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Abstract Cadmium red is the name used for denoting a class of twentieth century artists’ pigments described by the general
formula CdS;_,Se,. For their vibrant hues and excellent covering power, a number of renowned modern and contemporary painters,
including Jackson Pollock, often used cadmium reds. As direct band gap semiconductors, CdS|_,Se, compounds undergo direct
radiative recombination (with emissions from the green to orange region) and radiative deactivation from intragap trapping states
due to crystal defects, which give rise to two peculiar red-NIR emissions, known as deep level emissions (DLEs). The positions of
the DLEs mainly depend on the Se content of CdS;_,Se,; thus, photoluminescence and diffuse reflectance vis—NIR spectroscopy
have been profitably used for the non-invasive identification of different cadmium red varieties in artworks over the last decade.
Systematic knowledge is however currently lacking on what are the parameters related to intrinsic crystal defects of CdS_Sey and
environmental factors influencing the spectral properties of DLEs as well as on the overall (photo)chemical reactivity of cadmium reds
in paint matrixes. Here, we present the application of a novel multi-length scale and multi-method approach to deepen insights into the
photoluminescence properties and (photo)chemical reactivity of cadmium reds in oil paintings by combining both well established
and new non-invasive/non-destructive analytical techniques, including macro-scale vis—NIR and vibrational spectroscopies and
micro-/nano-scale advanced electron microscopy mapping and X-ray methods employing synchrotron radiation and conventional
sources. Macro-scale vis—NIR spectroscopy data obtained from the in situ non-invasive analysis of nine masterpieces by Gerardo
Dottori, Jackson Pollock and Nicolas de Staél allowed classifying the CdS;_,Se,-paints in three groups, according to the relative
intensity of the two DLE bands. These outcomes, combined with results from micro-/nano-scale electron microscopy mapping and
X-ray analysis of a set of CdSj_,Se, powders and artificially aged paint mock-ups, indicated that the relative intensity of DLEs is
not affected by the morphology, microstructure and local atomic environment of the pigment particles but it is influenced by the
presence of moisture. Furthermore, the extensive study of artificially aged oil paint mock-ups permitted us to provide first evidence
of the tendency of cadmium reds toward photo-degradation and to establish that the conversion of CdS;_,Se, to CdSO4 and/or
oxalates is triggered by the oil binding medium and moisture level and depends on the Se content. Based on these findings, we could
interpret the localized presence of CdSO4 and cadmium oxalate as alteration products of the original cadmium red paints in two
paintings by Pollock.
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1 Introduction

Cadmium sulfide and cadmium selenide belong to the II-VI group of semiconductors with a direct bandgap at 2.4 eV and 1.74 eV,
respectively. In the last decades there has been a growing interest for their ternary solid solutions, CdS|_,Sey, since the variation
of the Se content offers the possibility to gradually tune the band gap between those of the CdS and CdSe end-members [1-4].
Besides their recent use mainly as optoelectronic and nonlinear optical devices as well as cut-off filters [5-9], CdS_,Se, have
found applications as artists’ pigments during the twentieth century [10]. Cadmium red is the name used for denoting this class of
pigments. The color of cadmium reds ranges from orange to purplish red with increasing Se content [2]. For their bright shades
and excellent covering power, cadmium reds were largely used by a number of renowned modern and contemporary painters,
including Piet Mondrian (1872-1944) [11, 12], Pablo Picasso (1881-1973) [13, 14], Gerardo Dottori (1884-1977) [15, 16], Joan
Miro (1893-1983) [17], Jackson Pollock (1912-1956) [18, 19], Nicolas de Stagl (1914-1955) [20], Alberto Burri (1915-1995) [21,
22]. They were often used for restoration purposes too [23, 24].

Such class of pigments was firstly commercialized in 1910 with a manufacturing process based on the calcination of a mixture of
cadmium sulfide, metallic selenium and elemental sulfur at~600 °C. Later, in 1919, a second method of synthesis was developed,
based on the precipitation of a yellow compound from a solution of alkaline sulfides and selenides, and then converted to red
by calcination at~300 °C [10]. Another procedure, aimed at lowering the manufacturing costs, was introduced in 1921 via the
co-precipitation of CdS;_,Se, with BaSOy4. These latter pigments are known as cadmium red lithopones [25, 26].

As direct band gap semiconductors, cadmium reds exhibit direct radiative recombination, with emissions of photons (known as
near band edge emission, NBE) in the 530-630 nm range that have energies comparable to the optical band gap. They can also
undergo to radiative deactivation from intragap trapping states that are usually related to crystal defects. Such red to near infrared
emission bands (positioned in the 780-1100 nm range) are defined as the deep level emissions (DLEs) [2, 3, 27]. The positions of the
NBE and of the two DLE bands as well as that of the inflection point of the diffuse reflectance visible spectra depend among other on
the Se content of the cadmium red pigment itself. Therefore, photoluminescence and reflectance vis—NIR spectroscopy have been
successfully used as diagnostic techniques for the characterization of different types of cadmium reds in artworks [2, 15, 16, 18,
27, 28]. The origin of the DLE bands and the factors affecting their relative intensity is however still a matter of debate. Babentsov
et al. [29] have tentatively attributed the presence of the two DLE bands to two different types of cation—anion divacancies (Vg —
Vse) in CdSe: one type oriented along the hexagonal c-axis (DLE;) and the other oriented along the basal Cd-Se bond directions
(DLE,). Other studies have instead assumed that the occurrence and relative intensity of the DLE; and DLE, bands is attributable
to the concentration of lattice-vacancy type defects (Vse) and oxygen-containing species incorporated in the vacancies, respectively
[30, 31].

In the last years, vis—NIR spectroscopy along with micro-Raman spectroscopy and X-ray powder diffraction (XRPD) has also
been successfully exploited for the study of the stoichiometry and crystalline structure of cadmium yellows (CdS and Cd;_,Zn,S),
a class of pigments known for their tendency to undergo discoloration [24, 32-36]. Among the causes of degradation, FT-IR
spectroscopy and synchrotron radiation (SR)-based X-ray methods have permitted to demonstrate that: (i) the photo-oxidation of
CdS-based compounds to CdSO4/CdSO4-H»O is triggered by the presence of moisture; (ii) the process is more pronounced for
Cdj—xZn,S solid solutions with respect to CdS; (iii) the alteration of CdS may also occur in the absence of light, by exposing the
paint to high moisture conditions and when chloride species (related to the manufacturing process of the pigment) are present [24,
37].

The alteration of CdSe-compounds has previously been investigated in the field of semiconductor materials and environmental
chemistry. Studies established that during irradiation of CdSe nanocrystals in aerobic conditions, photo-oxidation occurs by producing
cadmium oxide and selenium dioxide [38, 39]. In aqueous environments, it has been observed that the photo-dissolution of CdS;_,Sey
can lead to the formation of sulfate- and selenate-based compounds [40]. In the field of heritage science, the discoloration of
CdS1—_xSey has been documented recently only in an ancient Greek terracotta krater, where the pigment was used as a restoration
material. In this specific case, light and chlorine species were identified as two possible triggering factors of the alteration process
[41].

Based on the extensive use of CdSj_,Se, pigments in twentieth century oil paintings [11-15, 17-21], it becomes highly relevant
to develop a methodological strategy that allows deeper understanding of the intrinsic properties of CdS;_,Se, and environmental
factors influencing the photoluminescence and the (photo)chemical stability of cadmium reds in oil. The ultimate goal of this research
is to contribute to the preservation of unique masterpieces containing cadmium red pigments.

Here, we benefitted from a combination of macro-scale in situ non-invasive vis—NIR and reflection FT-IR spectroscopy to obtain
a complete overview of the composition and current condition of different CdS;_,Se,-based paints used throughout a series of
renowned twentieth century oil paintings (nine in total) by Gerardo Dottori, Jackson Pollock and Nicolas de Staél. These results were
then compared with outcomes arising from the study of a series of CdS;_,Se, pigment powders with different photoluminescence
properties and Se content and from a set of cadmium red-based oil paint mock-ups aged under controlled conditions of light and
moisture. On the one hand, high-angle annular dark-field scanning transmission scanning electron microscopy (HAADF-STEM)
and energy dispersive X-ray (EDX) spectroscopy mapping techniques jointly with XRPD and X-ray absorption spectroscopy (XAS)
at S K-, Cd L3- and Se K-edges permitted to obtain micro-/nano-scale information on some intrinsic properties of CdS;_,Sey
pigment powders, including their elemental composition, morphology, microstructure and local atomic environment. On the other
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hand, vis—NIR spectroscopy, FT-IR spectroscopy and XRPD investigations provided an in-depth characterization at the millimetric
scale of the optical and molecular modifications induced by the artificial aging treatments of paint mock-ups. These analyses offered
new insights into the external circumstances and internal factors influencing the photoluminescence properties and (photo)chemical
reactivity of cadmium red paints.

2 Materials and methods
2.1 Case studies
The following twentieth century oil paintings were selected as case studies:

i. Incendio Citta (1926; oil on canvas) and Lago Umbro (1942; oil on panel) by Gerardo Dottori, belonging to the Collection of
Civic Museum of Palazzo della Penna of Perugia, Italy;

ii. The Moon Woman (1942; oil on canvas), Direction (1945; oil on canvas), Circumcision (1946; oil on canvas), Bird Effort (1946;
oil on canvas), Eyes in the Heat (1946; oil and alkyd enamel on canvas) and Alchemy (1947; oil, aluminum, alkyd enamel paint
with sand, pebbles, fibres, and wood on commercially printed fabric) by Jackson Pollock, owned by the Peggy Guggenheim
Collection of Venice, Italy;

iii. Le Concert (1955; oil on canvas) by Nicolas de Sta€l, belonging to the Musée Picasso of Antibes, France.

All artworks were analyzed in situ without moving the painting from their exhibition room. For the nine paintings cited above, a
total of more than n. 70 reflectance FT-IR spectra and n. 100 reflectance and fluorescence UV-vis—NIR spectra were collected from
spots of selected red areas.

2.2 Commercial and historical CdS;_,Seyx pigments and preparation of oil paint mock-ups

Four CdS;_,Se, pigment powders commercially available by Kremer GmbH (Germany) were investigated and used for preparing
a set of oil paint mock-ups. Further information on the optical and vibrational spectroscopy properties as a function of the pigment
composition are reported elsewhere [2]. Samples are named according to the Kremer catalog (21080, 21110, 21130, 21150). The set
of historical CdS;_,Se, pigments, always produced by Kremer GmbH, was composed of five powders dated back to ca. 1960-1970.
Such compounds, belonging to the collection of the Center for Art Technological Studies (CATS) of the Statens Museum for Kunst
in Copenhagen (Denmark), are named throughout the paper according to CATS database list (437, 439, 440, 442, 565). In the sample
name, the subscript “Se = numerical value” stands for the Se/(Se + S) molar ratio, which equals to the x value in the CdS;_,Sey
formula, obtained via XRPD (cf. Table 1). This ratio will be indicated as xs. throughout the text.

Table 1 XRPD results of commercial and historical CdS_,Se, pigment powders. Refined unit cell parameters, site occupancy factor for Se (xg,), isotropic
microstructural data in terms of size of coherent domains (volume-weighted) (Dv) and microstrain as % of average unit cell deformation (¢), and phase wt%
obtained by means of the Rietveld method

Sample aA) c(A) XSe Dv (nm)? & (%) wt%P
21080 4.1591£0.0001 6.7578 £0.0001 0.14£0.01 171 0.22 97.5£0.5
21100 4.1723 £0.0001 6.7824+0.0001 0.22+0.01 210 0.57 100
21130-1 4.1956 £0.0001 6.8257 +0.0002 0.36£0.01 292¢ 0.33¢ 28.8+0.5
21130-11 4.2017£0.0001 6.8357+0.0001 0.40£0.01 292¢ 0.33¢ 71.2£0.5
21150-1 4.2107 £0.0001 6.8511+0.0002 0.45+0.01 3094 0.394 349+0.5
21150-11 4.2270£0.0001 6.8800+0.0002 0.55£0.01 3094 0.394 58.0£0.5
437 4.1569 £0.0001 6.7561+0.0002 0.12£0.01 132 0.15 96.5+0.5
439 4.1934£0.0001 6.8217+0.0001 0.38+0.02 162 0.14 96.2+0.5
440 4.2096 £0.0001 6.8514+0.0001 0.47£0.02 206 0.21 100
442-1 4.1666 £+0.0001 6.7745 +0.0002 0.19£0.01 87 0.16 41.0£0.5
442-11 4.224540.0001 6.8771+0.0002 0.54+0.01 525 0.50 57.2+0.5
565-1 4.1563 £0.0003 6.7519+0.0007 0.11£0.06 170 0.11 341
565-11 4.1980£0.0001 6.8281+0.0001 0.40£0.01 165 0.20 67+1

4Uncertainties can be estimated as 10% of the reported values
bThe complement to 100 is BaSO4 for all samples

¢d Constrained values due to strong peak overlap
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Oil paint mock-ups were prepared by following the same approach earlier used for obtaining a series of cadmium yellow mock-ups
[24, 37]. Notably, commercial powders were mixed with cold pressed linseed oil (Zecchi, Italy) in a 4:1 mass ratio and applied on
polycarbonate slices. Samples were left to dry at environmental conditions (RH: ~30%; temperature: ~ 20 °C) for about 1 month.

To evaluate the photochemical response of CdS;_,Se, pigments in the absence of linseed oil, the commercial powders were also
prepared in the form of concentrated pellets, obtained using a hydraulic press. The mechanic resistance of each pellet was guaranteed
by embedding them in a polyester resin block. One of the faces of the pellet was left exposed to make aging and measurements
possible. It should be noted that all pellets show the same spectral features of the corresponding raw powders; therefore, it can be
excluded any meaningful change induced by the pressure in the original properties of the pigments. In addition, it is reasonable to
assume that the packaging of the powder has not a significant contribution on the overall photochemical reactivity of the pigment.

The list of commercial and historical pigments along with the corresponding oil paint mock-ups, are reported in Tables 1 and 3.

2.3 Artificial aging protocols

UVA-visible photochemical aging treatments of oil paint mock-ups and pigment pellets were performed using an in-house made aging
chamber equipped with a UV-filtered 300 W Cermax xenon lamp simulating the museum indoor lighting environment (A > 300 nm;
see ref [42] for its emission spectral profile) either at RH of ~30% (measured indoor humidity level) or at RH > 95%. The irradiance
and temperature, measured at each sample position, were 0.7 <1 x 103> W/m? and 31 °C, respectively. Samples were irradiated for
480504 h such to achieve total irradiance exposure values of 3 +5 x 10° W/m?h.

Thermal aging treatments were carried out by allocating the touch-dry paints (i.e., after about one month since their preparation)
in a sealed vessel kept at RH> 95% with distilled water. The vessel was maintained in the oven at~40 °C for an overall period of
21 days (504 h).

The aging conditions, selected also on the basis of previous studies [37], were aimed at evaluating the separate and joint effect
of UVA-visible light and climate parameters (i.e., moisture and temperature) on the overall degradation pathways of cadmium reds.

2.4 UV-vis—NIR spectroscopy

Reflection and fluorescence UV—vis—NIR investigations at selected spots of paintings, cadmium red pigment powders and paint mock-
ups were performed by a self-assembled portable instrument. A deuterium-halogen lamp (AvaLight-DHc, Avantes), a highly sensitive
charge-coupled device (CCD) spectrometer (AvaSpec-2048 USB2, Avantes; 200-1100 nm range; 8 nm spectral resolution) and a
thermoelectrically cooled InGaAs detector (AvaSpec-NIR256-1.7TEC; 950-1600 nm range; 24 nm spectral resolution) were used
for carrying out reflection measurements. An ultracompact diode laser (Toptica Photonics AG, DE; 445 nm excitation wavelength,
1 mW nominal power), integrated into the same apparatus and coupled with two high-sensitivity calibrated CCD spectrometers
(i.e., AvaSpec-NIR256-1.7TEC and AvaSpec-ULS2048 XL-RS-USB2; 300-1150 nm range; 9.2 nm spectra resolution), was used
for performing photoluminescence measurements. The instrument has a dedicated fiber-optic system, designed to direct all the
excitation sources to the same point of the analyzed surface and, at the same time, collect both the reflected and emitted light,
bringing them to the different detectors. The probe area is less than 2 mm?.

Reflectance and fluorescence spectra were recorded using an integration time of 800 ms and 500 ms, respectively, and with 30
averages. Band gap energies were determined from reflectance spectra as earlier described by Grazia et al. [2] (see also Sect. 5 of
the Supplementary Information for further details). Fluorescence spectra were processed by employing a curve-fit procedure with
Gaussian functions to get accurate values for the emission band maxima (see Supplementary Information: Fig. S1 and Table S1).
These values were used for an approximate estimation of xge and have been used for the comparison of the results obtained from the
case studies with a series a CdS;_,Se, pigments also characterized by XRPD. For the commercial cadmium reds, slight differences
are observed in the DLE maxima positions in the wavelength scale with respect to earlier research [2] since the spectra were fitted
without applying the Jacobian transformation, which allows obtaining a more accurate value of the energies in eV.

2.5 HAADF-STEM/STEM-EDX mapping

TEM lamellas were prepared by focused ion beam (FIB) technique from the two commercial powders 21080 and 21150 and the
two historical powders 437 and 442 dispersed on a carbon tape. After carbon coating, the surface was further coated with platinum
and the specimen was subsequently cut as a lamella and thinned between 50 and 100 nm using FIB. The obtained FIB lamellas
were then analyzed by EDX using a 50 pA beam current to limit beam damage on a STEM Thermofisher scientific Titan 60-30,
operating at 300 kV and equipped with a high efficiency Super-X detector. The elemental quantitative analysis was performed using
the embedded routine in the Bruker Esprit software. Each powder was imaged in a Thermofisher scientific QUANTA FEG 250 at the
accelerating voltage of 20 kV in secondary electron detection mode. The particle size analysis was made by means of Fiji (ImagelJ)
software [43] using SEM images.
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2.6 XRPD and Rietveld refinements

XRPD patterns for qualitative phase analysis and Rietveld refinements were collected from cadmium red pigment powders [mixed
with silicon (~20 wt. %) as internal line position standard] and paint mock-ups by the Cu-K,, radiation on a PANalytical X’PERT
PRO diffractometer and PW3050 goniometer, equipped with an X’Celerator detector. The long fine focus ceramic tube worked
at 40 kV and 40 mA. The instrumental contribution to the peak shape was evaluated before measuring samples by the Rietveld
refinement of lanthanum hexaboride (LaBg) as an external peak profile standard.

Structural and microstructural information of pigment powders were obtained by the Rietveld refinement of XRPD patterns
using modified pseudo-Voigt functions of the GSAS-EXPGUI package [44] and by following the procedure described elsewhere
[45]. Unit cell parameters, sample displacement, background and profile were first refined. Following, atomic coordinates, atomic
displacement parameters and site occupancy factors for S and Se were also refined. Eventual preferred orientations of microcrystals
were corrected by expanding the orientation distribution in spherical harmonics. The iterative refinement procedure was stopped
when the shifts in all parameters were less than their standard deviations. Since S and Se are randomly distributed in the same
crystallographic site, the site occupancy factor for Se, estimated by the Rietveld refinement procedure, is equal to the x value in the
of CdS;_,Se, formula (denoted as “xg¢”’; see also par. 2.2).

Refinements were carried out using both isotropic and anisotropic models, this last assuming [001] as the broadening axis, from
which different size and microstrain values in two directions, parallel and normal to this axis, could be determined. However, since
the two models provided very similar data for all samples, only the results yielded by the isotropic model are reported for sake of
simplicity (cf. Table 1). The coherent domain sizes (volume-weighted, Dv) and microstrain values (&) were estimated using Eqs. 1
and 2, respectively:

Dv = 1800A /7 X (1)
e = (7/18000)(Y — Yi) 2)
where X, and Y are the refined peak shape parameters, whereas Yi is the instrumental contribution.

2.7 XAS at S K-, Cd L3- and Se K-edges

XAS investigations at S K-, Cd L3- and Se K-edges of a selection of commercial and historical CdS;_,Se, pigment powders
were performed at the scanning x-ray microscope end station of beamline ID21 and at the beamline BM08-LISA of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) using the recently installed Extremely Brilliant Source (EBS) [46—48].
Measurements were carried out by means of a Si(111) and a Si(311) double-crystal monochromator, at ID21 and BM08-LISA,
respectively. At these beamlines, single point XAS spectra were recorded in transmission mode under vacuum conditions and a
beam with sizes (h x v) of 300 x 300 jLm? and ~70 x 200 wm?, respectively.

AtID21 data were recorded via the new-developed Daiquiri web-based user interface framework [49] from a thin layer of powder
fixed on S-free tape, by scanning the primary energy around the S K-edge (from 2.45 to 2.65 keV range; energy step: 0.2 eV) and
Cd L3-edge (from 3.51 to 3.65 keV; energy step: 0.3 eV) and using a photodiode as detector. At BMOS-LISA spectral profiles were
collected using ion chambers filled with Ny gas. Pellets, were prepared by mixing about 33 mg of cellulose with 22-28 mg of
sample and by scanning the primary energy around the Se K-edge with the following steps: (i) 12.4648—-12.6388 keV, step: 5 eV,
(i1) 12.6438-12.7227 keV, step: 0.5 eV; (iii) 12.7232-13.9016 keV, step: from 2 to 7 eV. The energy calibration was performed
using CaSQO4-2H;0, and a Se foil as standards. At ID21, the energy calibration was performed using CaSO4-2H,0O (maximum of
the white line at 2.4826 keV) and a Cd foil for the S K- and Cd L3-edges investigations, respectively. In the case of BMO8-LISA
beamline, a grey Se sample was employed as a calibrant and a spectrum was collected at the same time as the sample in order to
guarantee the energy scale stability, which resulted to be better than 0.01 eV.

The ATHENA [50] code was used for the normalization and the processing of the XAS data and the ARTEMIS code for the
quantitative fitting. Theoretical extended X-ray absorption fine structure (EXAFS) paths were generated with the FEFF8.4 code [51]
from a cluster of sphalerite CdSg s5Seq 5, simulated using Density Functional Theory (DFT) as implemented in the VASP code [52].
This structure was chosen as it bears similar electron density and bond length values as the wurtzite-type structure while resulting
easier to relax with DFT. The data were fitted by means of a multishell model consisting in a first Se-Cd shell with 4 neighbours, a
second Se-(Se, S) shell composed of 12 neighbours with a variable Se content and a third shell made up of 12 Cd atoms.

Being a series of pigments sensitive towards exposure to SR-based X-ray beams [53-56], preliminary tests at variable fluences
and/or exposure times were performed at a few spots of each analyzed powders to ensure that the collected data were not affected
by any artefacts due to X-ray beam exposure.

2.8 Colorimetry

Investigations of color changes of paint mock-ups were performed by a Konica-Minolta CM700D portable colorimeter. The instru-
ment is provided of a pulsed xenon lamp emitting in the visible spectral range, a silicon photodiode array detector and an inte-
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grating sphere with a 40 mm internal diameter. The software interfaced with the colorimeter allowed for the conversion of the
spectra (acquired in the 360-740 nm range and with 10 nm spectral resolution) into CIE L*a*b* chromatic coordinates under
the D65 standard illuminant and 10° angle observer. Total color changes were calculated according to the CIE 1976 formula,
AE* = (AL*? + Aa*? + Ab*%)12,

2.9 FT-IR spectroscopy

A portable ALPHA spectrometer (Bruker) was used for carrying out attenuated total reflection (ATR) mode measurements at the
surface of the unaged/aged cadmium red oil paint mock-ups and no contact external reflection mode investigations at selected spots
of the cadmium red pellets and in situ directly on paintings.

ATR spectra were recorded using a Platinum QuickSnap ATR sampling module (A220/D-01) equipped with a diamond crystal
plate. Data were recorded in the 4000-320 cm™' range, with 4 cm™! spectral resolution and 168 scans. It is worth underlining that,
although the ATR spectra should be nearly identical to those recorded in transmission mode, some of the most intense vibrational
modes of the analyzed compounds appear distorted and slightly shifted in wavenumber positions. This feature is probably due to the
fact that in correspondence to strongly adsorbing bands there is a sharp rise in refractive index of the material that may determine the
criterion of internal reflection to be lost [57]. Hence, aged-induced changes of some vibrational modes (e.g., CO ester asymmetric
stretching of linseed oil) were troublesome to be accurately evaluated in the ATR mode.

Pseudo-absorbance spectra [Log(1/R); R is reflectance] were obtained using an external reflection module from areas of about 7
mm?2. Data were acquired in the 7400-345 cm™! range, at a resolution of 4 cm~! and for 3 min.

3 Results and discussion
3.1 Characterization of cadmium red paints in twentieth century paintings

A selection of the vis—NIR spectroscopy results obtained from cadmium red paints of nine paintings during non-invasive analytical
MOLAB campaigns held at the Civic Museum of Palazzo della Penna (Perugia, Italy), the Peggy Guggenheim Collection (Venice,
Italy) and the Musée Picasso (Antibes, France) over the last decade is presented in Fig. 1. It is relevant to highlight that, XRF
measurements (results not reported) show the presence of cadmium and selenium in all the described paints.

Depending on the analyzed areas, spectra show shifts in the position of both the inflection point of the reflectance vis spectra
(Fig. 1a) and the two DLE bands of the emission profiles (Fig. 1b). Conforming to previous research [2, 16], these shifts in position
can be exploited for the identification of cadmium reds with different Se content. Under the employed experimental conditions, no
accurate information is instead obtainable through analysis of the NBE band located in the visible range (below 700 nm), overlapping
with the emission of the binder that contributes in a variable and not determinable extent to the luminescence [16]. Interestingly, the
DLE bands also show variations in their relative intensity, although they present almost the same position in some cases.

Hence, based on the obtained results and comparison with a set of CdS;_,Se, reference pigments (see Sect. 3.2 for further results
about these materials), three types of cadmium red paints, featuring different photoluminescence properties, can be discriminated
in the analyzed paintings.

Case 1. Some cadmium red-based paints of Le Concert, Incendio Citta, Direction and The Moon Woman (Supplementary
Information: Fig. S2) are characterized by reflectance vis spectra with an inflection point varying in the 593—-613 nm range and by
emission profiles with a DLE; band at around 850 nm, therefore suggesting a CdS;_,Se, pigment with xs.~0.30-0.35 (Fig. 1a).
Variations above 600 nm in the reflectance vis spectrum recorded from Direction (magenta line) are due to the additional presence
of red ochre [58]. In this case, the relative intensity of the DLE bands are very similar to that of the commercial CdS;_,Se, pigment
21120ge=0.35, by featuring an intense DLE; band and a weaker shoulder DLE; band at around 1100 nm (see ref [2]. for details about
the optical properties of the reference pigment).

Case 2. The group of emission vis—NIR spectra belonging to case 2 reveals instead photoluminescence properties more similar to
those of two historical powders (i.e., 437se=0.12 and 565se=0.39) (Fig. 1b): the DLE bands feature relative intensities that are inverted
with respect to the data of case 1, but, sometimes, with comparable energy positions. The two compositional sub-groups can be
distinguished by considering the position of the two DLE bands. The first sub-group (case 2-I) includes the spectra recorded from
the red—orange Cd-based paints of Circumcision and Direction (Supplementary Information: Fig. S3a). Similarly to the spectral
profile of the historical powder 437se=0.12, reflectance and emission vis—NIR spectra exhibit an inflection point at 550-559 nm
and an intense DLE, band at 1050 nm, that are assignable to a CdS;_,Se, pigment with xg.~0.1 (Fig. 1). The second sub-group
(case 2-1I) comprises the spectra obtained from selected red paints of Eyes in the Heat, Bird Effort and Direction (Supplementary
Information: Fig. S3b). In these cases, the Se content of the CdS|_,Se, pigment (xs.~0.30-0.40) is rather similar to that of case 1,
as pointed out by the inflection point at 591-595 nm and the DLE) band at 1080 nm in the reflectance and emission vis—NIR profiles
(Fig. 1). The slight differences obtained in the xg values from the reflectance and emission vis—NIR spectroscopy measurements
(namely xs.~0.3 and xs.~0.4, respectively) are related to the low intensity of the DLE; band that affects the curve-fitting results.
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Case 3. In some cadmium red paints of The Moon Woman, Alchemy and Lago Umbro (Supplementary Information: Fig. S3c)
a CdS;_,Se, pigment with xs.~0.30-0.40 was identified too via the presence of an inflection point in the 591-612 nm range in
the reflectance vis spectra and a red-NIR fluorescence with DLE; and DLE; bands at 870 and 1080 nm, respectively (Fig. 1). With
respect to the emission vis—NIR data of case 2-II, here, the DLE| band has an intensity comparable to that of DLE,. Their positions
and relative intensities are very similar to those of the historical pigment 439g¢=0 33.

Overall, the variable relative intensity of the CdS;_,Se, DLE bands observed in the spectra recorded from the analyzed twentieth
century paintings show that other factors than the Se content influence the photoluminescence properties of cadmium reds.
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T5o=(0:190.06)

Fig. 2 HAADF-STEM images and STEM-EDX maps of (green) cadmium, (red) barium, (cyan) selenium, (orange) sulfur and (blue) oxygen recorded from
selected commercial and historical CdS;_,Sey pigment powders (from top): 21080se=0.14, 211508e=0.47, 437se=0.12 and 442g.=0.40. Numbers show the
areas where single-points EDX measurements were performed, with xg, that indicates the average value of xge (for further details about the quantitative
results, see Supplementary Information: Table S2)

3.2 Internal and external factors affecting the spectral properties of the DLEs in CdS;_,Sex

In order to understand the factors influencing the spectral properties of DLE bands, in a first step, we investigated some of the possible
parameters related to intrinsic crystal defects of CdS|_,Se,, including morphology, microstructure and local atomic structure. In a
second step, we assessed if/how eventual chemical transformations of CdS_,Se, (both in the presence and in the absence of the
oil medium) induced by (photo)aging treatments may affect the photoluminescence properties of the pigment itself. Results are
described and discussed hereafter.

3.2.1 Morphology, microstructure and local atomic structure of CdSj_Sex

HAADF-STEM and STEM-EDX maps (Fig. 2) of historical (437se=0.12, 442se=0.40) and commercial (21080se=0.14, 21150s¢=0.47)
CdS1—_xSe, pigments, selected for their comparable Se content but with DLE bands featuring opposite relative intensity (cf. Figs. 1
and 6b and Supplementary Information: Fig. S4), show a similar elemental distribution, with Cd, S and Se as dominant elements of
each particle. The average value of xg. (hereinafter defined as “Xs,”’) measured in the CdS;_,Se, grains is in line with that obtained
by XRPD within experimental error (Table 1). Furthermore, no co-localization among CdS;_,Se, particles and both BaSO4 (present
in form of particles) and other trace elements, such as Zn, were identified (for further details, see Supplementary Information: Table
S2). Thus, also in line with the fact that no changes are observed in the positions of DLE bands in pigments with comparable Se
content, it is very likely that the synthesis has not led to the formation of Ba- and/or Zn-doped CdS;_,Se, particles under any
circumstances.

From the morphological and microstructural point of view, average size of particles and crystallites obtained via SEM imaging
(Fig. 3) and Rietveld refinement of XRPD patterns (Table 1: Dv), respectively, are comparable for all phases with a similar Se content.
This result suggests that the extent of particle aggregation/agglomeration can be considered negligible in all powders. Furthermore,
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Fig. 3 SEM images and particle
size distribution of selected
commercial and historical
CdS1_,Sey pigment powders:
a21080se=0.14, b 4375e=0.12,

¢ 21150ge=0.47 and d 442g¢=0.40

' Weighted av'erage.
diameter =
(200£100) nm 1

Count
N
o

0.00 0.03 0.06 0.09 0.12
Area, um?

' Weiéhted a(/erage.
diameter =]
(200£100) nm]

Count
N
o

0.00 0.03 0.06 0.09 0.12
Area, pm?

V\'/eight'ed av'eragé-
diameter =
(300+200) nm|

Count
3

000 005 010 015 020 025

Area, um?

' Weighted ave;'age_
diameter =]
(600£200) nm ]

Count

0.0 0.2 0.4 0.6 08 1.0
Area, um?

the average size of particles/crystallites depends on xge, by increasing with increasing degree of Se substitution. Microstrain varies
from 0.14 to 0.57% (Table 1: €), by showing in general the same trend for both commercial and historical pigments because of
increasing lattice distortions when Se atoms progressively replace the smaller S ones.

In agreement with earlier studies [59, 60, 60—-62] and the XRPD lattice parameters (Table 1), Cd L3-/S K-edge XANES spec-
troscopy analysis (Fig. 4 and Supplementary Information: Fig. S5) combined with Se K-edge EXAFS spectroscopy investigations
(Fig. 5 and Supplementary Information: Fig. S6) reveal that the local atomic structure and bonding are dependent on the Se content
and that CdS;_,Se, compounds are in the hexagonal crystalline structure.

The Cd L3-edge XANES spectra of commercial and historical CdS;_,Se, with similar Se content are very similar (Fig. 4).
Subtle differences are visible only when the Se content increases in CdS;_,Sey, including a decrease of the intensity of some
post-edge features (peaks B, D) and a progressive shift towards lower energies (peaks A, C). Such changes are in line with previous
studies on CdS;_,Se, nanostructures [61, 62]. No meaningful differences are present in the S K-edge spectra, whose analysis is
further complicated by the presence of variable amounts of sulfate-species, mainly due to the extenders/additives (Supplementary
Information: Fig. S5).

In a similar way, the Se K-edge XANES spectral region (Supplementary Information: Fig. S6) of the Se-poorer compounds
21080se=0.14/437se=0.12 and of the Se-richer pigments 21150se=0 47/440se=0.47 appear similar, meaning that no appreciable differ-
ences are visible between samples with a similar Se content. In agreement with earlier studies [61], only a slight shift towards lower
energies of the maximum of the white line (between ca. — 0.20 and — 0.14 eV; see Table S3) is visible with increasing Se content.
More revealing information can be obtained by looking at the Se K-edge EXAFS spectra and the related Fourier Transforms (FT) in
the 34 A region (Fig. 5), where a less pronounced second shell peak is present in the Se-richer pigments. The quantitative analysis
results of the Se K-edge XAS data are presented in Table 2.

In agreement with previous literature [59], the structure found is well described by the employed fit model, which includes 4 Cd
neighbours at 2.60 A, a mixed (S,Se) second shell at 4.16 A and a third shell of Cd atoms at 5.05-5.10 A. In our case, we do not
observe differences in the Se-Se and Se-S bond lengths of the second shell, whereas Ramos et al. [59] report a difference of about
0.1 A. The Se-poorer 21080se=0.14/437se=0.12 and the Se-richer 21150ge=0.47/440se=0.47 pigments share identical parameters within
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Fig. 4 Cd L3-edge XANES
spectra recorded from

a commercial and b historical
CdS;_,Sex pigment powders. ¢,
d Insets of the energy range
indicated by the rectangles in a, b

Fig. 5 a k*-weighted Se K-edge
EXAFS spectra in k space and

b corresponding Fourier
transforms in the range k = [2-16]
A~ of commercial (solid line)
and historical (dotted line)
CdS;_,Sex pigment powders
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Table 2 Quantitative analysis results of the Se-K edge XAS data of commercial and historical CdS_, Se, pigment powders. xg represents the sulfur content
in the second coordination shell following the overall composition. Data were fitted in r space in the interval r = [1-3] A after transformation of k*x(k) data
in the interval k = [2-16] A~1. The use of k weighting in place of the usual k2 or k3 was necessary to evidence the higher coordination shells. In all cases
the Uzs‘se was fixed to the value found in sample 21080g¢=0.14 (0.017 A1

Sample rca (A) o2cq (A?) Xs rs (A) rse (A) rca (A) o%cq (A?)
21080se=0.14 2.6040.01 0.0053 £0.0002 1.014+0.05 4.15+0.02 - 5.044+0.03 0.074+0.02
4375e=0.12 2.604+0.01 0.0053 £0.0002 1.034+0.05 4.16+0.02 - 5.054+0.03 0.08 +0.03
211508e=0.47 2.614+0.01 0.0055 £0.0002 0.59+0.05 4.16+0.03 4.16+0.03 5.094+0.03 0.054+0.02
440se=0.47 2.614+0.01 0.0055 £0.0002 0.60+0.06 4.18+0.03 4.16+0.03 5.104+0.03 0.054+0.01

the error bars, meaning that the two CdS|_,Se, pigments with a comparable Se content have an identical structure. In line with the
XRPD and EDX results (Table 1) the former pair is almost pure CdS, whereas the latter pair exhibits a content of Se of ca. 0.4.

To summarize, the results above-described prove that the morphology, microstructure and local atomic structure of CdS;_,Sey
compounds depend only on the Se content. For a specific xse, such parameters do not affect the positions of the DLE bands and
cannot be correlated with the changes observed in the relative intensity of DLE; and DLE,.

3.2.2 (Photo)chemical reactivity of CdS|_,Sey

To evaluate the effect of the Se content and of different environmental parameters on the overall degradation process of CdS;_,Se, in
the oil binder, thus on their possible effects on the emission vis—NIR spectral properties of the pigment itself, we then studied a series
of artificially aged oil paint mock-ups (Table 3). These samples, prepared using the set of commercial CdS|_,Se, pigment powders
above-described (Table 1), were subjected to accelerated aging under UVA-vis light at RH~30%, UVA-vis light at RH> 95%, and
thermal aging at 7 = 40° and RH > 95% (denoted as “UVA-visru3o%~, “UVA-visrnose,~ and “thermalrposg”, respectively). The
optical and molecular changes induced by different aging treatments at the paint surface of all mock-ups were assessed by vis—NIR
and colorimetric investigations, followed by ATR mode FT-IR spectroscopy and XRPD analyses. A summary of the results obtained
from all the artificially aged paint mock-ups is reported in Table 3. In the following, a selection of the most meaningful results for
the discussion is given.

Regardless from the type of aging, colorimetric measurements (Table 3) show that the total color change (AE*) is slightly
perceptible with the naked eye (< 5) for all paints.

In the corresponding diffuse reflectance vis spectra (black lines and insets in Fig. 6a and Supplementary Information: Fig. S7) a
red shift of the absorption edge from ca. 567 nm (for 21080se=0.14) to ca. 655 nm (for 21150sc=0.47) is observed, representing the
sharpening of the band gap with increasing Se content. In line with the colorimetric results, spectra of all aged samples (magenta,
red and grey lines in Fig. 6a and Supplementary Information: Fig. S7) show minor variations within the experimental error due to
possible changes of the geometry of the instrumental set-up.

Photoluminescence spectra (black lines in Fig. 6b and Supplementary Information: Fig. S8) show a weak narrow emission in
the visible range (below 700 nm) due to the contribution of NBE band, modified by the presence of the binder [16], and two broad
emissions in the red-NIR region attributed to the DLE bands. In line with previous research [2, 16] and findings from historical
paintings (Fig. 1), a bathochromic shift of these bands is observed with increasing Se content (e.g., for the DLE;: from ca. 780
to ca. 880 nm). As previously commented, any variation of the NBE can’t be taken into account due to the overlapping with the
binder emission (magenta, red and grey lines in Fig. 6b and Supplementary Information: Fig. S8). More revealing information can
be obtained via analysis of the DLE bands. With aging, a general intensity decrease of the fluorescence is observed for all samples
(result not shown). Whereas, no meaningful changes are observable in the spectra obtained from mock-ups photo-aged at RH ~30%
(Supplementary Information: Fig. S8, red lines), variations are visible in those recorded from thermally aged paints (Supplementary
Information: Fig. S8, grey lines) and samples aged by UVA-vis light at RH>95% (Fig. 6b, magenta lines). Changes in the relative
intensity and red-shifts in position of the DLE bands are more pronounced for the photoaged paints at RH > 95% and become gradually
more evident with decreasing Se content (Fig. 6b and Supplementary Information: Figs. S8b and S9). According to previous studies
[30, 31], the existence and relative intensity of the DLE; and DLE, bands has been attributed to the concentration of lattice-vacancy
type defects (Vse) and oxygen-containing species incorporated in the vacancies, respectively. Thus, our findings suggest that the
thermal treatment and the photoaging at RH > 95% have introduced changes in the original distribution and concentration of crystal
defects of CdS;_,Sey (i.e., vacancies and/or oxygen species incorporated in the vacancies) as result of the interaction between the
surface of pigment particles, the binding medium and moisture.

In the most altered photoaged paints, specific information on the chemical nature of alteration products arising from the oxidative
degradation of both the oil binder and the cadmium red pigment is highlighted by ATR FT-IR spectroscopy (Fig. 7) and XRPD
investigations (Table 3).
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Table 3 Photographs and colorimetric, emission vis—-NIR, FT-IR (ATR mode) and XRPD results obtained from CdS_, Se, oil paint mock-ups before and
after different aging conditions (for further details, see: Sect. 2.3, Figs. 6 and 7 and Supplementary Information: Figs. S7-S10)

Sample/aging protocol?
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Ab*=—3+1
AE*=1.1+£0.5
AL*=—1.14£04
Aa* =0

Ab* =0.1+0.7
AE*=3+1

AL* = —1.1£0.2
Aa*=—-2+1
Ab*=—2+1
AE*=5+1
AL*=0.8+£0.8
Aa* = —4+1
Ab* = —2+1
AE*=1+1

AL* = —0.6+0.7
Aa*=—0.8%0.9
Ab* = —0.8+£0.5

AE*=3%1
AL* =0
Aa* = —3+2
Ab*=—-2+%1

As unaged sample

Shift of DLE; band towards
higher wavelengths (+ 17 nm);
change of DLE| and DLE»
relative intensity

Slight change of DLE; and
DLE; relative intensity

As unaged sample

Shift of DLE| band towards
higher wavelengths (+ 6 nm);
slight change of DLE; and
DLE; relative intensity

As unaged sample

As unaged sample

Small shift of DLE; band
towards higher wavelengths (+
3 nm); slight change of DLE;
and DLE; relative intensity

As unaged sample

Lipidic material (oil), BaSO4

Oxidation products of the oil

Zinc oxalate; ¢ cadmium sulfate

Oxalate (possibly of Zn); ©
oxidation products of the oil

Lipidic material (oil), BaSO4

Oxidation products of the oil,
possible oxalates (very weak)

Zinc oxalate; ¢ cadmium sulfate

Oxalate (possibly of Zn); €
oxidation products of the oil

Lipidic material (oil), BaSO4
Oxidation products of the oil,

possible oxalates (very weak)

Zinc oxalate®

Oxalate (possibly of Zn); ¢
oxidation products of the oil

CdSo.86Seo.14
BaSO4 (2.54+0.1)

As unaged sample

ZnCy04-2H50 (ca. 1-2%);

CdSO4-H,O (weak);

probably Zn/Cd stearate or
another carboxylate

ZnC;04-2H2 0 (very weak, at the
limit of detection)

CdSo.78Se0.22
BaSOy (very weak, at the limit of
detection)

As unaged sample

7ZnC,04-2H;0 (weak)

As unaged sample

CdSp.64Se0.36 (28.8£0.1)
CdSo.0Seo.40 (71.2£0.1)

As unaged sample

ZnC,04-2H, 0 (very weak)

unidentified phase (very weak)

FT-IR spectra show the presence of new signals in the 1000-1200 cm~' range and below 650 cm~!, both ascribable to
CdSO4-H,O [\)1/3(8042_) and \)4(SO42_), respectively]. Such bands are clearly visible for the Se-poorest sample (21080se=0.14),
barely appreciable in the mock-ups containing 0.2 <xge<0.4 (21100se=0.22 and 21130ge=039) and not appreciable in the Se-richest
paint (21150se=0.47). In addition, for all mock-ups, the formation of ZnC,04-2H;0 is pointed out by the IR bands at about 1630,
1364, 1317, 818 cm™!. This compound is the result of the reaction between Zn-species arising from impurities present in the original
pigment formulation (as detected by XRF; results not shown) and the oxalate ions arising from the oxidative degradation of the oil
[63, 64]. Overall, the degradation phenomenon manifests itself as a visible chalking and loss of gloss of the paint surface, similarly
to that already earlier observed for cadmium yellow paints [37, 65].

In line with the FT-IR analysis, XRPD investigations (Table 3), allowed crystalline ZnC,04-2H;O0 to be identified in all UVA-
visrH959% aged samples, while it permitted to detect CdSO4-H,O only in the aged paint 21080se=0.14. A series of broad signals at low
26 angles are possibly attributable to unidentified long chain metal carboxylates. For those mock-ups that contain two CdS;_,Se,

@ Springer



Eur. Phys. J. Plus (2022) 137:311 Page 13 0f 21 311

Table 3 continued

Sample/aging protocol®  Color change Emission vis—-NIR FT-IR (ATR mode) XRPDP
- - Lipidic material (oil), BaSO4 CdSg.55Se0.45 (35.0+0.1)
. CdSp45Sepss (57.9+0.1)
BaSO4 (7.1£0.1)
unaged . L .
AE*=2+1 As unaged sample Oxidation products of the oil As unaged sample
- . AL*=1=+1
3 Aa¥=— 15109
C§< UVA-Visruaon Ab* = — 04405
w
= . AE*=1+1 As unaged sample Zinc oxalate® ZnC,04-2H,0 (very weak)
. AL*=0.5+09
UVA-Visrros Aa¥ = — 04407
. Ab* =0.3+04
AE*=2+3 As unaged sample Oxalate (possibly of Zn); © As unaged sample
thermalrngsy AL¥ =142 oxidation products of the oil
Aa*=—242
Ab*=1+1

4See ref [2] for further details about the optical, molecular spectroscopy and crystalline structure results of the powders

bValues in brackets refer to the weight percentage of each phase obtained by Rietveld refinement of the XRPD pattern

€Traces of Zn were detected by XRF in the powders (results not reported)

dThe value of xse, reported as subscript in the name of each sample, was obtained as weighted average of the xse of the two CdS|_,Se, phases (cf. Table 1)

phases (i.e., 21130se=0.39 and 21150s.-0.47), it appears that the aging treatment does not produce any change on the relative peak
intensities, meaning that the relative amounts of the two phases remain unchanged. This is reasonably expected due to the relatively
slight difference in the Se content of the two phases that are present together in the same sample (namely, xse = 0.36 and 0.40 for
21130se=039; Xse = 0.45 and 0.55 for 21150se-0.47; see Table 1).

Itis noteworthy that the photoaging at RH ~ 30% and the thermal treatment did not promote the formation of secondary compounds
associated to the oxidation of CdS;_,Se, pigments, but mainly chemical changes related to the oxidative degradation of the oil
(Table 3 and Supplementary Information: Fig. S10).

To evaluate the role of the oil in the photodegradation process of the pigment under high moisture levels, we have also investigated
equivalent pellets made up of only the cadmium reds (i.e., not mixed with linseed oil). With respect to the oil mock-up aged under
similar conditions (cf. Figs.6 and 7), reflection mode FT-IR spectroscopy investigations of pellet 21080ge=0.14 (Fig. 8a) reveal that in
the absence of the oil binder the formation of cadmium sulfate has not occurred. Such observation was further supported by XRPD
investigations (results not shown). The emission vis—NIR spectrum (Fig. 8b) shows similar but less pronounced changes as observed
for the equivalent oil paint mock-up: the enhancement of the DLE; band and a red-shift of DLE; band. This result further support
the hypothesis on the possible role of moisture in affecting the relative intensity of DLE bands also in the absence of meaningful
modifications of the pigment chemical composition.

To summarize, our findings show that red CdS_,Se, compounds show tendency to convert to white CdSO4-H,O under exposure
to UVA-visible light at high moisture conditions (RH~95%) but not at environmental humidity (RH~30%). We also found that
the photo-oxidation process is triggered by the presence of the oil binder and it becomes more and more evident as the substitution
fraction of selenium decreases, being more favoured for the Se-poorest varieties of CdS{_,Sey (xse ~0.1-0.2), compounds that
exhibit a higher photocatalytic activity for the oil oxidation. Moreover, moisture is one of the possible external factors influencing
the relative intensity of the DLE bands.
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Fig. 6 a Diffuse reflectance vis
spectra and b normalized emission
vis—NIR spectra of CdS|_,Sey oil
paint mock-ups before (black) and
after exposure to UVA-vis light
and high moisture conditions
(RH>95%) (magenta)
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Fig. 7 ATR-mode FT-IR spectra
recorded from CdS_,Sey oil
paint mock-ups before (black) and
after exposure to UVA-vis light
and high moisture conditions
(RH>95%) (magenta). In grey,
spectra of selected reference
compounds
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Fig. 8 a Reflection-mode FT-IR
spectra and b normalized emission (a)
vis—NIR spectra recorded from

commercial 21080ge=0.14 pellet

before (black) and after exposure

to UVA-vis light and high

moisture conditions (RH >95%)
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3.3 Assessment of the conservation state of cadmium red areas in two paintings by J. Pollock

To untangle complexity on the conservation state of cadmium red-based paints in artworks, we have finally exploited the knowledge
acquired from the artificially aged paint mock-ups for a thorough interpretation of the non-invasive reflection FT-IR results (Fig. 9)
obtained from two of the paintings earlier analyzed by vis—NIR spectroscopy (Fig. 1), namely: Alchemy and Bird Effort by J. Pollock.
The two case studies were selected for featuring CdS|_,Se, pigments with a similar Se content (Fig. 1; xs.~0.30-0.40) and an
intense DLE, band (Bird Effort, case 2-1I: intensity DLE; > >intensity DLE; Alchemy, case 3: intensity DLE,~intensity DLE).

In Bird Effort, the FT-IR spectrum (MO5 in Fig. 9a, b) reveals the presence of a strong inverted band at about 1100 cm™! suggesting
the presence of a sulfate compound. The good agreement between such spectral feature and the one obtained from the photo-aged
paint mock-ups in which CdSO4 was identified (red and orange lines in Fig. 9b) suggests the presence of the same sulfate also in
the investigated cadmium red-based areas of Bird Effort.

In Alchemy, as outlined by previous research [18], Pollock painted the red areas not only using cadmium red but also an organic
pigment, namely an azo B-naphthol pigment Toluidine red (also known as PR3). Interestingly, FT-IR spectra (Fig. 9¢c, d) show the
presence of cadmium oxalate only in correspondence of the opaque and thick CdS;_,Se,-based paint along with evident bands of
BaSO4 (M25). The metal-oxalate compound is absent in the glossy red paint made of PR3 (M24) and is limited to the red thick
lines composed of cadmium red.
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Fig. 9 a Detail of the painting
Bird Effort depicting the red paint
made of CdSy_,Sex
(x5e~0.30-0.40) and

b reflection-mode FT-IR spectrum
recorded on the cadmium red paint
(black) compared with spectra of
the aged UVA-visgRgos9, 21080
Se=0.14 (red) and 21100 ge=0.22
(orange) oil paint mock-ups and
CdSOy4 (grey). w = long
hydrocarbon chain-based material
(paraffin, wax); 1 = lipid. ¢ Detail
of the painting Alchemy depicting
two red paints: a glossy and very
liquid one composed of the azo
B-naphthol pigment Toluidine red
(also known as PR3) and an
opaque and thick one made up of
CdS|_xSey (x5¢20.30-0.40).

d Reflection-mode FT-IR spectra
recorded on the two types of reds
(black) compared with the
reference spectrum of cadmium
oxalate trihydrate (grey)
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Overall, the comparison between the results arising from the study of artificially aged paint mock-ups with those recorded from
historical paintings has allowed us to reasonably establish that the presence of cadmium sulfate and cadmium oxalate result from
a degradation process of selected cadmium red paints of Alchemy and Bird Effort. Although the cadmium red paint areas of the
two selected case studies show different photoluminescence properties, at the moment we cannot establish any correlation with the
chemical reactivity of CdS|_,Se, paints.

3.4 Photo-oxidation pathway of CdS;_,Sey oil paints upon UVA-vis illumination and variable moisture conditions

Within the bounds of our experiments on mock-ups, we have demonstrated that both moisture and the oil binder promote the
photo-oxidation of CdS;_,Se, pigments to CdSO4-H,O. The process (known also as photodissolution/photocorrosion) takes place
in association with the formation of organo-compounds (i.e., oxalates), thus pointing out the efficiency of CdS|_,Se,-based particles
as photocatalysts for the oxidation of the binding medium. Based on the experimental findings discussed above and previous research
in the context of cadmium yellow paints [37], environmental sciences and photocatalysis [1, 4, 40, 66, 67], a series of explanations
can be provided to the photo-oxidation process of cadmium red oil paints under variable moisture conditions.

In a first step, electron—hole (e™—h™) pairs are produced under the supra-band gap light (hv>E), illumination, with electrons
that are excited to the conduction band. Afterwards, they can either recombine, by dissipating the absorbed light energy as heat
or photons without promoting any chemical transformation, or migrate to the surface of particles, by starting a series of chemical
reactions. For explaining the photochemical reactivity of cadmium reds in the oily binder, besides light absorption properties and
bandgap energies of the pigment, also the valence band maximum (VBM) and conduction band minimum (CBM) energies with
respect to the thermodynamic redox potential (¢) of both CdS;_,Se, and of water relative to NHE (normal hydrogen electrode)
at pH 7 will be discussed. Although all these values are pH dependent and have been calculated in aqueous environment [68, 69],
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we can consider them to be reliable due to the employed high moisture aging conditions and because in oil paintings the chemical
environment is neutral/slightly acidic [70].

We found that, under exposure to light and high relative humidity conditions (RH >95%), Se-poorer CdS|_Se, pigments show
a higher tendency towards photocorrosion than the Se-richer ones, as highlighted by the more efficient formation of CdSO4-H,O
(Fig. 7 and Table 3). The result can be justified as follows. In general, a semiconductor is stable with respect to h* oxidation if its
thermodynamic oxidation potential ($°*) and its VBM are more positive than ¢(02/H,0) (0.82 V) [68, 69]. We can reasonably assume
that such conditions are not satisfied for the analyzed aged CdS;_,Se, compounds: (i) their VBM is more positive than ¢(0,/H;0),
with VBM energy values that become more and more positive with decreasing Se content [66, 67]; (i) ¢°* of CdSe/CdS,Sej—_y is
in general more negative than $p(0,/H,0) [1, 4, 40, 69].

In addition, we have demonstrated that the photocatalytic efficiency of CdS;_,Se, increases with decreasing Se content,
as established via the strong decrease of IR signals of the oil binder and the formation of oxalates (Fig. 7). The band gap
energy (Eg) progressively decreases from 21080se=0.14 (2.26 €V) to 21150se=0.55 (1.97 €V) (Supplementary Information: Table
S4), such that the relative positions of CBM and VBM in the CdS;_,Se, compounds progressively shift toward more negative
and positive values, respectively, with decreasing Se content. Elevation of the CBM with respect to the water reduction level
®(2H*/Hy) = — 0.41 V increases the thermodynamic drive force for water reduction [66, 67], thus enhancing the photocatalytic
activity of Se-poorer CdS;_,Se, compounds for the oil oxidation. Under high moisture photoaging conditions, the oxidation of
sulfide-species to CdSO4-H,O is more efficient when the CdS;_,Se, pigment is embedded in the oil paint matrix (cf. Figs.7 and 8)
due to the formation of radicals from the oil, which contribute to the photo-corrosion of CdS-compounds.

Similar to what was earlier observed for cadmium yellow paints [37], we established that the photo-oxidation process of CdS|_,Se,
and its inefficiency as a photocatalyst is hindered at “regular” environmental relative humidity conditions (RH~30%). This can be
ascribed to the e™—h* recombination efficiency, which is very likely the dominant deactivation pathway with decreasing moisture
levels (Supplementary Information: Figs. S7a, S8a and S10a).

From the emission vis—NIR spectroscopy results appears also clear that aging treatments upon high moisture conditions influence
the spectral properties of the vis—NIR DLE bands, by enhancing the intensity of the DLE, (Fig. 6b and Supplementary Information:
Fig. S8b). Nevertheless, further research is required in order to elucidate what are the intrinsic factors of CdS;_,Se, (other than
morphology, microstructure and local atomic structure; cf: Sect. 3.2.2) that are responsible for the differences observed in the relative
intensity of the vis—NIR DLE bands.

4 Conclusions

A multi-length scale and multi-method approach has been presented here to expand knowledge of the photoluminescence properties
and (photo)chemical reactivity of cadmium red (CdS;_,Se,)-based paints by combining non-invasive/non-destructive vis—NIR and
vibrational spectroscopies at the macro-scale with advanced electron microscopy mapping and X-ray methods at the micron- and
nano-scales.

The results obtained from the extensive study of artificially aged oil paint mock-ups and powders made up of CdS;_,Se,
compounds with a variable Se content (with 0.1 <x<0.5) permitted us to provide first evidence of the tendency of such class of
compounds toward photo-degradation and to identify some of the key-factors driving the process. Within the boundaries of our
experimental conditions, the investigation of mock-ups led us to draw the following conclusions:

(i) The photodegradation of red CdS;_,Se, compounds occurs via the formation of CdSO4-H>O. This process is triggered by
high moisture levels (RH >95%) and by the presence of the oil binder. Under such circumstances, CdS;_,Se, acts also as a
photocatalyst for the oil oxidation, leading to the formation of oxalates. Further research is still ongoing on Se-speciation with
the aim to investigate and clarify the way in which selenium participates to the degradation pathways of CdS;_,Se, paints,
via the possible formation of oxidized Se-compounds.

(ii) Atenvironmental moisture levels (~30% RH), electron—hole recombination becomes the dominant deactivation pathway, thus
hindering the photo-oxidation in cadmium red paints.

(iii) The photo-reactivity of cadmium red paints depends on the Se content and is more efficient for the Se-poorer CdS|_,Se, types.
The depletion of Se in the CdS;_,Se, structure lowers the valence band maximum and raises the conduction band minimum.
The former is responsible for the enhanced photo-oxidation of CdS|_,Se,, while the latter improves its photocatalytic activity.

(iv) Indark and high moist conditions (RH > 95%) the transformation of sulfides into sulfates is inhibited. Oxalates were detected
as secondary compounds of the thermal reaction between the pigment formulation and the oxidation products of the oil. The
process is less efficient with respect to the one observed during photoaging treatment performed under similar humidity levels.

The combination of the findings from paint-mock-ups with the results from the non-invasive spectroscopy investigations of
cadmium red-based areas in a series of twentieth century paintings led us to conclude that the observed cadmium sulfate and
cadmium oxalate can be interpreted as alteration products of the analyzed historical paints. In addition, the high specificity of
vis—NIR spectroscopy in providing information concerning the photoluminescence properties of CdS;_,Se, pigments, allowed us
to classify the identified CdS;_,Se, pigments in three main groups, depending on the relative intensity of the two characteristic
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deep-level emission (DLE) bands associated to crystal defects. Results obtained from the set of commercial and historical CdS;_,Se,
powders showed that the particle morphology, microstructure and local structure of the pigment do not affect the relative intensity of
DLEs. Changes in the spectral properties of these bands appear instead to be influenced by the presence of moisture. Such findings
have opened the way for targeted research on the main intrinsic factors and other external parameters related to the manufacturing
process of cadmium reds (e.g., temperature) that may affect the characteristic vis—NIR photoluminescence of CdS;_,Se, powders
with a similar Se content and any eventual correlation with their (photo)chemical reactivity. Studies are still underway and their
results will be published in a follow-up paper.

To summirize, we consider that our findings provide deeper insights into the photoluminescence properties of CdS;_,Sey as
well as important hints about the degradation mechanism of cadmium red paints, by contributing to the optimization of preventive
conservation strategies of a series of twentieth century paintings. The alteration of cadmium red paints leads to an overall color change
of the surface that is difficult to perceive with the naked eye; however, care should be taken, since the degradation process promotes
to the formation of more mobile and (partially) soluble compounds, such as sulfates. Remarkably, the alteration of the cadmium red
paints can be mitigated using similar conditions as earlier proposed for cadmium yellows [24, 37], namely: (i) minimization of the
exposure of the painting to moisture (i.e., RH% <40%); (ii) maintenance of illumination conditions at the regular values foreseen
for lightfast painting materials [71].

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1140/epjp/s13360-022-02447-7.
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