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ABSTRACT: The darkening due to chemical alteration of chrome yellows
(PbCrO,/PbCr,_,S,0,) is a phenomenon threatening a large number of
19th—20th century paintings, including the Amsterdam Sunflowers by Vincent
van Gogh. Our earlier studies have proven that the alteration is due to a
Cr(VI) - Cr(III) reduction with Cr(V)-species that are formed as long-lived
intermediates and that PbCr,_,S,0, (0 < x < 0.8) types undergo reduction
more readily than monoclinic, S-free, PbCrO,. In this context, there is still
lack of knowledge about the effects of the chemical properties of the binding
medium (i.e., chemical composition and drying process) and the solubility of
chrome yellows on the overall reduction pathways. Here, we study a series of
naturally and photochemically aged mock-up paints prepared by mixing
chrome yellow powders (PbCrO,/PbCr,,S,s0,) with either linseed oil or a
water-based acrylic emulsion as the binding medium. Equivalent paints made
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up of the highly soluble K,CrO, were also investigated and used as benchmarks to provide a more in-depth understanding of
the influence of the solubility on the chromate reduction pathways in the two different binders. A combination of synchrotron
radiation-based Cr K-edge X-ray absorption near edge structure (XANES), electron paramagnetic resonance (EPR), and UV—
Visible spectroscopy measurements shows that: (1) the Cr(VI) reduction results from the interaction between the pigment and
the binder; (2) the process is more significant in oil, giving rise to Cr(V)- and Cr(III)-species as well as oxidized organic
compounds; (3) the lightfastness of the chrome yellow pigment is enhanced in the acrylic binder; and (4) the tendency toward
chromium reduction increases with increasing solubility of the pigment. Based on our findings, we propose a scheme for the
mechanism of the (photo)reduction process of chrome yellows in the oil and acrylic binder. Overall, our results provide new
insights into the factors driving the degradation of lead chromate-based paints in artworks and contribute to the development of

strategies for preserving them over time.

1. INTRODUCTION

The term chrome yellows (hereafter named “CYs”) denotes a
class of 19th—20th century yellow-orange/lemon yellow artists’
pigments, which comprises different chemical varieties: lead
chromate (PbCrO,) and the co-precipitates of lead chromate
and lead sulfate (PbCr;_,S,0,4, with 0 < x < 0.8). The two
solid solution end members PbCrO, and PbSO, belong to the
monoclinic and orthorhombic crystal systems, respectively;
when x increases beyond ~0.4—0.5, a change from monoclinic
to orthorhombic structure is observed in PbCr,_.S,0,.' "
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CYs often occur in paintings of Impressionist and Post-
Impressionist artists, such as Claude Monet,””’ Paul
Gauguin,‘g’s’9 Vincent van Gogh,‘?"“’lo’11 and Georges Seur-
at.'"”"? Unfortunately, some yellow paints of a number of
artworks by these masters have darkened due to chemical
alteration of CYs.'"'” It has been reported that not only the
exposure to specific environmental conditions (in terms of
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light and humidity),"*”"” but also the intrinsic properties of
CY (i.e., Cr/S stoichiometry and crystalline structure)'® as well
as the presence of additives/fillers related to the manufacturing
process of the pigment itself'”~*' are possible factors
influencing the darkening of the paint.

A multitechnique study of microsamples taken from Van
Gogh’s paintings,'"**~>* historical paint tubes, and mock-up
paints'*~'® permitted us to assess the stability of different
varieties of CYs in the oil binder. We demonstrated that the
darkening is due to a Cr(VI) — Cr(III) photoreduction with
paramagnetic Cr(V)-intermediates that are formed through the
interaction of the pigment with the oil."*'> Moreover, we
found that monoclinic and/or orthorhombic PbCr,_,S.0, (0 <
x < 0.8) varieties discolor more readily than monoclinic S-free
PbCrO,, possibly as a consequence of the different solubility of
each pigment in the binding medium.'® In this regard, we
know that the solubility in water of lead chromates increases
with increasing sulfate in the PbCr,_,S.O, solid solutions and
when the compound is present in the orthorhombic crystalline
structure.”’

More recently, computational studies employing density
functional theory methods have been performed with the aim
to explain any possible relationships between the structural and
electronic properties of the CY pigment and their crystalline
structure and sulfate content.”>”® From a purely electronic
point of view, the findings of these studies are in contradiction
with the experimental results. The band gap increases and the
conduction band shifts up with increasing sulfate content and
with changing of the crystalline structure in CY; thus, a lower
photoreactivity should be expected for the sulfate-richest forms
of the pigment. In a follow-up study, Rahemi et al.”’ have
explained the experimental results by exploiting a combination
of first-principles calculations and photoelectrochemical
measurements of CY pigment powders. It has been concluded
that the higher content of reduced Cr in sulfate-rich phases is
related to the p-type semi-conductor properties of CYs as well
as to their absorption and reflection coeflicients, which change
as a result of the sulfate doping in such a way that the
generation of electron—hole pairs under illumination relative
to the total Cr content increases.

However, in this context, a systematic evaluation of (i) the
effects of different organic binding media on the degradation
pathways of CYs and (ii) any possible correlation between the
CY solubility and its (photo)chemical reactivity in the organic
matrix has not yet been done. Gaining more insights into both
these aspects is important for adding new knowledge on the
effect of sulfate substitution on the chromate-reduction process
and thus on the overall degradation mechanism of CY
pigments.

To this aim, in this work we investigated a series of mock-up
paints prepared by employing two CY types of different
solubility (s) in water (at ca. 20 °C): (a) monoclinic PbCrO,
(spbcro, = S X 1077 mol/L) and (b) mainly orthorhombic

PbCr,,S,50, solid solution (more soluble; 5 X 1077 mol/L <
SPbCry,80:0, < 2 X 107* mol/L).””* Additional paints made up of

the highly water-soluble orthorhombic K,CrO, (sk,cr0, = 3.56

mol/L) were also studied and used as benchmarks to provide a
more in-depth understanding of the effects of the compound’s
solubility on the chromate reduction pathways. Water-
solubility values are here qualitatively considered, since precise
values in the two different binders are not available. Previous
studies report that the solubility of different chromate-based
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compounds, including lead chromate, is comparable or slightly
enhanced in various biological media and aminopolycarboxylic
acids with respect to that in water.”**’

Regarding the binding media, either linseed oil or a water-
based acrylic emulsion was chosen. Even though the former
has been mainly employed with CYs by the 19th—20th century
artists,”'"'® the two binders were selected due to their
different chemical composition and drying process. Oil paints
dry as a consequence of an autoxidation process (i.e., a free
radical chain reaction), that involves cross-linking reactions
between the triacylglycerols.”® On the other hand, during
drying of acrylic emulsions, water evaporation brings the
polymer particles closer, which then coalesce forming a
continuous film.*"**

A multitechnique approach based on the combination of
diffuse reflectance UV—Visible spectroscopy with metal-
speciation methods, namely X-band (v ca. 9.5 GHz) EPR
spectroscopy and synchrotron radiation (SR)-based Cr K-edge
XANES spectroscopy (in point analysis and full-filed imaging
mode) permitted us to obtain bulk and stratigraphic
information associated to the optical and Cr speciation
changes induced by the natural and photochemical aging of
paint films.

2. EXPERIMENTAL SECTION

2.1. Preparation of Mock-Up Paints and Photo-
chemical Aging Protocol. Mock-up paints were prepared
on polycarbonate slices by employing powders of different
solubility in water: monoclinic PbCrO, and mainly ortho-
rhombic PbCr,,S,50, (both synthesized in our laboratory) as
well as commercial orthorhombic K,CrO, (Sigma-Aldrich).
Further information about the synthesis, crystalline structure,
and molecular properties of monoclinic PbCrO, and mainly
orthorhombic PbCry,S, 50,4 (henceforward denoted “CY,” and
“CY,y”, respectively) is reported in previous studies.””

The chromate-based powders were used in mixture with
either one of the following organic binding media in a 4:1
weight ratio: linseed oil (Zecchi) or Primal B60-A (C.T.S.), a
water-based acrylic emulsion (47% solids content) containing a
copolymer of ethyl acrylate and methyl methacrylate (hereafter
called “acrylic”).

All paints were left to dry in the dark at temperatures of 25—
35 °C and 35—45% relative humidity (RH) (i.e., measured
indoor temperature and humidity level) and then analyzed at
different curing stages, starting from 1S5 days (hereafter
denoted “touch-dry”) up to 20 months. The samples measured
after 15 days are henceforth called “naturally aged”.

Photochemical aging of 3 months naturally aged CY paints
was carried out at ~35—45% RH (measured indoor humidity
level) by means of UVA—Visible light (4 > 300 nm) emitted
by a UV-filtered 300 W Cermax xenon lamp (see ref 14 for the
corresponding emission spectral profile). The measured
illuminance and temperature at the samples position were
1.6 X 10° lux (irradiance: 3.0 X 10° gW/cm?) and 25—30 °C,
respectively. Paints were irradiated for 137 h, to achieve total
luminous exposure values of 2.2 X 107 lux-h (total radiant
exposure: 4.1 X 107 gW/cm>h).

2.2. Analytical Methods. 2.2.1. UV-Visible Spectrosco-
py. A JASCO V-570 spectrophotometer was employed for
recording diffuse reflectance UV—Visible spectra from the
paint surface of all mock-ups. Spectral data were acquired in
the 200—850 nm range with a S nm spectral resolution. The
software interfaced with the instrumentation permitted to
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Figure 1. Photographs of (A) PbCrO, (CY,) and (B) PbCr,,Sy50, (CYys) mock-up paints obtained using either (top) linseed oil or (bottom)
acrylic as binding medium and aged either naturally for 1, 3, and 20 months (left) or by UVA-Visible light (right). (C,D) Diffuse reflectance UV—
Visible spectra acquired from the paints shown in (A,B) [see Table 1 for the variation of colorimetric coordinates L*, a*, b* and the total color

change (AE*) versus natural aging time and after photochemical aging].

perform the conversion of the spectra into CIE L*a*b*
colorimetric coordinates under the standard illuminant D65
and 10° angle observer. Total color differences were calculated
according to the CIE 1976 formula, AE* = (AL** + Aa*?* +
Ab*Z)l/Z'

2.2.2. EPR Spectroscopy. X-band (v ca. 9.5 GHz) EPR
spectra of CYs and K,CrO, paints were recorded at room
temperature using a Bruker ES00 continuous-wave spectrom-
eter. Exact frequency values along with other relevant
experimental parameters are reported in captions of Figures
2,4 and 6.

For each analyzed paint, g-values of each signal (gsigml) were
obtained by the corresponding resonant field (B,.,) after
calibration against the resonance field of the radical a,y-
bisdiphenylene-f-phenylallyl (BDPA; ggpps = 2.00264), used
as standard according to the following relation

= 2.00264 X B, (BDPA)/B,(signal)

gsignal res

This was measured for the different setups as a polystyrene
dispersion.

Spectra were recorded from a tube containing a weighed
amount of sample between S and 15 mg. For the photochemi-
cally aged CY, 3 samples and the naturally aged K,CrO, paints,
data were obtained from a portion of the material that was
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selectively sampled from the surface (less than 100—150 ym in
depth).

The intensity of each spectrum was normalized to the
number of moles of chromium contained in the corresponding
sample. The ratio between the signals attributed to Cr(III)-
and Cr(V)-species was obtained by double integration of the
Lorentzian [for Cr(III)] and Gaussian [for Cr(V)] curves,
which yielded the best description of the experimental spectra.

2.2.3. SR-Based Cr K-Edge XANES Spectroscopy. CY, ¢ and
K,CrO, mock-up paints were analyzed as thin sections
(thickness of S—10 ym) at the X-ray microscope beamline
ID21 of the European Synchrotron Radiation Facility (ESRF,
Grenoble, FR).** Here, a highly monochromatic primary beam
(with AE/E = 107*) was obtained with a Si(220) fixed-exit
double-crystal monochromator.

CY,s paints were studied at the scanning X-ray micro-
spectroscopy end-station.

At the exit of the monochromator, the incident beam was
focused with Kirkpatrick-Baez mirrors to a spot size of about
0.9 X 0.4 um* (h X v). Around the Cr K-edge energy range
(5.96—6.09 keV), the stability of the beam was within 0.6 and
0.2 um in the vertical and horizontal directions, respectively.
HU-XANES spectra in XRF mode were recorded under vacuum
by scanning the primary energy across the Cr K-edge with
energy increments of 0.2 eV and using a silicon drift detector

DOI: 10.1021/acsomega.8b03669
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Table 1. Variation of Colorimetric Coordinates L*, a*, b* and Total Color Change Values (AE*) of Naturally Aged and

Photochemically Aged CY,, and CY,g Oil and Acrylic Paints

aging process sample”

natural aging CY,—oil

CY,—acrylic
CY,g—oil
CY,g—acrylic

photochemical aging (UVA—Vis light)” CY,—oil

CY,—acrylic
CY,g—oil
CY, g—acrylic

aging time AL* Aa* Ab* AE*
3 months 0.9 -2.6 —0.6 2.8
20 months -1.5 -1.8 -32 4.0
3 months -1.0 0.5 -0.7 1.3
20 months 0.2 —-0.7 —-0.4 0.8
3 months -3.0 0.9 =52 6.1
20 months —4.2 22 —10.0 11.1
3 months 0.0 —-0.4 0.1 0.4
20 months -0.3 —-0.2 —0.8 0.9
137 h —-2.6 -3.0 —4.6 6.1
137 h -2.5 -1.0 —4.3 5.1
137 h —-17.1 —3.6 -31.0 35.6
137 h =S5.5 0.9 -9.7 11.2

“Photochemical aging experiments were carried out on 3 months naturally aged paints. “Experiments were performed using illuminance and
irradiance values of 1.6 X 10° lux and 3.0 X 10° yW/cm?, respectively (see Section 2.1 for further details).

(Xflash 5100, Bruker). A one-dimensional series of u-XANES
spectra was acquired along a line perpendicular to the
stratigraphy of each paint, starting from the exposed surface
of the sample. The ATHENA software package’® was
employed for the normalization and for the linear combination
fitting (LCF) of the spectra against a library of XANES profiles
of Cr-reference powders.

This procedure allowed the relative amount of the Cr(VI)-
species (expressed as %[Cr(VI)]/[Cry]) and of the reduced
Cr-compounds as a function of the depth of the paint to be
determined quantitatively. We have previously described"” that
the distinction between different reduced Cr-species [that is,
Cr(V) and Cr(Ill)] is challenging by XANES spectroscopy,
especially when they are present in mixture and when also
Cr(VI)-compounds are present. Thus, their relative abundance
is hereafter referred to as “reduced chromium total”
(% [Crreduced] / [Crtotal] ) .

K,CrO, paints were investigated at the full-field (FF) end-
station. The energy of the incident unfocused X-ray beam (size
of ~1.5 X 1.5 um*) was tuned over the Cr K-edge and a stack
of no. 274 X-ray transmission radiographs was recorded with
the following variable step sizes: between 1 and 5 eV above the
pre-edge peak (5.9593—5.9837 keV) and in the post-edge
absorption region (6.0887—6.0857 keV), between 0.2 and 0.5
eV around the pre-edge peak and the absorption edge
(5.9837—6.0487 keV). A 10 pum thick Lu,SiOs/Tb scintillator
(located downstream the sample and at a distance less than 2
mm) was used to convert X-ray transmission images into
visible images. A 10X optical objective was used to magnify
each image onto a CMOS camera (PCO edge, Germany),
giving a pixel size of about 0.65 X 0.65 um? a spatial resolution
of ~1.5 ym, and a maximum field of view of about 1.5 X 1.5
mm?. The Spectrocrunch library*® was employed for perform-
ing the dark and flat-field correction as well as the alignment of
the stack of images. The TXM-Wizard software package” was
used to produce Cr phase maps that were obtained by
describing the XANES spectra at each pixel as a linear
combination of a set of XANES spectra of different Cr-
reference compounds. The combination yielding the best fit
quality (evaluated on the basis of the y-square, reduced y-
square and R-factor values) was chosen as the most likely set of
Cr compounds present at that location.

It has been reported that the exposure to SR X-ray sources
may induce chemical changes of lead chromate-based
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compounds,*® and thus preliminary tests have been performed
in order to determine the safest conditions of analysis of each
paint sample.

3. RESULTS AND DISCUSSION

3.1. Effects of the Binding Medium. Our previous
investigations highlighted that the reduction of chromate to
Cr(V)-compounds in CY oil paints already takes place
spontaneously at normal room temperature and RH.'*'
These findings suggest that the reaction may involve an
electron-transfer from the lipidic matrix to Cr(VI), giving rise
to Cr(V) and an oxidized from the oil binder.

Inspired by such hypothesis, we started exploring the
chromate reduction process in relation to the chemical nature
and drying process of the oil and acrylic binders (Section
3.1.1). As a second step, we have evaluated what the influence
is of the two binding media on the lightfastness of the CY
pigments (Section 3.1.2).

3.1.1. Naturally Aged CY Mock-Up Paints. Figure 1A,B
(left side) shows photographs of the mock-up paints made by
mixing CY, or CY,5 with either linseed oil or acrylic binder
after 1, 3, and 20 months of natural aging. With increasing
aging time, oil mock-ups (hereafter referred to as “CY,-oil” and
“CY,yg-0il”) clearly exhibit a more significant darkening
compared to the equivalent acrylic paints (called “CY,-
acrylic’and “CYg-acrylic”). As shown in Table 1, colorimetric
measurements of the paint surface confirm the visual
observation, revealing that the total color change (AE*) is
negligible (<1.3) for CYy-acrylic and CYgg-acrylic samples,
whereas it becomes appreciable in the equivalent oil mock-ups,
achieving values up to about 4 and 11 for the 20 months-aged
CYy-oil and CYg-oil paints, respectively. The corresponding
diffuse reflectance UV—Vis spectra (Figure 1C,D: solid lines)
show a decrease in the 510—765 nm range, leading to
variations in yellowness (Ab*: from ca. —3 to —10), which
corresponds to the major contribution to AE¥*, whereas
changes of lightness (AL*: from —1.5 to ~—4) and redness
(Aa*: ~—2) are smaller (Table 1). These results are ascribable
to the formation of reduced Cr-compounds,”” ™ even though
the yellowing of the organic binding medium may have slightly
contributed to the total color change too.””***!

To gain insights into Cr speciation, EPR spectroscopy
measurements were performed on the touch dry paints (Figure
2A) as well as the 8 months [Figure S1 (Supporting

DOI: 10.1021/acsomega.8b03669
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Figure 2. Room-temperature X-band EPR spectra of CY,/CY, oil
(blue and red lines) and acrylic (green and black lines) paints: (A)
touch dry samples (v = 9.658 GHz, microwave power = 6.6 mW,
ER4116 Bruker cavity with cryostat) and (B) 20 months naturally
aged samples (v = 9.847 GHz, microwave power = 6.6 mW, SHQ
Bruker cavity). The intensity of each spectrum is rescaled by the total
number of chromium moles [see Figure S1 (Supporting Information)
for the profiles recorded from the 8 months naturally aged paints].
The highest signal to noise ratio in the spectra of naturally aged paints
compared to the touch dry ones is due to the increase in the
abundance of EPR active Cr-species in the aged samples (see text for
further details).

Information)] and 20 months (Figure 2B) naturally aged
samples. The comparison among the EPR spectra obtained
from the touch dry paints (Figure 2A) shows that a narrow and
weakly anisotropic signal at g = 1.980 + 0.00S is present only
in the profile of CYg-oil paint (dark gray solid line). This
spectral feature can be readily attributed to oxo-Cr(V)
complexes.””** A broad feature centered at g = 2.01 + 0.02,
which is consistent with literature-reported EPR spectra of
Cr(III)-carboxylate derivatives,** is evident for all the paints.
The signal is more intense for two CY ¢ paints and specifically
for the CY,g—acrylic sample (red solid line).

With increasing natural aging time (from 8 up to 20
months), the spectra of each sample evolve differently
depending on both the nature of the binder and the type of
lead chromate compound. After 20 months (Figure 2B), the
spectrum of the CYyg—oil sample (dark gray dotted line) is
dominated by the narrow oxo-Cr(V) signal, whereas this same
feature has a much lower relative intensity for the same
pigment mixed with the acrylic binder (red dotted line). The
same signal is even weaker for the CYy—oil paint (blue dotted
line) and it is almost undetectable for the equivalent acrylic
sample (green dotted line). At the same time, the intensity of
Cr(IlI)-signal is increased for all the samples and it is
comparable in the CY;g—oil and CY,g—acrylic paints. The
same spectral feature is weaker in the CYj,-samples and in
particular in the CY,—acrylic paint. As a whole, these findings
indicate that CY, g has a higher propensity toward reduction as
compared with CY| and that this process is more significant in
the oil than in the acrylic binder.

As summarized in Table 2, the trends of Cr(V)/Cr(III)
signal ratios suggest that the natural aging leads to increasing
formation of Cr(V)-species in CY,g samples, whereas to
Cr(III)-species in CY, paints. The highest Cr(V)/Cr(III)
signal ratios for the oil paints with respect to the acrylic ones
also indicate that the formation of Cr(V) is favored in the oil
binder.

Only in the acrylic paints, an additional narrow and partially
anisotropic signal around g = 2.013 =+ 0.002 starts to be visible
after 7 months and it is dominant for the CY,g—acrylic sample
(Figures S1 and 2B). The shape and position of this spectral
feature are consistent with those of peroxy radicals (ROO*®),*
which may form as an oxidation product of the acrylic matrix.**

To obtain information about the microscale length
distribution of reduced chromium within the stratigraphy of
the paint, SR-based Cr K-edge y-XANES investigations were
performed on the touch dry and naturally aged CYg samples.

Table 2. Temporal Evolution of the Estimated EPR Cr(V)/Cr(III) signal Ratio for Naturally Aged CY,, CY,4, and K,CrO, Oil

and Acrylic Paints

Cr(V)/Cr(1ID)"
sampleb touch dry 1 month 4 months 7 months 8 months 20 months
CY,—acrylic 0 12 +01x 107" 54 +01x107°
CY,—oil 0 41 +01x 107* 1.0 £ 0.1 x 107
CYs—acrylic 0 <107° 3.05 +0.03 x 107*
CY,3—oil 42 +02x 107* S5+ 1x107™* 1.31 + 0.02 X 1073
K,CrO,—oil 1.6 +£ 02 x 1073 62+ 0.5x107* 47 + 04 x 107*

K,CrO,—acrylic 12 +£ 02 X 107*

62+ 06x 107"

“Measurements were performed at different aging times due to the faster tendency toward discoloration/reduction of K,CrO, with respect to CY
pigments in both binders, especially in oil (see Sections 3.1.1 and 3.2 for further details). bAnalysis of the “pure” CY,, CY,q, and K,CrO, powders
(i.e., not mixed with the binder) did not reveal the presence of any EPR signals (spectra not reported), due to the diamagnetic character of Cr(VI)-

species.
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As shown by the LCF results of Tables S1,S2 (Supporting
Information; see also Section 2.2.3 for further details), the
presence of reduced Cr-species (between 10 and 20%) is
mainly localized in the uppermost 3—5 pm of CY,g—oil and
CYyg—acrylic thin sections, whereas mainly Cr(VI)-species
(above 90%) were detected in the profiles collected at depth
greater than S ym. In the XANES spectra (Figure 3; only a
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Figure 3. Comparison between a selection of the Cr K-edge u-
XANES spectra acquired from thin sections of the touch dry (solid
lines) and the 20 months naturally aged (dotted lines) CY,g—oil
paints. (A): spectra obtained from the uppermost 3.5—5 um of the
paints; (B): spectra recorded from the yellow bulk paint at depth
values greater than 30 um [see Tables SI and S2 (Supporting
Information) for further details about the LCF results and equivalent
data recorded from thin sections of CY,g—acrylic samples].

selection of the most representative spectra of CY,g—oil paints
is shown), the presence of reduced Cr compounds is
demonstrated by the shift of the absorption edge toward
lower energies and a decrease of the intensity of the Cr pre-
edge peak located at about 5.993 keV. Notably, for CY;s—oil
samples, the reduced chromium abundance measured by
XANES follows a trend similar to that obtained by EPR
(Figure 2 and Table 1): it increases with increasing natural
aging time, ranging from about 10 to 20% for the touch dry
and 20 months naturally aged paints, respectively (Figure 3A
and Table S1). Unlike the EPR data, no significant difference
was instead observed in the reduced Cr relative amount of
CY, g—acrylic paints, which keeps a value of about 10% for the
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touch dry and the naturally aged samples (Table S2; spectra
not reported).

3.1.2. Photochemically Aged CY Mock-Up Paints. Figure
1A,B (right side) illustrates the photographs of the CY, and
CY, ¢ paints in mixture with either linseed oil or acrylic after
exposure to UVA-Visible light. As expected,'”'® CY,4 paints
reveal a more significant darkening than CY, samples.
Moreover, the extent of discoloration is higher in the oil
mock-ups than in the acrylic paints. The visual observations
were confirmed by diffuse reflectance UV—Vis spectroscopy
(Figure 1C,D: black dotted lines): above 520 nm, the spectra
show a decrease of reflectance to a different extent. As
summarized in Table 1, these modifications can be expressed
by a decrease of L¥, a* and b¥, the latter representing the
largest contribution to AE*. Upon light exposure, the paint
surface of CY,g—oil paint changes color more significantly
than the equivalent CY,g—acrylic paint, reaching AE* values
of about 36 and 11, respectively. A much smaller but still
appreciable color change took place in the photochemically
aged CYy—oil (AE* & 6) and CY,—acrylic samples (AE* =
S).

In order to further understand the different photochemical
response of CYs in the two binding media, we performed EPR
and p-XANES spectroscopy investigations of light-exposed
CY, ¢ paints.

Figure 4A shows the EPR spectra recorded before (solid
lines) and after photochemical aging (dotted lines) of CY,g—
oil and CY,g—acrylic paints. In both samples, the light
exposure promotes the formation of Cr(IIl)-compounds, as
shown by the increase of the intensity of the broad band at g ~
2.01. In the aged CY,g—oil paint, the intensity of Cr(V)-signal
(g = 1.980) also increases, but to a lesser extent than the
Cr(IlI)-band intensity. In the photochemically CY,g—acrylic
paint, the disappearing of the peroxy radical signal (g ~ 2.013)
occurs without formation of Cr(V)-signals.

The quantitative [Cr(w)]/[crtotal] and [Crreduced]/[crtotal]
depth profiles obtained by LCF of the y-XANES spectra
(Figure 4B) highlight that the abundance of reduced Cr is
between 56 and 30% within the uppermost 7—8 pm of the
photochemically aged CY,g—oil paint (see Figure S2A and
Table S3 for further details about the fit results). These species
are present in amounts of about 30% and are distributed as a 3
um thick superficial layer in the aged CY,g—acrylic mock-up
(Figure S2B and Table S4). For both the light-exposed CY,4—
oil and CY,g—acrylic samples, the relative amount of reduced
Cr decreases down to values of about 20—10% at depth values
greater than 3 pm.

Overall, the above-discussed results show that the nature of
the binding medium influences the tendency of CY pigments
toward reduction both in the presence and absence of light,
being less pronounced in the acrylic matrix. In the same
binding medium, the extent of the reduction process (more
pronounced in the uppermost 3—S pm of the paint) also
depends on the nature of lead chromate-based compound,
being favored when the pigment is present as PbCr,,S,30,.

To assess any possible correlation between the chromate-
based pigment’s solubility and its tendency toward (photo)-
chemical reduction in different organic binders, in the
following section the results obtained from naturally aged
K,CrO, mock-up paints will be discussed.

3.2. Effects of the Pigment’s Solubility. Figure S shows
the photographs and the UV—Vis/colorimetric data obtained
from K,CrO,—oil and K,CrO,—acrylic paints, after natural
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EPR in the EPR spectrum of the 1-month naturally aged K,CrO,—
CY, - acrylic oil paint (Figure 6A: red line). In line with the less-pronounced
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Figure 4. (A) Room-temperature X-band EPR spectra of CYs—
acrylic (top) and CYygs—oil (bottom) paints before (solid lines) and
after UVA-Visible light exposure (dotted lines) (v = 9.428 GHz,
power = 6.6 mW, SHQ Bruker cavity with cryostat). (B) Quantitative
(green) Cryegueeq and (red) Cr(VI) depth profiles obtained as a LCF
of different Cr-reference compounds to the line of y-XANES spectra
recorded from the photochemically aged CY, paints: (triangles) oil
and (circles) acrylic mock-ups [see Figure S2 and Tables S3,54
(Supporting Information) for details].

aging up to 10 and 4 months, respectively. It is clearly apparent
that a color change of the paint surface occurs as soon as
K,CrO, is mixed with oil, whereas it is not appreciable in the
equivalent K,CrO, mock-up prepared with the acrylic binder.
The discoloration phenomenon is visible in the UV—Vis
spectra (Figure SC,D) through the decrease of reflectance in
the 500—750 nm range. This variation is more strongly
pronounced in the profiles recorded from the K,CrO,—oil
sample (Figure SC), where the intensity of a broad band
centered at about 560 nm gradually increases with increasing
natural aging time. In line with the literature, this spectral
feature is ascribable to Cr(IIl)-compounds.®” The correspond-
ing colorimetric coordinates (Figure SE) show a progressive
decrease of L* (AL*: from ~ —2 to —22) and b* (Ab*: from
~ —1 to —28), which both give the greatest contribution to
AE*, whereas an increase of a* was observed (Aa*: from ~ 2
to 8). The AE* significantly increases with increasing aging
time, reaching value up to about 36. A just noticeable color
difference was observed in the K,CrO,—acrylic sample, AE*
values being around 2—3 (Figure SF).

The presence of both Cr(V)-species (signal at g ~ 1.980)
and Cr(III)-species (broad feature at g & 2.01) is clearly visible
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darkening observed for the equivalent K,CrO,—acrylic mock-
up, the intensity of the EPR signals due to reduced chromium
is much lower in this sample (Figure 6A: black line). Notably,
the Cr(V)/Cr(I1I) signal ratio estimated for the acrylic paint is
of one order of magnitude smaller compared to that obtained
for the oil sample (Table 2). Even by considering all the
cautions necessary for a quantitative determination by EPR
spectroscopy, a few considerations can be made on the
absolute intensity of reduced Cr signals for the two samples:
Cr(V) and Cr(III) bands are more intense by about 45 and 3
times, respectively, in the K,CrO,—oil paint with respect to the
K,CrO,—acrylic mock-up. At the longest natural aging time
(i-e., 7 months; Figure 6B) the absolute amount of reduced
chromium is much larger in oil (red lines) than in acrylic
(black lines) but with a Cr(V)/Cr(Ill) signal ratio which is
comparable for the two samples (Table 2). Only the spectrum
of the K,CrO,—acrylic paint shows the narrow signal assigned
to peroxy radicals (g &~ 2.013), which is the same as that
present in the EPR spectra of naturally aged CY—acrylic paints
(cf. Figure 2B and Section 3.1.1).

With the aim to obtain information about the stratigraphic
distribution at the microscale of different Cr-species, a Cr K-
edge FF—XANES imaging experiment was carried out on thin
sections of a 4 months naturally aged K,CrO,—oil paint and a
3 months naturally aged K,CrO,—acrylic paint. As illustrated
in the microphotographs of Figure 7A,B, a brownish layer of
about 20 pum thickness is particularly apparent only at the
surface of the K,CrO,—oil sample. The corresponding
quantitative Cr phase maps obtained by Cr K-edge FF—
XANES imaging (Figure 7C) reveal that K,CrO, (red) is
homogeneously present as the main component of the yellow
paint, where it reaches relative abundance up to ca. 95%;
different Cr(III)-compounds [i.e., Cr(OH);/Cr,0,/
(CH;CO0,),Cr;(OH),] (green) and a oxo-Cr(V)-compound
[ie, NaCrOs(CsHgO),] (blue) are instead localized in the
uppermost brownish layer, where they achieve relative
amounts up to about S0 and 65%, respectively (see Figure
S3A,B for a selection of the XANES spectra and the
corresponding LCF results). A similar Cr(VI)- and Cr(III)-
compounds distribution is observable in the phase maps of the
K,CrO,—acrylic paint (Figure 7D). Nevertheless, the thickness
of the superficial alteration layer (less than S pm) and the
corresponding relative abundance of reduced chromium
(between 20 and 30%; see Figure S3C for details) are much
smaller than those detected in the K,CrO,—oil paint (Figure
7C).

To summarize, naturally aged K,CrO, paints show a similar
behavior as the equivalent ones prepared using lead chromate-
compounds, revealing that the chromium reduction is more
favored when the yellow powder is mixed with the oil than the
acrylic binder and that is more significant at the paint surface.

In the same binding medium, our results also prove that the
extent of chromate reduction is positively correlated with the
solubility of the pigment, increasing in the following order:
PbCrO, < PbCry,S0504 < K,CrO, (Figures 1, 2, and 5—7).

3.3. Chromate Reduction Mechanism in Different
Binding Media. Within the boundaries of the employed
experimental conditions, we found that the chromate reduction
results from the interaction between the pigment and the
binding medium and depends on the nature of the organic
matrix. In linseed oil, the reduction of Cr(VI) gives rise to
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Figure S. Photographs of naturally aged K,CrO, mock-up paints obtained by using either (A) linseed oil (K,CrO,—oil) or (B) acrylic (K,CrO,—
acrylic) as binders. (C,D) Diffuse reflectance UV—Visible spectra and (E,F) plots of AE* vs natural aging time of K,CrO,—oil and K,CrO,—acrylic
paints. Values in (E,D) report the change of colorimetric coordinates L*, a*, b* and the AE* values with increasing natural aging time.

Cr(V) and Cr(III) species, whereas in acrylic, the reaction
favors the formation of Cr(II), with a smaller amount of
Cr(V)—species and peroxy radicals that become detectable
only after longer times of natural aging.

Based on our experimental findings and earlier research in
the fields of Cr(VI)-induced carcinogenicity,‘w_49 of carbon
printing and of holography,®******" a mechanism for the
(photo)reduction of chromate-based pigments in the two
different binding media can be put forward.

As a first step of the transformation, the chromate-based
pigment releases Cr(VI) into the organic matrix. Afterward,
these species undergo reduction, first to Cr(V) and then to
Cr(IIl), according to the following general sequence of
reactions (eqs 1 and 2) ¥ 95253

Cr(VI) + B = Cr(V) + P (1)

Cr(V) + B — Cr(III) + P ()
where B is the organic binder that may act as one- or two-
electron donor and P denotes the oxidation product of B.
Depending on the local pH and the nature of the organic
substrate, a pre-equilibrium step may precede the Cr(VI) —
Cr(V) reduction step (eq 1), leading to the Cr(VI)-B
complex.*”~*7°*>* Moreover, previous studies report that
Cr(IV)-intermediates may be also formed during the Cr(VI)
— Cr(III) reduction in the presence of organic substrates.” >’
However, under our experimental conditions, the identification
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of Cr(IV)-compounds was not possible or challenging by EPR
and XANES spectroscopies, respectively.

For explaining the different chemical reactivity of CYs either
in the oil or the acrylic matrix, the different chemical properties
(i.e., functional groups and pH) and the nature of the drying
process of the two binders have been considered.

In oil paints, Cr(VI) species are released both as CrO,>” and
HCrO,~ due to the neutral/slight acidic nature of the binder.>®
HCrO,™ anions may act as effective oxidants of the organic
substrates due to the standard reduction potential of the
HCrO,~/Cr(III) redox couple (0.79 < E*'<0.56 Vyy, 4 < pH
< 7).>” It has been reported that in slightly acidic environments
organic molecules containing one or more COOH and OH
functional groups, such as a-hydroxy/polyhydroxy (poly)-
carboxylic acids, #0570 gaccharides,”°%% alcohols,™ are
effective reductants and complexation agents for stabilizing
labile Cr(V)-intermediates. Thus, we can conclude that, during
the drying process of linseed oil, stable oxo-Cr(V)-complexes
can be formed as the result of the interaction between Cr(VI)
and COOH and OH functional groups of secondary products
and intermediates of lipids oxidation, such as polycarboxylic
acids, alcohols, hydroperoxides (ROOH), and peroxy and
alkoxyl radicals (ROO®, RO®).****** In a following step, the
reduction process of Cr(V)-complexes proceeds through
interaction with the lipidic matrix, leading to Cr(III)-
compounds (possibly oxide and organo Cr-compounds) as
final secondary products (Figures 1, 2, and 5—7).
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Figure 6. X-band EPR spectra for K,CrO,—oil (red lines) and (B)
K,CrO,—acrylic (black lines) after natural aging for (A) 1 month (v =
9.416 GHz, power = 6.7 mW) and (B) 7 months (v = 9.846 GHz,
power = 6.7 mW). The intensity of each spectrum is rescaled by the
number of moles of chromium.

In acrylic paints, Cr(VI)-species are released in the form of
CrO,*” ions into the organic matrix as a result of the alkaline
pH of the medium (~9.0).*° Upon these conditions, it is
known that Cr(VI)-species are weaker oxidizing agents
[E”CrO>/Cr(Ill) = 0.36 Vyyp, pH = 9.0]°° and that
Cr(V)-complexes may undergo disproportionation to yield
Cr(I1I) and Cr(VI).°° The formation/stabilization of Cr(V)-
compounds is also hindered by the intrinsic chemical
composition of the acrylic binder that lacks of COOH/OH
groups.*®®>7 All these aspects contribute to rationalize our
findings in acrylic paints (Figures 1, 2, and S—7), providing an
explanation of why chromate pigments show less tendency
toward reduction and Cr(III)-species are the main secondary
products of the alteration process in the acrylic binder.

A surface passivation phenomenon can be invoked for
explaining why the chromium reduction is more pronounced
in the uppermost 5—20 um of both oil and acrylic paints
(Figures 3 and 7). The phenomenon will contribute to
decrease the permeability of environmental agents (e.g,
moisture and oxygen) influencing the stability of the pigment
and the binding medium, across the deepest regions of the

paint.”** As a result, chemical changes will be favored for the
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(i) by favoring the oxidation of the binding medium
through the formation and decomposition of unstable
hydroperoxides;*”**%*% subsequently, the correspond-
ing oxidation products may act as electron donors for
the Cr(VI) and Cr(V) reduction according to the
scheme of eqgs 1 and 2;

(ii) by producing light-activated Cr(VI)-species that through
interaction with the binder (B) yields the formation of a
complex in the excited state (eq 3). This may then decay
to Cr(V) and further undergo reduction to Cr(III),
while the organic matrix is oxidized (eqs 4 and $).

cr(v1) 2 ceevx B [cevis)

(3)
[Cr(VI)B]* — Cr(V) + B® 4)
Cr(V) + B4 cr(un) + P (s)

According to previous studies,’”"! the formation of the

Cr(VI)-complex (eq 3) usually involves —COOH and/or
—OH functional groups of B, with —COOH favoring the
formation of Cr(III)-compounds (eq S) and the —OH able to
stabilize intermediate Cr(V)-species (eq 4). Thus, based on (i)
and (ii), we conclude that the chemical properties of the
acrylic binder along with its lower tendency to undergo photo-
oxidation with respect to linseed oil justify the increased
stability of chromate pigments and the formation of only
Cr(III)-compounds (Figure 4) in light-exposed acrylic paint
films.

4. CONCLUSIONS

In this work, the combination of SR-based Cr K-edge XANES,
EPR, and UV—Vis spectroscopy measurements allowed us to
elucidate the effects of a selection of binding media (i.e.
linseed oil and acrylic) and of the solubility of different lead
chromate-based yellows on the overall degradation process of
this class of pigments. Within the boundaries of our
experimental conditions, the study of naturally and photo-
chemically aged PbCrO,, PbCr,S,30,, and K,CrO, mock-up
paints led us to draw the following conclusions:

(1) The chromate reduction results from the interaction of
the pigment with the binder, already starting with the
drying of the paint film and continuing during its natural
aging, without the need of exposure to light.

The reduction pathways depend on the chemical
properties (i.e., functional groups and pH) and drying
process of the binding medium, being more favored in
the oil than in the acrylic binder. In oil paints, the
neutral/slight acidic nature of the binder as well as the
availability of —COOH and —OH functional groups of
secondary products and intermediates of lipids oxidation
promotes the formation and stabilization of oxo-Cr(V)-
complexes, which then can be further reduced to
Cr(IlI)-compounds. In acrylic paints, the basic pH
along with the lack of —=COOH and —OH groups in the

()
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Figure 7. (A) Microphotographs of thin sections obtained from a naturally aged (A) K,CrO,—oil paint (4 months) and (B) K,CrO,—acrylic paint
(3 months). (C,D) Corresponding quantitative Cr phase maps obtained from the LCF of the Cr K-edge FF-XANES stack using the spectra of
(red) K,CrO,, (green) Cr(OH);/Cr,0;/(CH;CO,),Cr;(OH), and (blue) NaCrO;(C;HgO), as references [see Figure S3 (Supporting

Information) for details].

organic network hinders the formation of Cr(V)-
compounds, giving rise to Cr(IIl)-species as main
secondary products of the reduction process of the
original chromate pigment.

(3) Upon light exposure, the tendency toward reduction of
the less lightfast PbCr,,S,30, is much lower in the
acrylic binder, compared to the oil. The photochemical
process leads to an increase in the relative abundance of

Cr(III)-compounds in both binders.
4)

In the same binding medium, PbCr,,S,30, undergoes
reduction more readily than PbCrO,; the process
becomes even more significant in K,CrO, paints. This
finding can be traced back to the solubility of the
pigment in the binder, which increases in the same order

(i.e., PbCrO, < PbCr,,S,50, < K,CrO,).

Our findings have important implications for the assessment
of the degradation phenomenon of lead chromate-based
pigments in artworks. We know that not only drying oils but
also other types of binding media, including gums, waxes, as
well as oleoresinous and proteinaceous materials,”*™"® were
frequently employed as binding media for chrome yellows.
Thus, it becomes relevant to pay attention not only to the Cr/
S stoichiometry and crystalline structure of the chrome yellow
pigment but also to the chemical nature of the binder that is
mixed with it.

Our results are also expected to contribute to a more in-
depth understanding of the degradation processes of other
chromate-based yellow artists’ pigments with different
crystalline structures and solubility in water, such as those of
zinc (K,0-4ZnCr0,-3H,0),”*” cadmium [KCd,(CrO,),-
(H;0,)],° barium (BaCrO,), and strontium (SrCrO,).”’

Questions remain open about the nature of the secondary
products of the organic binder and the effects of other binding
media on the reduction process of different chrome yellow
types. Thus, further research is required in the future to
systematically investigate these aspects. Additional studies will
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be also necessary for determining the solubility of chromate
based-pigments in different binding media.
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