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S1. The Scream (ca. 1910) (Munch Museum, Oslo)
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fig. S1. Optical properties of CdS-based paints. UV-vis-NIR (A-D) reflectance and (E-H) fluorescence spectra acquired
from (A,E) commercial hex-CdS, in-house synthesized cub-CdS, early 20th century semicrystalline
hex-CdS (7914), HgS and viridian (Cr,03-2H,0) references [see (19) for further details] and different regions of The
Scream (ca. 1910) (see Fig. 1): (B, F) orange paints representing Paint (a), (C, G) yellow paints representing Paint (b)
and (D, H) yellow paints representing Paint (c). In Paint (a) the emission maxima of most of the profiles (see panel F)
range from 840 to 860 nm; spectrum 10 is characterized by an emission shifted to 875 nm due to the higher contribution
of the cubic polymorph. In Paint (b), the fluorescence intensity (see panel G) is weak and it ranges from 790 to 795 nm.
In Paint (c) the fluorescence intensity (see panel H) is high and it ranges from 775 to 785 nm. In (B) and (D), the inset
shows the first derivative of the UV-vis-NIR reflectance spectra compared to that of HgS profile (magenta). Spectra 16
and 18 were recorded from yellow-greenish areas (see Fig. 1) and show the additional contribution of viridian and zinc
white.
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fig. S2. Microflake ScMMoi: p-Raman spectroscopy results.
u-Raman spectrum acquired from ScMMo; (black) compared to those of
different Cd reference compounds: (gray) crystalline hex-CdsS, (red) early
20th century semicrystalline hex-CdS (7914) and (blue) CdCOs;
(exc., 514.5 nm; power, 0.4 to 1 mW; exp. time, 2 to 3 s; scans, 40 to 60).
In the spectrum of ScMMg;, the higher ratio between the intensity of the
Raman signals at 298 cm [longitudinal optical phonon mode (LO)] and
at 601 cm™? (2LO) with respect to that of hex-CdS reference indicates a
hex-CdS pigment with a lower degree of crystallinity [see (19) for further
details].



table S1. Photographs and summary of ATR FTIR, y-Raman, SR-based p-XRD and S/Cd/Cl speciation results of CdS-based oil paint
mock-ups before and after different aging conditions (see Materials and Methods for further details).

Sample/aging FTIR

M-Raman u-XRD

S speciation
[SY/[Stotal] (%0)

Cd speciation

Cl speciation

protocol (SR p-XRF, (SR XANES) 58 (SR p-XANES)!
U-XANES)
7914 (early 20th century powder)
. . CdCOg;
. -t : . .
crd 'Cdc'k'tycc:j(OH)'ﬁ:l’ neceds hex-Cds; 0 Cd(oic;gl(/)csag?-sﬁH os  CdOHC
|p| IC binder (0|) CdCO3 Cd(OH)CI 2 2
unaged?
_ . CdCOs; .
S Saeien S cacoscos oM
: ' Cd(OH)CI;" Cd(OH)CI/CdCly-nH,08 o~
i Cd-carboxylates 4 compounds
UVA-ViS450rH KCdCl3
It CdCOg; . . .
v CdCOs: hex-CdS: 530 CdCOg; CdS; . Cd(OH)CI;
d-carboxviates Cd(OH)CI (CASO4-nH0) Cd(OH)CIl/CdCl;-nH;0; (Cd,Cl .
o Cd-carboxy o 4NM2 CdS0,4-nH,08 compounds
UVA-VIiSgs50rH KCdCl3
T ) . CdCOg, CdS, .
CdCOs3; ' CdCOs,' 0-70 CA(OH)CI/CACl-nH,O; Cd(OH)CI;
Cd-oxalate; - hex-CdS; CASOLnH-O) CdSO.NH.O" (Cd,Cn
Cd-carboxylates cdoHycr 4'NH20) S ol compounds”™
thermalgsysrn Cd-oxalate
LFG 2.4 (Munch'’s oil paint tube)
E ! cdco;
3y
CdS-based
7 sulfates; . hex-CdS; 1t . . 5 (Cd,Cl)
~ _ Na-carboxylates; compound(s); cub-CdS; CdCOs 515 CdS;CdCOs;CdCl-nH,0 compounds™
before artificial . .. . . CdCOs
. lipidic binder (oil)
aging
- CdCO3;
sulfates; hex-CdS: 10-55 CdS;CdCOs3;CdCl>-nH0;
Cd-carboxylates; cub-gé(é' c d’CO (CdSO4-nH,0, Cd-oxalate; -
Cd-oxalate; ' ®  Na,SOy)ft# CdSO04-nH,08
thermalgs%RH L. ! .
lipidic binder (oil)
CdSnaysos-cdcl,
Na,SO.: hex-CdS; 0-100
lipidic binder (oil) NazSOs; . (hex-CdS; Cds; CdClL** CdClz(-nH0)"
CdC|2 Na2804)#
unaged
hex-CdS;
(Na,Cd)- h .
ex-CdSs 0-100
sulfates; sulfate P . ) s CdCly(-nH20);
Cd-carboxylates  compound:* NNa;CSI dsc(:lsg‘gfgg C[(()’r\ﬁ)gl?%g]? Y CdS; CdClz-nH;0 NaCl
thermalgsoerr (Cd,Cl) 2 4o
compounds”

T Identification of KCI particles by y-XRF in the pure powder/unaged paints.
* Low grade of crystallinity [see fig. S2 and (19)].
Analysis performed at ID21: 8 Scanning x-ray microscope (SXM) end station (results not shown);!! full-field (FF) end station.
T Decreasing of intensity of signals in the uppermost 20-30 um of the paint (see fig. S3D).

# |dentified as aggregates within the paint and/or as whitish superficial layer (see Figs. 6 and 7 and figs. S3 and S8).

** Different shape and position of the post-edge absorption spectral features with respect to those of CdCl,, CdCl,-nH,O and

Cd(OH)CI (see Fig. 4).

Tt The highest amount of oxidized S species was detected in the Cl-rich aggregates/layer.

 |dentification of SO3s? species too on selected spots, as pointed out by the S K-edge u-XANES signal at about 2.4783 keV (see

Figs. 6 and 7).

% The Cd Ls-edge XANES spectra of hex-CdS and cub-CdS are very similar.
Il The CI K-edge XANES spectra of CdCl, and CdCl,-nH,O are very similar.



S2. Early 20th century cadmium yellow pigment (7914)
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fig. S3. Photochemically aged (RH=45%) 7914 oil paint mock-up.
(A) Photomicrograph of 7914 thin section after UVA-vis light exposure at RH=45%
and corresponding composite (B) SR u-XRF maps of S'/CI/K [step size (hxv),
1x1 um?; exp. time, 100 ms per pixel] and (C) SR p-XRD images of hex-CdS/CdCO3
(left) and Cd(OH)CI/KCdCl; (right) [step size (hxv), 2x1 ym?; exp. time, 1 s per pixel;
energy, 21 keV] acquired from the regions reported in (A). (D) Selection of the
S K-edge p-XANES spectra (black) and corresponding LCF results (cyan) of
S-based references recorded in the areas shown in (B). In (C) the presence of a
KCdCl; superficial layer (~5 pm in thickness) is not necessarily the result of a
photodegradation process, since the formation of the same compound has been
reported during the evaporation of water solutions of cadmium chloride and KCI (42).
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fig. S4. Thermally aged 7914 oil paint mock-up: Cd Ls-edge
FF-XANES imaging. (A) Selection of the Cd Lsedge
FF-XANES spectra extracted from selected areas of the phase maps
shown in Fig. 6B (number of averaged pixels, 10 to 20; pixel sizes (hxv),
0.7x0.7 um?] and corresponding LCF results obtained by using different
Cd compounds. (B) Cd Ls-edge FF-XANES spectra of Cd reference
powders. The quantitative FF-XANES analysis shows that the relative
amount of Cd(OH)CI, CdCl,-nH,O and CdCOs3; achieves values up to
~80%, ~45%, and 70% respectively, whereas that of hex-CdS,
CdC;04:3H,0, and CdSO4-nH;0 is not above ~30-35%.
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fig. S5. 7914 oil paint mock-ups before and after different artificial aging treatments: SR p-XRD
patterns. SR pu-XRD patterns obtained from the Cd(OH)Cl-based aggregates of 7914 paints before and
after UVA-vis light exposure (RH=45%) and thermal aging at RH=95%. The pattern of the thermally aged
paint was extracted in the sulfate rich aggregate (see Fig. 6, C and D, pt. 02), whereas the profiles of the
unaged and UVA-vis light exposed samples were extracted from areas close to the surface (see Fig. 5B
and fig. S3C for the corresponding maps).



S3. Munch'’s oil paint tube “cadmium yellow lemon” LFG 2.4 by Lefranc

fig. S6. LFG 2.4 before artificial aging: SR p-XRD results. (A) Photographs of the Munch’s oil paint
tube (LFG 2.4) produced by Lefranc (Paris) and labelled as Jaune de cadmium citron (cadmium yellow
lemon): (left) front and (right) back side. Photo credit: Irina Crina Anca Sandu, Eva Storevik (Munch
Museum) and Jennifer Mass (Bard Graduate Center). (B) Photomicrograph of the LFG 2.4 thin section
before artificial aging and corresponding (C) RGB composite SR py-XRD maps of hex-CdS/cub-
CdS/CdCOs [step size (hxv), 1.5x1.5 um?; exp. time, 1s per pixel; energy, 21 keV] (see Fig. 7 for the
corresponding SR p-XRF/u-XANES results and table S1 for further details).



S4. Thermal aging (RH295%, T=40°C) of CdSNa,so.-cdcl, oil paint

To assess how the solubility (s) of a selection of Na and (Cd,Cl) components may influence the
degradation state of the cadmium yellow paint, we have investigated a series of oil paint mock-ups
prepared by mixing crystaline hex-CdS with Na;SOs and CdCl, (hereafter denoted
“hex-CdSNa.s0.-cdCl.”) before and after thermal aging (RH=95%, T=40°C, 100 days; see Materials
and Methods for details). Both compounds have been found in The Scream (ca. 1910) paint
microsample (cf. Figs. 3 and 4) and are characterized by a high solubility in water
[SNazs04 (20°)= 13.9 g/100 ml; scdcl. (30°)= 106 g/100 ml] and a slight solubility in polyalcohol/alcohol
[e.o. SNazS04 (glycerol, T=25 °C)=0.20 g/100mL;
scdcl (methanol, T=30°C) =0.23 g/100mL] (43,44).

Regarding the unaged paint (fig. S7A), SR p-XRF mapping, u-XANES spectroscopy at S K- and Cl
K-edges (fig. S7, B and C) and p-Raman mapping (fig. S7, D and E) reveal that Na,SO4 and CdCl,
are present as aggregates within the hex-CdS paint matrix.

After thermal aging, a whitish layer (~30 um in thickness) is formed at the paint surface (table S1
and fig. S8A). In this area, SR pu-XRF maps (fig. S8B) reveal the presence of Cl, Cd, Na and of a SV!
compound that is characterized by a S K-edge u-XANES spectrum (fig. S8E) very similar to that of
CdSO. reference. SR pu-XRD allowed this crystalline compound to be identified as NasCd2(S0O4)sCl
(ig. S8C, green). The presence of this solid solution is also pointed out by
pu-Raman (fig. S8D), being the SO4> symmetric stretching mode of this compound located at
995 cm? (fig. S7E, green dotted line) and thus shifted with respect to that of pure Na.SO.
(at 992 cm™) and CdSO, (at 1001 cm™) (gray lines). In addition, Cl K-edge pu-XANES investigations
(fig. S8E) suggest the formation of a new Cl-based material, characterized by spectral features that
are in between of those of CdClI, and NaCl. The SR p-XRD analysis (fig. S8C, blue) permitted us to
identify this secondary compound as Na,CdCls-3H20. In the yellow paint underneath, hex-CdS

remains the main constituent along with only few Na>,SO, aggregates (fig. S8, B to D).
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fig. S7. Unaged CdSNa.SO;-CdCl. oil paint. (A) Photomicrograph of CdSNa.SO.-CdCl. thin section before aging and
(B) RGB composite SR p-XRF images of S"/SV'/CI (left) and Na/Cd (right) [step size (hxv), 1x1 um?; exp. time, 80 ms per
pixel]. (C) S K- and Cl K-edge p-XANES spectra (black) obtained from the regions shown in (C). Numbers in brackets refer
to the spectra showing similar features to that reported. (D) y-Raman maps [exc., 785 nm; power, 8 mW,; exp. time, 3s per
point; 3 scans per point; step size (hxv), 2.5x2.5 ym?] of hex-CdS/Na,S04/CdCl, and (E) selection of the Raman spectra
extracted from selected areas of the corresponding map mainly composed of sulfides (red), sulfates (green) and chlorides
(blue). A spectrum obtained from the sulfate-rich area of the thermally aged sample (green dotted line) is also shown for a
comparison. In gray, profiles of Na,SO, and CdSO, reference powders (see fig.S8 for the results recorded from the aged
paint).
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fig. S8. Thermally aged CdSNa:SOs;-CdCl. o0il paint.
(A) Photomicrograph of the thermally aged (RH=95%, T=40°C, 100
days) CdSNa:SOs.-CdCl. thin section and corresponding RGB
composite (B) SR u-XRF images of S'/SV' (left) and Na/Cd/Cl
(right) [step size (hxv), 1.5%x1.5 um?; exp. time, 80 ms per pixel],
(C) SR p-XRD maps of hex-CdS/NazCdS(S04);Cl/Na,CdCls-3H.0
[step size (hxv), 1.5x1 um?; exp. time, 1s per pixel; energy, 21 keV]
and (D) p-Raman distributions of hex-CdS/(Na,Cd)SO, compound
[exc., 785 nm; power, 7 to 8 mW; exp. time, 4s per point; 3 scans
per point; step size (hxv), 2x1 um?]. (E) Selection of S K- and CI K-
edge u-XANES spectra (black) obtained from the points indicated
in (B) and LCF results (cyan) (see fig. S7 for the results obtained
from the unaged sample).
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