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Evidence for Degradation of the Chrome Yellows in Van Gogh’s
Sunflowers: A Study Using Noninvasive In Situ Methods and
Synchrotron-Radiation-Based X-ray Techniques

Letizia Monico,* Koen Janssens, Ella Hendriks, Frederik Vanmeert, Geert Van der Snickt,
Marine Cotte, Gerald Falkenberg, Brunetto Giovanni Brunetti, and Costanza Miliani

Abstract: This paper presents firm evidence for the chemical
alteration of chrome yellow pigments in Van Gogh’s Sun-
flowers (Van Gogh Museum, Amsterdam). Noninvasive in situ
spectroscopic analysis at several spots on the painting,
combined with synchrotron-radiation-based X-ray investiga-
tions of two microsamples, revealed the presence of different
types of chrome yellow used by Van Gogh, including the
lightfast PbCrO, and the sulfur-rich PbCr;_S.0, (x=0.5)
variety that is known for its high propensity to undergo
photoinduced reduction. The products of this degradation
process, i.e., Cr'' compounds, were found at the interface
between the paint and the varnish. Selected locations of the
painting with the highest risk of color modification by chemical
deterioration of chrome yellow are identified, thus calling for
careful monitoring in the future.

The Sunflowers series, painted by Van Gogh in Arles in
1888-1889, comprises seven paintings, all depicting a bouquet
of sunflowers in an earthenware pot.'*? In the fourth version
of the series, painted on August 23rd—24th 1888, Van Gogh
replaced the blue background of the earlier compositions with
a yellow one, experimenting with combinations of different
yellow hues. Besides this version, which is currently at the
National Gallery in London, the artist went on to make two
copies of it. The first (unsigned) copy is now at the Seiji Togo
Memorial Sompo Japan Nipponkoa Museum of Art (Tokyo)
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and the second (signed) copy, now belongs to the collection of
the Van Gogh Museum (Amsterdam).?!

The vibrancy of these artworks was made possible by the
use of chrome yellows (CYs), a pigment class invented early
in the 19th century with brilliant hues ranging from lemon-
yellow to orange-yellow.[**! The chrome yellow varieties that
are mentioned in a series of Van Gogh’s letters of the period
1888-1890 are the chrome yellow type 1,2, and 3, which likely
correspond to the “lemon”, “yellow”, and “orange” tones.""’
Despite their strong similarities, the three paintings feature
different yellow tonalities with subtle variations in contrast
between the sunflower petals, the background, and the table
area. Comparative technical examination of the Sunflowers
series has revealed how Van Gogh skillfully manipulated the
mixing of pigments, layering, and application of paint to
achieve these different effects, as he usually did when making
repetitions of his works.*”) However, the extent to which
subsequent, unintended effects of color change also play
a role in the way the paintings look today has been
questioned.*?

Our previous studies proved that CYs (denoted as
PbCr,_,S,0,, with 0 <x <0.8, in view of the variable sulfate
content) are prone to darkening because of photoreduction of
the original chromate ions to Cr'™ compounds and that Cr"
intermediates are thermally formed through the interaction
with the oil binder. The formation of reduced Cr is favored for
sulfate-rich, lemon-yellow, orthorhombic PbCr,_.S,O, vari-
eties of the pigment (with x > 0.4) than for the orange-yellow,
monoclinic PbCrO, that is the most lightfast of these
materials.[2!

The aim of this study was to assess the extent to which the
Sunflowers version owned by the Van Gogh Museum (Fig-
ure 1 A) contains lightfast PbCrO, (henceforth denoted as
LF-CY) and light-sensitive sulfur-rich PbCr,_,S,0, (x > 0.4)
(LS-CY), as well as to determine whether or not these
pigments have been subject to a reduction process.

Noninvasive insitu investigations, comprising macro-
scopic X-ray fluorescence scanning (MA-XRF),!*) and port-
able reflection mid-FTIR and Raman spectroscopies!' were
used to characterize the molecular composition and structure
of the different CY types and their association with other
pigments throughout the painting. In addition, two paint
microsamples (see Figure 1 A for the sampling spots), out of
the nine already available, were selected for additional studies
by synchrotron radiation (SR) based p-XRD, p-FTIR, and
u-Raman studies to retrieve information about the spatial
distribution of CYs, and by SR micro X-ray absorption near
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Figure 1. A) Photograph of Sunflowers by Van Gogh (Arles, 1889; Van
Gogh Museum, Amsterdam); sampling spots are also shown. RGB
composite MA-XRF maps of B) Pb/Cr/Zn and C) Hg/As+ Cu/Fe.

D) Raman distribution of different CY types (LS-CY: light-sensitive
chrome yellow PbCr,_,S,0,, with x~0.5; LF-CY: lightfast chrome yellow
monoclinic PbCrO,; CO: chrome orange (1—x)PbCrO,xPbO); V and
RL indicate spots containing also vermilion and red lead (see Fig-

ure 2A), while the white circle indicates the location where only red
lead was identified. Triangles and Roman numerals show the regions
of FTIR analyses (see Figure 2B).

edge structure (u-XANES) and u-XRF to obtain microscale
spatially resolved speciation of the chromium oxidation state.
Experimental details are given in the Supporting Information
together with a detailed summary of the analytical results
(Table S1).

The MA-XRF maps of the painting (Figure 1B, C) show
that Pb and Cr are the main elemental constituents of the
sunflower petals, the orange corollas, and the table area. In
the pale-yellow background, Zn is the predominant element
(Figure 1B), thus suggesting the presence of zinc white
(ZnO), while Pb and Cr are present in significantly lower
quantities. In some of the ochre and orange tones of the
sunflower petals, Hg and/or Cu and As were found in addition
to Pb and Cr (Figure 1C), arising from the presence of
vermilion (HgS) and/or emerald green (3Cu(AsO,),
Cu(CH;COO0),). In areas of the sunflower petals and the
upper region of the vase with no or very little Pb and Cr, Fe is
the main constituent element instead, thus indicating the use
of a yellow ochre (iron hydroxide based pigment). All the
above-mentioned pigments are frequently encountered in
works by Van Gogh.P! In the green(ish) areas, Pb and Cr are

www.angewandte.org

&These are not the final page numbers!

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sometimes found together, in addition to Cu and As, thus
suggesting the use of mixtures or overlapping brush strokes of
emerald green and CYs. The Pb-L/Cr-K, XRF intensity ratio
changes throughout the painting (Figure 1B), thus suggesting
a distribution of different CY types. However, the presence of
other Pb- and/or Cr-based pigments also frequently used by
Van Gogh, such as red lead (Pb;O,), lead white (PbCO,/
Pb;(CO;),(OH),), or viridian (Cr,05-2H,0),"! and variations
of the paint thickness (giving rise to self-absorption of
variable magnitude), could also cause a change in the
Pb-L,/Cr-K, intensity ratio. No meaningful S-distribution
maps could be recorded, mainly because of the spectral
overlap between the S-K and Pb-M XRF signals and the
limited MA-XREF sensitivity for these signals.

More reliable insights into the distribution of the different
types of CY were obtained by performing vibrational
spectroscopic and structural analyses at a select number of
points on the surface of the Sunflowers painting (Figures 1D
and 2) and on two microsamples (Table S1).

As visible in the standard reference spectra (Figure 2 A;
gray lines) and consistent with previous studies,®! the
presence of the characteristic sulfate symmetric stretching
mode (v(SO,*), 976 cm™") combined with the broadening
and the wavenumber shift toward higher values for both the
chromate symmetric stretching band (v,(CrO,*"), from 841 to
844 cm™") and the chromate bending signals (v,(CrO,*"), from
400 to 407 cm™") allowed the distinction to be made between
the LS-CY (x=0.5) and the LF-CY (i.e., monoclinic
PbCrO,). In the reflection mid-FTIR profiles (Figures 2B
and 3D; gray lines), typical spectral features for the
identification of the LS-CY (x ~0.5) are the inverted sulfate
asymmetric stretching band (v5(SO,*")) and the two sulfate
bending signals (v,(SO,*")), whose shape and wavenumber
position differ from those of other sulfate-based com-
pounds.®!*l The inverted chromate asymmetric stretching
band (v5(CrO,*)) of LS-CY is broader than that of LF-CY.

In the light-yellow table area, noninvasive Raman (Figur-
es 1D and 2A; points 1 and 2) and reflection mid-FTIR
analyses (Figure 2B; spectrum I) revealed the presence of
LS-CY (x~0.5). This finding was confirmed by SR-based p-
XRD and vibrational spectroscopic analysis of a sample from
the region (F458/4), in which a few grains of cerussite
(PbCO;) were also identified (Figure S1). In the zinc-rich
pale-yellow background, the Raman spectrum (Figures 1D
and 2 A; point 3) again demonstrated the presence of LS-CY
(x=0.5). In the corresponding FTIR spectrum (Figure 2B,;
spectrum III), only zinc white (inverted v(Zn-O) band below
520 cm™), zinc oxalate (1364, 1320 cm ™) and zinc carboxylate
(1540, 1465, 1398, 744, 718 cm ') were identified. The latter
two represent reaction products of ZnO with the oil
binder."7:8l

For the sunflower petals, various CYs appear to have been
used. In the light-yellow areas, a type of LS-CY (x=0.5) very
similar to that detected in the table and background was
identified by Raman spectroscopy (Figures 1D and 2A;
points 4-8). On the other hand, in the ochre-yellow petals,
Raman spectra from five different areas (points 9-13) high-
light the presence of LF-CY. In two locations, Raman (points
14-15) and FTIR data (Figure 2B; spectrum IT) show that LF-

Angew. Chem. Int. Ed. 2015, 54, 1-6


http://www.angewandte.org

(A) 5 (GO (B)
SO*) M (Cro;)  ValvlLr
4P g4y <—0’
2

v,(807) v,(CrO?)

PbCr_ .S __O, (aged)!

05705 4 :
Tl ?
=2 = !
z v g :
Z[19V) 252 7 -
Vv H
3 © I |
ﬂ?nﬂl@@n SN
844 836 -
826 S
oM ™
20 (r;\\ /%

(1-x)PbCrO,-(x)PbO

844\ , . .
357<r 1560 1040 520
20 Wavenumber / cm™’
2{-22 /”((m
960 800 465 310

Raman shift / cm™’

Figure 2. Noninvasive (A) Raman and (B) reflection mid-FTIR spectra
collected from the locations indicated in Figure 1D and from the
corresponding reference compounds (gray lines). In (A), selection of
the spectral profiles acquired from different areas of the painting
(1-8: pale-yellow background/light-yellow petals/light-yellow table;
9-14/15(RL): ochre-yellow petals; 17-18(V)/19(V): ochre petals;

20: orange corolla; 21-22: orange-yellow petals). V and RL denote the
spots where chrome yellow is mixed with vermilion or red lead; the
color of the spectrum indicates the type of chrome yellow (red: LS-CY;
green: LF-CY; blue: CO; magenta: LS-CY +CO).

CY is mixed with LS-CY (x=0.5) or red lead (Raman signal
at 548 cm ™).l The latter compound was also identified as
the main component of a red protrusion (point 16; spectrum
not shown).

SR-based u-XRD and p-Raman mapping experiments of
regions of interest of sample F458/1 (Figure 3 A-C) con-
firmed the noninvasive findings, and also provided further
insights into the spatial distribution of the two CY types: LF-
CY is the chief constituent of the yellow-orange shades, while
LS-CY (x~0.5) is the main phase in the light-yellow hues.

In the XRD maps (see Figure 3B and Figure S2A in the
Supporting Information), the distribution of these two types
of CY is indicated by the different position of the main
diffractions signals (e.g., (111) and (020) peaks) that pro-
gressively shift towards higher scattering vector values with
increasing sulfur content.®') In the Raman maps (see Fig-
ure 3C and Figure S2B), the localization of the LS-CY
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Figure 3. A) Photomicrograph of sample F458/1 and LF-CY and LS-CY
(x~0.5) distribution maps obtained by B) SR u-XRD (map size:

190x 51 um?; pixel size (hxv): 2x1 um?) and C) p-Raman (map size:
78x51 um?; step size: 3x3 um?) (see Figure S2 for a selection of the
corresponding XRD and Raman profiles). D) Reflection p-FTIR spectra
obtained from a yellow-orange tone (M1) and a light-yellow area (M2)
of the sample, compared to those of reference compounds (gray
lines). In (A) white rectangles and labels indicate the positions where
data of (B—D) were collected. Cyan rectangle shows the area of
Figure S3A where u-XRF/pu-XANES analyses were performed.

(x=0.5), which corresponds to the light-yellow hues, is visible
as an increase of the area of the v;(SO,*") band (976 cm™")
and a wavenumber shift toward higher values for the
v;(CrO") and v,(CrO,*") modes (from 841 to 844 cm™' and
from 400 to 407 cm™!, respectively). Reflection p-FTIR
spectroscopic investigations (Figure 3D) confirm the iden-
tification of LS-CY (x~0.5; spectrum M2) and LF-CY (M1).

Raman spectroscopy performed in three different spots of
the ochre petals (Figures 1D and 2 A; points 17-19) showed
either LS-CY (x=0.5) or LF-CY to be present, mixed with
vermilion (signals at 252, 341 cm™").1"*!

Chrome orange ((1—x)PbCrO,(x) PbO) (here denoted as
CO) was detected in an orange corolla (Figures 1D and 2 A,
point 20; see also the spectrum of the corresponding reference
compound). In two regions of the sunflower petals with an
orange-yellow tone (points 21-22), this compound is present
in a mixture with LS-CY (x~0.5).
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Since the three identified types of lead chromate based
compounds are used in mixture with other pigments, as well as
alone, the visual assessment of any color change because of
chromate photoreduction is not straightforward. The degra-
dation state of the chrome yellow paint was therefore
evaluated by determining the Cr speciation state via SR-
based p-XANES/p-XRF analysis at the Cr K-edge of samples
F458/4 (Figure 4; light-yellow table area) and F458/1 (Fig-
ure S3; upper-right ochre-yellow petal).
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Figure 4. A) Photomicrograph detail of sample F458/4 where SR p-
XRF/u-XANES analyses were performed (see Figure S1 for a photo of
the entire sample). B) RGB composite SR u-XRF images of S/Cr/Pb
(map size: 124x51.2 um?; pixel size (hxv): 1x0.25 um?; energy:
6.090 keV). C,D) RG composite Cr''/Cr'"" chemical state maps (pixel
size (hxv): 0.7x0.2 um?) and (E) u-XANES spectra collected from
areas indicated in (C, D). Maps (C, D) were acquired in the regions
shown in (B).

In the Cr K-edge p-XANES spectra, the intensity
decrease of the pre-edge peak at 5.993 keV (electronic
transition 1s—3d) as well as the shift of the absorption edge
toward lower energies are clear indications of the local
presence of reduced Cr (e.g., Cr' and Cr").""2" The relative
abundance of the latter species was obtained by linear
combination fitting of unknown XANES spectra against
sets of profiles of reference materials, comprising a series of
Cr" compounds and a Cr" compound (sodium bis(2-hydroxy-
2-methylbutyrato)oxochromate(V)). Similar to earlier inves-
tigations,”™ the best description of the u-XANES data from
the paint samples is obtained when the spectra of Cr'™ oxides
and either Cr™ sulfates or organo Cr'™ compounds (i.e., Cr'™
acetate hydroxide or Cr'" acetylacetonate) are included in the
fitting model together with that of LF-CY/LS-CY (Table S2).
For this reason, the relative amount of reduced Cr is
subsequently expressed as [Cr™]/[Cr ]

Clear indications for the gradual conversion of Cr"' to
Cr'™ were found inside the varnish layer of sample F458/4. At
one location, a chromium-rich particle (Figure 4 C; area 4-I)
appears to be completely reduced to the Cr'™ state and the
corresponding p-XANES spectrum (Figure 4E; point 01,;)
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resembles that of Cr,O;. In the area surrounding this particle,
the relative abundance of Cr™ was estimated to be around
50% (point 02,;).

Even more revealing is that in another region, the
chemical state maps (Figure 4D; area 4-II) clearly show
that Cr'" species are present as a 2-3 pum thick layer right at
the varnish/paint interface. Here, the relative abundance of
Cr'"' is around 35 %, while it decreases to 0% when going
deeper inside the yellow paint (Figure 4 E; points 01,;-02,).
This pattern is very similar to that previously observed in
photochemically aged LS-CY (x > 0.4) paint models.” !

The Cr speciation results are consistent with the non-
invasive reflection mid-FTIR data obtained from a region
close to the sampling spot (Figure 2B; spectrum I): the
inverted broad band at 465 cm™' strongly resembles that
present in the spectrum of a photoaged PbCr,sS,s0, paint
and previously assigned to Cr'! oxide compounds.’*?!! The
presence of Cr'™ compounds could also be demonstrated at
the surface of sample F458/1 (Figure S3).

Since a significant color alteration can be observed in
artificially aged LS-CY models, caused by a thin degradation
layer containing Cr'! compounds,”'"! we infer that in the
Sunflowers painting, at least at the two sampled spots, a color
change arising from CY reduction has occurred. In the areas
of the painting where LS-CY is present (see Figure 1D), we
consider it likely that a similar darkening has taken place.

In summary, the noninvasive identification and macro-
scale level distribution of the light-sensitive chrome yellow
has allowed us to identify selected locations of the painting
with the highest probability/risk of color change because of
Cr"! reduction and that call for careful monitoring over time.
Further investigations are underway to extend our knowledge
on the composition of additional yellow areas of the painting.
Moreover, we have provided evidence that in two areas of the
painting, the chrome yellow pigments have degraded through
Cr""—Cr™ reduction, as earlier observed in other works by
Van Gogh.[?24

Since the chrome yellows were often encountered in
mixtures with other pigments (red lead, vermilion, zinc white,
emerald green), further research is required to distinguish
between the deliberate color contrasts obtained by Van Gogh
by using specific paint mixtures and the subsequent effects of
darkening by pigment degradation. Ongoing research aims to
explore how these added pigments (most of them with well-
known photoredox properties) and possibly the correspond-
ing degradation compounds™ " may influence the stability of
lead chromates and contribute to visible color change. The
findings of this study, supported by those of earlier works,*'"!
will allow the elaboration of a more accurate, safe and
controlled strategy for the light exposure of the painting.
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