of
sample morphology and optical microscopy) with the pigment grain highlighted, (c) EDS spectrum
of the investigated grain exhibiting high amounts of Cr; Figure S5: Investigated green copper grain:
(a) optical microscopy, (b) SEM image of the investigated area (as identified on the basis of sample
morphology and optical microscopy) with the pigment grain highlighted, (c) EDS spectrum of the
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investigated grain showing high amounts of Cu; Figure S6: XPS spectra of relevant elements—sample
from Chrysanthemums painting, sample LIIA—canvas fragment with black smudges. Spectrum was
recorded from pigment area—blackish smudges (LIIA): (a) C 1s spectrum and peak fitting, (b) Co
2p spectrum and peak fitting, (c) O 1s spectrum and peak fitting, (d) Zn 2p spectrum and peak
fitting; Figure S7: XPS spectra of relevant elements—sample from Chrysanthemums painting, sample
LIIA—canvas fragment with black smudges. Spectrum was recorded from canvas area (LIIA): (a) C
1s spectrum and peak fitting, (b) N 1s spectrum and peak fitting, (c) O 1s spectrum and peak fitting,
(d) Zn 2p spectrum and peak fitting; Figure S8: XPS spectra of relevant elements—sample from Roses
painting, sample LIB—small grains: (a) C 1s spectrum and peak fitting, (b) O 1s spectrum and peak
fitting, (c) Ca 2p spectrum and peak fitting, (d) Si 2p spectrum and peak fitting, (e) Pb 4f spectrum
and peak fitting; Figure S9: XPS spectra of relevant elements—sample from Chrysanthemums painting,
sample LIIB—small grains: (a) C 1s spectrum and peak fitting, (b) O 1s spectrum and peak fitting,
(c) Zn 2p spectrum and peak fitting, (d) Ca 2p spectrum and peak fitting, (e) Pb 4f spectrum and peak
fitting; Figure S10: XPS spectra of relevant elements—sample from Chrysanthemums painting, sample
LIIA—canvas fragment with black smudges. Spectrum was recorded from pigment area—blackish
smudges (LIIA): (a) C 1s spectrum and peak fitting, (b) O 1s spectrum and peak fitting, (c) Ca 2p
spectrum and peak fitting, (d) Ba 3d spectrum and peak fitting, (e) Pb 4f spectrum and peak fitting,
(f) S 2p spectrum and peak fitting, (g) Zn 2p spectrum and peak fitting.
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