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Raman study of different crystalline forms of
PbCrO, and PbCr,_,S,0, solid solutions for the
noninvasive identification of chrome yellows in
paintings: a focus on works by Vincent van Gogh'

Letizia Monico,*® Koen Janssens,® Ella Hendriks,€ Brunetto G. Brunetti®?®
and Costanza Miliani®9*

Chrome yellows, a class of pigments frequently used by painters of the Impressionism and Post-impressionism period, are

known for their different chemical stability; the latter depends on the chemical composition (PbCrO,4, PbCr, ,S,0,) and
crystalline structure (monoclinic or orthorhombic) of the material. The possibility to distinguish among different forms of this
pigment is therefore relevant in order to extend knowledge on the corresponding degradation process that is observed on
several original paintings. For this purpose, three paintings conserved at the Van Gogh Museum (Amsterdam) were analyzed
using noninvasive Raman spectroscopy, while equivalent investigations employing bench-top instrumentation were per-
formed to obtain information from micro-samples originating from these works of art. In each painting, the chrome yellow
was identified either as monoclinic PbCrO, or in the form of monoclinic PbCr,_,S,0,; (x <0.25) or S-rich orthorhombic
PbCr; ,S,04 (x~ 0.5). Our ability to make this fairly subtle distinction is based on a Raman study of several oil paint model
samples made up of monoclinic and/or orthorhombic crystalline forms of PbCrO, and PbCr;_,S,0,4 (0.1 <x <0.8). These paints
were studied using several excitation wavelengths (namely 785.0, 532.0, 514.5, and 488 nm). Because of the absence of the
resonance Raman effect, which strongly enhances the chromate symmetric stretching band, and the absence of any laser-
induced photodecomposition, it is advantageous to acquire data at 785.0 nm. The band-shape and the position of the chro-
mate bending modes proved to be more sensitive to the solid solution composition and crystalline structure than the
stretching modes and can be used as distinctive spectral markers to discriminate among the different chrome yellow forms
that are present. Copyright © 2014 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

Chrome yellow is a synthetic pigment that is encountered in
paintings of the 19th—early 20th century, such as those by Turner
(1775-1851)," Constable (1776-1837),%! Pissarro (1830-1903),”
Cézanne (1839-1906), Monet (1840-1926),) Van Gogh
(1853-1890),'*”! Seurat (1859-1891),”® and Ensor (1860-1949).””
It has the chemical composition of pure lead chromate (PbCrO,
found in nature as the mineral crocoite) or of solid solutions of
lead chromate and lead sulfate (PbCr;_,S5,0,), with shades that
range from yellow to orange (x <0.1) and pale yellow (x> 0.5)
with increasing sulfate concentration.'®'"! Depending on the
sulfate amount, chrome yellow is nowadays named Primrose/pale
Lemon Chrome (PbCr,_,5,04 04<x<0.5), Lemon Chrome
(PbCr;_,5,04, 0.2<x<£04), and Middle Chrome (mainly
PbCr0,).l"%'? Three varieties of chrome yellow are mentioned in
several of Van Gogh's letters of the period 1888-1890 as chrome
yellow types 1, 2, and 3, possibly corresponding to the ‘lemon’,
‘vellow’ and ‘orange’ shades (see paint orders in letters 595, 684,
687, 710, and 863 and color annotated sketches F-/JH 1463 and
F-/JH 1428 in letter 622, for example).”

The solid solution end members PbCrO, and PbSO, have
monoclinic [P2;,, space group, (C3n), Z=41"' and orthorhombic

crystalline structures [Ppma Space group, (Dap), Z=41"* respec-
tively. As a consequence, when X increases beyond 0.4, a change
from a monoclinic to an orthorhombic structure is observed in
PbCry 5,04
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Artists, such as Van Gogh, were well aware that (see letters 538
and 595)”! chrome yellows show a tendency to lose their original
bright yellow color, thereby becoming greenish-brown when ex-
posed to sunlight. Also, other types of environmental factors,
such as contaminants and/or atmospheric gases (e.g.,, SO, and
H,S), can have this effect.'®"'® Considering that this phenome-
non is thought to be one of the causes that has led to changes
in the original color scheme of several paintings by Van Gogh
and some of his contemporaries, the understanding of the alter-
ation mechanism of chrome yellows is highly relevant in the field
of paintings conservation.

Previous investigations by synchrotron radiation X-ray methods
and energy electron loss spectroscopy carried out on photo-
chemical aged model samples and on two paint micro-samples
taken from paintings by Van Gogh allowed us to demonstrate that
(i) the degradation mechanism involves a reduction of Cr(VI) to Cr
(1) and (i) the process is favored when the pigment is present in
the orthorhombic S-rich PbCr;_, 5,0, (x>0.4) form.!'2? In
addition, X-ray diffraction (XRD), micro-Raman, and micro-FTIR
analysis of paint cross-sections demonstrated that Van Gogh
frequently made use of various forms of this pigment, including
the more unstable ones.”*

Indeed, the possibility to noninvasively assess the presence of
different types of chrome yellow in painting collections becomes
therefore relevant as part of their proper conservation and public
display.

In this context, the present work is aimed at (i) extending
our knowledge on the Raman scattering features of PbCrO,
and PbCr;_,S,0, solid solutions and (ii) evaluating the possi-
bility of distinguishing among different forms of the chrome
yellow pigments in works of art by means of portable fiber
optic Raman spectroscopy. For this purpose, a systematic
Raman study of oil paint models made up of six lead chro-
mate pigments [PbCrO, and PbCr,;_,S,0,4 (0.1<x<0.8) mono-
clinic and/or orthorhombic] by means of bench-top and
portable instrumentation is presented. The most appropriate
experimental conditions (i.e. choice of the excitation wavelength
and laser power) to effectively identify the types of lead
chromate-based compounds and prevent any laser-induced
damage of the painting are discussed.

The information acquired from the investigations of paint
models is used to interpret the noninvasive Raman spectra re-
corded directly from the surface of three Van Gogh paintings
conserved at the Van Gogh Museum in Amsterdam (Sunflowers
gone to seed, Bank of the Seine, and Portrait of Gauguin).

Experimental

Materials

Synthesis of PbCrO; and PbCr; ,S,0, and preparation of paint model
samples

Powders of monoclinic PbCrO, (sample Simono) and of four dif-
ferent coprecipitates of the form PbCr;_,S,0, [samples Sia
(x~0.1), S3z (x~0.25), Sic (x~05), Sip (x~0.75)] and of
orthorhombic PbCrO, (sample Siorno) Were synthesized follow-
ing the experimental procedures described in our previous
works.2"?3! The asterisk is used to denote the dry pigment
powders, i.e. prior to mixing with a binding medium.

Paint models denoted S;-Ssp were obtained mixing these in-
house synthesized powders with linseed oil in a 4:1 weight ratio

and applying the mixtures on polycarbonate microscopy slides.
Additional paint samples were prepared mixing Simono and either
Ss or S3p in different weight ratio (1:9, 1:3,1:1, 3:1, 9:1) with
linseed oil.

A list of the in-house synthesized lead chromate-based com-
pounds and some of their structural properties obtained via
XRD investigations are reported in Table 1 (see also the work of
Monico et al'®' for further details). Powder XRD analysis
revealed that samples Sjmonos S3a and Sig are almost entirely
composed of a single monoclinic phase, while a progressive
increase of the amount of the orthorhombic PbCry ;S0 904 phase
and a decrease in abundance of the monoclinic PbCr;_,S5,04
solid solution material can be observed when passing from Ssc
to S3p. In these two latter samples, minor amounts of orthorhom-
bic PbCrO, were also identified. In agreement with an earlier
study on PbCr; 5,0, solid solutions,!"® the unit cell volume of
the solid solutions decreases concomitantly with the increase of
sulfate content (as an example Fig. S1 of Supporting Information
shows the experimentally determined change of the unit cell
volume for Sjmono — S3p Monoclinic phase versus the sulfate
concentration).

Original paintings and corresponding embedded paint micro-samples

Raman investigations were performed on the following Van Gogh
paintings exhibited at the Van Gogh Museum in Amsterdam:
Sunflowers gone to seed, Bank of the Seine, and Portrait of Gauguin.

Noninvasive Raman measurements on paintings were carried
out during an European transnational access of the mobile
laboratory.** Further details about the paintings and micro-
samples investigated are summarized in Table 2. Figures S2-54
(Supporting Information) show the sampling areas and a selec-
tion of some among the locations where noninvasive Raman
analysis was performed.

Three corresponding paint micro-samples taken from each of
the painting: Sunflowers gone to seed (sample F377/2), Bank of
the Seine (sample F293/3), and Portrait of Gauguin (sample
%x448/2) were previously studied by Raman and synchrotron
XRD. Raman spectra are here discussed in detail and critically
compared with the noninvasive data.

Methods
Bench-top micro-Raman

Analysis of both paint models and original paint micro-samples
was performed by means of a JASCO NRS-3100 double-grating
spectrophotometer connected to an optical microscope (100x
objective) and equipped with a charge coupled device detector
cooled up to —47°C.

Paint models were subject to preliminary investigation using
the following excitation wavelengths: 488.0 and 514.5 nm (Argon
ion laser), 532.0 nm (Nd:YAG laser), and 785.0 nm (diode laser).
For the spectra collected using 488.0, 514.5, and 532.0 nm excita-
tion, the laser power at the sample was kept around 1 mW, and a
1200 lines/mm grating was employed. For the profiles recorded
at 785.0nm, power values between 3 and 7mW and a 600
lines/mm grating were used. Spectra were recorded in the en-
ergy range of 2000-250 cm ™ '; the exposure time varied between
3 and 105, with 3-10 accumulations. The spectral resolution was
between 2 and 4cm . In the same experimental conditions, the
diode laser was also used to record spectra from the paints pre-
pared mixing different types of chrome yellow.
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Table 1. Composition of in-house synthesized lead chromate-based powders and corresponding results of the Rietveld quantitative analysis of the
XRD patterns (see the work of Monico et al.?® for further details)

Sample® Starting Rietveld quantitative analysis results
molar ratio
Cro2 502~ Phases present Space group Lattice parameters (A) Unit cell Mass
volume (A% fraction (%)
a b c
S1mono” 1:0 PbCrO, Monoclinic P2,/n 7.12806(6) 7.43747(6) 6.80152(6) 360.581(5) 98.82(5)
PbCrO, Orthorhombic Pnma 8.667(2) 5.548(1) 7.118(2) 342.3(1) 1.18(6)
Saa 0.9:0.1 PbCrpg950.1104  Monoclinic P2,/n 7.1189(1) 7.4268(1) 6.7907(1) 359.029(9) 100
Ss 0.75:025  PbCrg76502404  Monoclinic P2;/n 7.0928(2) 7.3956(2) 6.7709(2) 355.17(2) 100
Sic° 0.5:0.5 PbCrg54S04604  Monoclinic P2,/n 7.0715(2) 7.3733(2) 6.7538(2) 352.15(2) 60.0(2)
PbCrp09500104  Orthorhombic Pnma 8.5113(2) 5.4055(2) 6.9836(3) 321.30(2) 31.1(1)
PbCrO, Orthorhombic Pnma 8.6457(9) 5.5780(5) 7.0881(6) 341.83(6) 9.10(8)
S3p° 0.25:0.75  PbCroeS0404 Monoclinic P2,/n 7.0743(5) 7.3779(6) 6.7634(6) 353.01(5) 11.5(3)
PbCrp1S0.004 Orthorhombic Pnma 8.4994(2) 5.4035(1) 6.9736(1) 320.27(1) 74.7(3)
PbCrO, Orthorhombic Pnma 8.612(1) 5.5881(9) 7.095(1) 341.44(8) 13.8(2)

“The Rietveld quantitative analysis was not performed to Sjmho. Its XRD pattern shows features similar to that reported in the literature.!" (
the work of Monico et al'?* for details).
*The weighted average unit cell volume for S:mono, S;c, and S;D was approximately estimated to be 360.36(2), 342.32(2), and 326.96(3) A3, respectively.

“The weighted average chemical composition for S;c and S;D was approximately estimated to be PbCrg 450604 and PbCrg 550504, respectively.

see

Table 2. Details of original paintings and corresponding embedded paint micro-samples investigated by means of Raman spectroscopy

Painting name and Van Gogh Museum Creation date, Notes on past Chrome yellow
corresponding inventory number technique, and sizes restoration treatments'® composition?
sample name/number

Sunflowers gone to Inv. n. S 121V/1962 Mid-August to The painting was wax-resin Monoclinic PbCrO,°
seed; sample F377/2 mid-September 1887; lined and varnished by

(Fig. S2 of Supporting oil on cotton; J. C. Traas in the winter of

Information) 21.2%x27.1cm 1926-1927. In 2003, the

picture was cleaned and
restored by E. Hendriks,
removing the deteriorated

old varnish layer. A very

thin layer of Regalrez 1094
varnish was applied at the
end of the restoration process.

Bank of the Seine; Inv.n. S 77V/1962 Mid-May to late The painting was wax-resin Monoclinic PbCr; _,S,04
sample F293/3 July 1887; lined and varnished by (x~0.1) and/or

(Fig. S3 of Supporting oil on linen; J. C. Traas sometime in monoclinic PbCrO,°
Information) 32.0x46.0cm the period 1927-1933. In

2005, the picture was
cleaned and restored by

E. Hendriks, removing the
deteriorated old varnish
layer. No new surface coating

was applied.
Portrait of Gauguin; Inv. n. S 257 V/1962 December 1888; In 1927, the canvas (without Monoclinic and possible
sample x448/2 oil on jute; tacking margins) was stuck orthorhombic
(Fig. S4 of Supporting 37%33cm onto triplex using a whitish PbCr; 5,04 (x~0.5)
Information) adhesive by J. C. Traas. The

picture has never been
varnished, which is quite
exceptional.

@A good agreement between the Raman profiles collected from selected areas of the painting using the portable device and those obtained from
the corresponding paint micro-samples by means of the bench-top instrumentation was obtained (see par. ‘Microinvasive and noninvasive
identification of different chrome yellow types on works of art’ for further details).

Chrome yellow found in mixture with zinc yellow (K;0-4ZnCrO,4-3H,0).
“Chrome yellow sometimes found in mixture with chrome orange [(1—x)PbCrO,xPbQ] or vermilion (HgS).

wileyonlinelibrary.com/journal/jrs Copyright © 2014 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2014, 45, 1034-1045
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The prevention of any laser-induced damage at the surface of
works of art is a fundamental issue with noninvasive Raman
studies; thus, with the aim of collecting the spectral signatures
from laser-induced degradation products that might be formed
in situ, additional tests were performed on the oil paint model
made up of monoclinic PbCrO,4. For this purpose, excitation at
532.0 and 785.0nm was used, considering that these two
wavelengths are commonly implemented in portable Raman
devices.*>?®! A power up to ca. 11 mW, an exposure time between
1-5s and up to a maximum of 400 scans were employed.

In experimental conditions similar to those used for the paint
models, spectra at 785.0nm were collected from the original
embedded paint micro-samples. Investigations using an excita-
tion at 532.0 nm were performed on F377/2, because the deep
red line was not available when this sample was analyzed.

The mathematical treatment of the micro-Raman spectra
acquired from the paint models at 532.0 and 785.0nm was
performed by means of the Origin 8.0 software. The decon-
volution process was performed using Lorentzian functions and
employing the minimum number of components. The fitting
results were characterized by squared regression coefficient
values R* > 0.994.

Portable Raman

Measurements on paint model samples and on the paintings by
Van Gogh were performed with a custom-made spectrophotometer
equipped with a diode laser source emitting at 785.0 nm. The
laser radiation was focused through an optical fiber (diameter
of 105um) into an external probe. The backscattered Raman
light was collected by a second optical fiber (diameter of
200um) and led to a Czerny-Turner polychromator (about
100 mm focal length) of a compact ORIEL MS125 spectrograph.
This latter component was equipped with a 1024 x 128 pixel
ANDOR charge coupled device detector kept at —46 °C with a
Peltier cooler. A 1200 lines/mm grating was used during the
analysis. Spectra were recorded in the 1850-200cm ™' energy
range. For the paint models, the maximum laser power at the
sample was 30mW, while on the original paintings, up to
10mW was employed. The exposure time varied between 1
and 2s, using 3-5 accumulations. The spectral resolution was

about 4cm™".

Results and discussion

Characterization of synthesized lead chromate-based
compounds

Effect of the laser excitation wavelength

As described by several studies,’”’ % the bands at about 840 and
358cm ', assigned to the chromate totally symmetric stretching
(v;) and symmetric bending (v4) modes, respectively,®'>? can be
used as marker signals for a generic identification of chrome
yellow pigments in works of art. We have previously reported®*
that the characterization of different varieties of lead chromate
compounds can be obtained considering the position, band-
shape and relative intensity of both the symmetric and asymmet-
ric bending modes (v, and v,) positioned in the 420-300cm "
energy range. Additionally, the detection of the sulfate symmet-
ric stretching mode (v;) at ca. 970cm™' provides indications
about the presence of PbCr,_,S5,04 compounds.

Chromate salts are known to show a resonance Raman effect
that gives rise to a significant enhancement of the totally symmet-
ric stretching band [v, (CrO27)] when the excitation wavelength isin
resonance with the energy of the lowest allowed ligand-to-metal
charge transfer transition.®* Figure 1 illustrates the Raman spectra
of the samples S1mono, S3a—S3p (PbCry_45404), and Sqorino Obtained
at four different excitation lines (785.0, 532.0, 514.5, and 488 nm).
With decreasing excitation wavelength, the intensity of the
v1(CrO27) band is enhanced with respect to the bending
Vo/va(CrO37) bands as a result of the resonance Raman ef-
fect.2373°1 Indeed, the UV-visible spectrum of PbCrO, reported
in Fig. S5 (Supporting Information) shows a broad absorption band
centered around 400 nm that is related to a ligand-to-metal charge
transfer band responsible for the yellow color.

It follows that in the spectra acquired at 488 nm [Fig. 1(d)], the
intensity of the bending modes (420-300cm ') is very low, so
that no useful information can be obtained that allows to
properly characterize the different lead chromate compounds.
Moreover, at this wavelength, the v;(SO2) vibration (ca.
978cm™ ") is only visible in the profile of the sample with the highest
sulfate content (Ssp).

Regarding the spectra collected at 514.5 nm [Fig. 1(c)], the
presence of the v;(S037) band as well as the broader shape
and different position of the v,/v4(CrO2~) modes only distinguish
the profiles of the orthorhombic PbCrO, (S1ortho) and the more S-
rich PbCr,_,S,0, coprecipitates (Ssc and Ssp) with respect to
those of the monoclinic compounds (S1monos S3a, @and Szp).

Regardless of the sulfate amount present, in case of the spectra
obtained either using 532.0 [Fig. 1(b)] or 785.0 nm [Fig. 1(a)]
excitation, the band-shape and position of the chromate bending
modes allow different chrome yellow types to be readily distin-
guished (cf. Section ‘Raman band component analysis’ for a de-
tailed discussion). However, in case of the profiles collected at
532.0 nm, the differentiation between S;mono and Sza is not pos-
sible, because of the absence of the v,(SO27) mode in the spec-
trum of the latter sample.

It can be concluded that using the 785.0 nm line and working
in nonresonant mode, a higher information content can be
obtained that allows to discriminate among different chrome
yellow types. Consistent with the literature,”*®! we also observed
that a minor fluorescence background contribution because of
the binding medium affects the profiles when the deep red
excitation is employed in comparison to the ones recorded at
shorter wavelengths.

As we discussed in a previous work,'>! the same systematic
differences observed at 785.0nm with the bench-top Raman
instrument [Fig. 1(a)] are appreciable in the scattering profiles
collected with the portable device at the same excitation wave-
length, despite its lower instrumental spectral resolution.

Laser-induced damage tests

Figure 2 shows the spectra resulting from laser-induced damage
tests that were carried out on S;meno at 532.0 and 785.0 nm at
different exposure times and laser power settings.

Regarding the spectra collected using 532.0 nm excitation
[Fig. 2(a)], when the laser power is kept at ca. T mW, no changes
of the spectral features are observable varying the exposure time
(between 1 and 5 s) and increasing the number of scans collected
at the same point (up to 100 scans total).

At 3mW, a broadening of the spectral features occurs in the
entire spectral range along with a modification of the relative

J. Raman Spectrosc. 2014, 45, 1034-1045
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Figure 1. Raman spectra of paint model samples of PbCrO4 (S1monor Stortho) @nd PbCry S04 (S3a-S3p) collected by means of the bench-top instrumen-
tation at the following excitation wavelengths: (a) 785.0 nm (power: 3-7 mW; exposure time: 5-105s; 5-10 scans); (b) 532.0 nm (power: 1 mW; exposure
time: 3-10's; 5-25 scans); (c) 514.5nm (power: 0.6-0.7 mW; exposure time: 2-4s; 10-40 scans); and (d) 488.0 nm (power: 0.6—-0.7 mW; exposure time:
1-45; 20-30 scans). See the work of Monico et al.?® for the spectra acquired by means of the portable device at 785 nm.

intensities of the bending modes, although no significant
changes of the position of the v;(CrO3 ) and v,/v4(CrO3 ) bands
are observable.

New spectral features, ascribable to the formation of Cr(lll)
oxide-based compounds,®*”! appear in the spectra acquired at
6 and 11 mW. In particular, at 6 mW the Raman frequency of
the v;(CrO3 ") mode shifts from 839 to 827 cm ™' with increasing
scans number (exposure time 15s) and after 15 scans a new band
at ca. 541 cm™ ' appears. The latter signal is assignable to the Cr
(I)-O stretching mode.***” At 11 mW, signals ascribable to
Cr,05 (535-541, 340, and 305cm™ ') appear just after 1 scan
(exposure time 15s); their intensity decreases with increasing
number of scans, most probably due to the formation of an
amorphous phase.”!

Figure 2(b) illustrates that no changes are observable in the
spectrum of Simono When the power of the 785.0 nm laser at
the sample is kept at 7mW (maximum value reachable with the
available experimental setup). An increase of either the exposure
time (from 1 to 10's) or the number of scans at the same point (up
to 300) does not give rise to observable modifications of the
spectral features. As Fig. S6 (Supporting Information) illustrates,
measurements performed on samples Ssg, S3c, and Ssp by means
of the portable device and using higher laser power (up to
24 mW) show similar stable results.

On the basis of these observations, we can conclude that the
advantage to use an excitation wavelength not absorbed by
the pigment (i.e. 785.0 nm) not only resides with the possibility
to gain detailed and complete information on the different types

of lead chromate pigments but also allows avoiding a laser-
induced photochemical reduction.

Raman band component analysis

In order to find reliable spectral makers of the different chrome
yellow forms, a Raman band component analysis was applied
to the Cr-0O stretching and bending regions of the spectra col-
lected using a 785.0 nm excitation (nonresonant spectra). Similar
results are obtained for spectra collected at 532.0 nm, and those
obtained in the Cr-O bending energy range are shown in
Fig. S7 (Supporting Information).

Consistent with the literature,*'>% three components accu-
rately describe the Cr-O stretching modes for all samples, except
in case of Sqothos fOr which an additional weak component at
938cm !, ascribable to the asymmetric stretching (vs) of
polychromate-species,® is required in order to obtain a good
fitting result [Fig. 3(a)].

When increasing the sulfate concentration, the wavenumber of
the v;(CrO27) mode monotonically increases from 841 cm ! for
lead chromate (Sqmono @aNd Siorho) to 845 cm ™! for Sip [Fig. 4(a),
on top]. Also, the full width at half maximum of both these
components increases (e.g., for the most intense component at
841-845cm™', from about 15cm™" for Simono t0 €a. 25cm™"
for Ssp). Consistent with the XRD data (Table 1 and Fig. S1 of
Supporting Information) and with previous studies on other
MCr;_,S5,04 compounds (M=Ba, Ca, Sr, Pb, and Na),**! these
observations can be explained taking into account the lattice

wileyonlinelibrary.com/journal/jrs
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Figure 2. Raman spectra of paint model sample of monoclinic PbCrOy4 (S1mono) collected by means of the bench-top instrumentation at different power
and/or exposure time: (a) 532.0 nm (1-11 mW, exposure time: 1) and (b) 785.0 nm (7 mW, exposure time: 1-10's) (see text for further details). In Fig. S6
(Supporting Information), similar experiments performed by means of the portable instrumentation are reported.

compression effect. Also, the changes in the band-shape, more
symmetrical at low sulfate content, must be considered in this
sense. As observed for the chromate anion vibrations, the lattice
compression effect determines a shift of the Raman frequency of
the v;(SO2") mode as a function of increasing sulfate amount
[Fig. 4(a), on middlel: its energy position moves from 971cm ™"
for S3a to 980cm ™' for PbSO, (spectrum not reported). Only
in case of the most S-rich sample Ssp, additional signals at
450 and 438cm ' ascribable to the sulfate bending modes
[v5(SO37)] are visible [Fig. 1(a)].

According to the literature,?>? in the Cr-O bending region
(420-300cm ™), four to five components are generally required
to obtain good fitting results [Fig. 3(b)l. For Simonos the
va/v5(CrO27) modes are located at 400, 377, 358, 336, and
323cm . As observed for the components describing the Cr-O
stretching region, also those ascribed to the chromate bending
modes show an increase of full width at half maximum (e.g., for
the component at 358-360 cm ™', from about 13cm ™' for Simono
to ca. 21cm™ " for S3p), a change of the relative intensities and a
progressive shift of the centroid position toward higher energy
with increasing sulfate abundance. As an example, Fig. 4(a)
(bottom) shows the Raman frequency of the v,(CrO3 ) mode at
400-410cm ™' versus the sulfate concentration.

Interestingly, the chromate bending modes of S;otho Show
features that are different from those of S;yono, bOth in terms
of number, position, and relative intensity of the fitting compo-
nents. Consistent with Davies et al.*?! the bending band-shape
of Sqiorho resembles that of other orthorhombic chromate salts.
The spectrum of this compound is properly described including

four components in the fitting model, located at 411, 384, 362,
and 341cm™'. As Fig. 3(b) illustrates, the band located at
341cm ' appears to be characteristic for the presence of an
orthorhombic crystalline phase: its contribution is only significant
in case of S3p and Sqqrtho- ON the other hand, the intensity of the
signal located in the 358-362cm ™' wavenumber range is related
to the presence of the monoclinic phase. The ratio of the net area
of the latter component and that of the band located between
336 and 341 cm ' [Fig. 4(b), bottom panel] decreases monotoni-
cally with the percentage amount of orthorhombic phase (as
estimated by XRD; cf. Table 1), thus confirming in a semi-
quantitate manner the aforementioned observations. A similar
trend is also visible plotting the ratio of net area of the Cr-O sym-
metric (841-845cm™") and the asymmetric (857-880cm—")
stretching components [Fig. 4(b), top panel].

Mixtures of different chrome yellow types

Figure 5 illustrates the Raman spectra acquired from the model
paints prepared mixing Simono (PbCrO,) and either Ssp
(PbCrg7550.2504) or S3p (PbCrg5S0804) in different proportions.
Considering that mixtures of different chrome yellow varieties
may be encountered on original works of art, spectra were
acquired not only employing the bench-top instrument (black
lines) but also the portable device (red lines).

As shown in Fig. 5 (black lines), in the spectra collected from
mixture paints containing a mass fraction of S;nono €qual or
higher than that of Ssg or S;p (see spectra corresponding to
Simono:S3e/Ssp=1:1, 3:1, and 9:1), the chromate stretching
and bending modes resemble to that of S ono [Cf. Fig. 1(a)]. This
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Figure 3. Chromate (a) stretching and (b) bending region of the Raman spectra acquired at 785.0 nm from paint model samples of PbCrOy4 (Simonor
Stortho) @and PbCr; ,S,0, (S3a—S3p) and corresponding results of the band component analysis. Black labels indicate the wavenumber positions of each
components, while in blue the full width at half maximum (FWHM) values for the band at 841-845cm ™' and 358-362cm ™' are shown. (This figure is

available in colour online at wileyonlinelibrary.com/journal/jrs.)

is demonstrated by the position of the v1(CrO27) vibration at
841cm™ ' and those of the vy/v4(CrO37) signals at 400 and
358cm . It follows that for this group of paint samples, the Ssg
or S3p coprecipitates can be identified only by the presence of
the v4(SO27) mode (at 973 and 978cm ™', respectively). The
detection of PbCr;_,S,0, is not possible when S;mono and either

S3p or S3p are mixed in a 9:1 weight ratio (Fig. 5, spectra Simono:
S3p/S3p=9:1). The v4(S03 ") signal of Ssp starts to become visible
when the mass fraction of the coprecipitate becomes more or
less equal to that of S1mono [Fig. 5(a), see spectrum corresponding
t0 Simono:S3sg=1:1]. This band is already detectable in the
spectrum when S;mono and Szp are mixed in a 3:1 weight ratio

wileyonlinelibrary.com/journal/jrs
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Figure 4. (a) Plot of the Raman frequencies of (from top to bottom):
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between the Raman components positioned (toP) at 841-845cm’ |
and 857-880cm ™' and (bottom) at 358-362cm ' and 336-341cm
versus the percentage amount of orthorhombic phase.

[Fig. 5(b), spectrum corresponding t0 Simono:Ssp=3:11. It is
worth to underline that the symmetric stretching of sulfate in
the lead chromate structure is shifted toward lower
wavenumbers with respect to pure lead sulfate [see Section
‘Raman band component analysis’ and Fig. 4(a)]l. However, the
eventual presence of anglesite in the paint may hinder the
identification of S3g or S3p coprecipitates in mixture with Sqmono.

When the relative amount of Ssg exceeds that of Symeno [Fig. 5
(a), spectra corresponding to Simono:S3e=1:3 and 1:9], the
spectral features become progressively more similar to that of
the pure Szg compound. This is demonstrated by a shift toward
higher wavenumbers of the v;(CrO2 ™) (843 cm™") and vy/v4(CrO3 ")
modes (403 and 359cm™’) as well as a gradual increase of the
intensity of the v;(S03") vibration.

Except for the presence of the v1(S037) band at 978 cm ™', the
identification of S;p is difficult even in the mixture samples
containing the lowest mass fraction of Simono [Fig. 5(b), spectra
corresponding t0 Simono:S3p=1:3, and 1:9]. The chromate and
stretching bands mostly resemble that of Simono: the v1(CrO2 ™)
band is positioned at 841 cm™" and only a slight shift of the v,
(Cro37) frequencies takes place (402 and 359 cm™"). The charac-
teristic band of S;p located at 342cm™' appears as a weak
feature. Only in the spectrum collected from the sample obtained
Mixing Sqymono and Szp in a 1:9 weight ratio [Fig. 5(b), spectrum
corresponding t0 Sqmono:Ssp=1:9] the v,(SO2), the vibrations
at 450 and 438cm™ are visible.

As Fig. S8 (Supporting Information) illustrates, the aforemen-
tioned results can be justified by taking into account the Raman
scattering coefficient of the lead chromate compounds. Its value
progressively decreases as a function of both the relative
amounts of sulfate and of the orthorhombic phase.

In the v;(CrO37) and v;(S0O3") regions, the spectra obtained by
means of the portable Raman spectrometer (Fig. 5, red lines)
show features that are comparable to those acquired using the
bench-top instrument. The lower instrumental spectral resolution
makes a detailed characterization of the bands located in the
Cr-O bending region more difficult. However, with the in-
crease of the relative amount of Sz or S3p, a broadening of
the v,/v4(CrO37) modes becomes appreciable.

On the basis of these investigations, it follows that detection
problems may be encountered when different lead chromate-
based compounds are present together, because of the predom-
inance in the Raman profiles of the spectral features of the mono-
clinic PbCrO4 and S-poor PbCr;_,S,04 which have a higher
Raman scattering coefficient with respect to the corresponding
compounds containing orthorhombic crystalline phases and
higher amounts of sulfur.

Microinvasive and noninvasive identification of different
chrome yellow types on works of art

The comparison between the micro-Raman spectra collected
from the yellow areas of the embedded paint micro-samples
F377/2, F293/3, and x448/2 [Fig. 6(b), black lines] and those
obtained from the model paints [Fig. 6(b), gray lines] clearly
demonstrate the presence of different chrome yellow forms. As
we described in a previous work,'?3! this result is also confirmed
by synchrotron radiation-based micro-XRD and reflection mid-
infrared investigations.

Noninvasive in situ Raman measurements allowed similar infor-
mation to be obtained analyzing different areas of yellow paint of
Van Gogh paintings Sunflowers gone to seed, Bank of the Seine,
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Figure 5. Raman spectra of paint models containing different proportions of monoclinic PbCrO,4 (Simono) and either (a) PbCrq 75502504 (S3g) or (b)
PbCry5S0804 (S3p) acquired using a 785.0 nm excitation of (black) bench-top and (red) portable devices. (This figure is available in colour online at

wileyonlinelibrary.com/journal/jrs.)

and Portrait of Gauguin at the Van Gogh Museum (see Table 2 for
further details about these paintings).

The sampling regions of the cross-sections reported in Fig. 6(a)
and the locations where the in situ Raman spectra of Fig. 6(c)
were acquired are illustrated in the Supporting Information
(Figs S2-S4).

In sample F377/2, taken from Sunflowers gone to seed, the
micro-Raman spectrum acquired from a yellow-orange crystal
[Fig. 6(b), spectrum 01] shows the presence of monoclinic
PbCrO,. As reported in Fig. S9a (Supporting Information), similar
investigations carried out on a greenish yellow pigment grain
(spectrum 02) allowed also the presence of the zinc yellow
pigment (K,0-4ZnCrO4-3H,0) to be identified (signals at 941,
893, and 872cm ™).

During the last restoration treatment of the painting, a thin
layer of Regalrez 1094 varnish (a hydrogenated oligomer of
styrene and a-methyl styrene) was rubbed onto the surface,
just enough to saturate dark color areas while retaining a
matt effect that was in keeping with the artist’s intention
(see Table 2 for details). Despite the presence of this varnish
layer, a proper characterization of the paint layer underneath
could be obtained by means of in situ Raman measurements:
the spectrum collected from a greenish yellow area [Fig. 6(c),
spectrum SFS04], shows spectral features that resemble those
of the monoclinic PbCrO,. The additional presence of a signal
at 872cm™' can be ascribed to the presence of zinc yellow
(see Fig. S2 of Supporting Information for the location where
this spectrum was acquired).

wileyonlinelibrary.com/journal/jrs
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Figure 6. (a) Optical microscope images and (b) corresponding Raman spectra collected from yellow areas of (from top to bottom) the original embedded paint
micro-samples F377/2, F293/3 (both samples were taken before varnish removal/samples include varnish layer) and x448/2 taken from paintings by Vincent van
Gogh. (c) Noninvasive in situ Raman spectra collected from the corresponding Van Gogh paintings (from top to bottom) Sunflowers gone to seed, Bank of the
Seine, and Portrait of Gauguin. In (a) the locations where the spectra of (b) were obtained are indicated by white circles and labels. The spectrum 02 collected
from F377/2 is reported in Fig. S9a (Supporting Information). The sampling areas of the cross-sections reported in (a) and the in situ measurement locations
of the spectra shown in (c) are illustrated in Figs S2-S4 (Supporting Information). (This figure is available in colour online at wileyonlinelibrary.com/journal/jrs.)

In the case of sample F293/3, originating from Bank of the Seine,
the lighter-yellow regions show the presence of a PbCr;_,5,04
coprecipitate having spectral features close to that of the reference
compound Sza. In this sample, lead white was also identified (signal
at 1050cm™").*3 Consistent with the data obtained from F293/3,
the noninvasive Raman spectrum collected from a yellow painted
area of the corresponding painting (Fig. S3, Supporting Informa-
tion) also reveals the presence of lead white [Fig. 6(c), spectrum
BS03]. Although the yellow pigment shows Raman features that
are very close to that of a monoclinic lead chromate-based com-
pounds (e.g., S1monor S34), @ More certain identification of its chem-
ical composition as either PbCrO,, PbCr;_, S,04 (x<0.25) or a
mixture of both of them is difficult to make, in view of the absence
of the v,(SO2 ") feature in the spectrum. The relative low power of
the laser (8-10 mW) that was used during the analysis may be re-
sponsible for this uncertainty. As Fig. S6 (Supporting Information)
illustrates, preliminary Raman tests performed on the model paints
using the portable device revealed that for the monoclinic
PbCr;_,5,04, the v4(S02) band only becomes clearly visible when
a laser power above ca. 20 mW is employed.

Regarding the sample x448/2 taken from Portrait of Gauguin,
the chrome yellow pigment was identified as S-rich PbCr;_,S5,0,4
(x~0.5). As Fig. 6(b) illustrates, the micro-Raman spectrum col-
lected from the light yellow areas shows features that resemble
those of the reference compound Ssc. The additional presence of
a signal at 1050cm™ " indicates the presence of lead white.
Consistent with the micro-Raman results collected from the
embedded sample, the identification of a chrome yellow type
similar to Ssc is also confirmed by in situ Raman spectroscopy
[Fig. 6(c), spectrum PGO5].

Again, the absence of the v1(5027) signal can be ascribed to
the relative low power of the laser that was used during the
analysis (cf. Fig. S6 of Supporting Information).

In addition, as Fig. S9b (Supporting Information) illustrates,
the chrome orange pigment [(1—x)PbCrO4xPbO] was identi-
fied to be the main constituent compound of some of the
orange painted areas of the paintings Bank of the Seine and
Portrait of Gauguin. In some reddish-orange areas of the
former painting, the presence of vermilion (HgS, most intense
signal at ca. 252cm™ ")**! was found to be present in a mix-
ture with chrome orange.

Conclusions

In PbCr,_,5,04 solid solutions, the substitution of the chromate
ions by smaller sulfate ions leads to a volume decrease of the
monoclinic unit cell at low sulfate concentration and a change
of the crystalline structure from monoclinic to orthorhombic at
high sulfate concentration. These changes affect to a different
extent all the fundamental vibrational bands of these materials.
In particular, the chromate bending multiplet (v,/v,) is strongly
affected by the chromate/sulfate substitution, showing a shift of
band positions as a function of the cell compression and a clear
modification of band shapes related to the change of the crystal-
line structure. Additionally, the v; symmetric stretching band of
both sulfate and chromate ions shift slightly toward higher
energy as a function of the sulfate concentration. Another
relevant effect of the chromate to sulfate substitution is a
decrease of the Raman scattering cross-section.
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The spectral profiles of these pigments are dependent on
the Raman excitation energy: both in resonance (at 488.0 nm)
and pre-resonance (at 514.5nm) mode, a strong enhancement
of the totally symmetric stretching chromate mode (v;) with
respect to the bending modes is observed. Despite increasing
the sensitivity of Raman spectroscopy and thus facilitating the
generic identification of chromate pigments, the resonance
mode reduces its specificity, therefore rendering a reliable rec-
ognition of different solid solution forms more difficult. On the
other hand, the nonresonant mode of excitation (at 785.0 nm)
allows for a clear detection of both the chromate bending
profile and the sulfate stretching band, also in the S-poorer
PbCr;_,5,04 (x<0.25) solid solutions. In addition, working at
785.0nm avoids any photochemical damage to the pigment;
such damage is clearly observed when 5320nm or higher
energies are employed for excitation. The portable set-up equipped
with a 785.0 nm diode laser and a fiber optic probe proved to
have enough spectral resolution and sensitivity for a reliable
identification of the six different chrome yellow solid solu-
tions prepared as oil paint models. It must be underlined that
due to the decrease of the scattering coefficient with
increasing sulfate and orthorhombic phase abundance, the
detection of a small amount of S-rich PbCr;_,S5,0, in mixtures
with monoclinic lead chromate as main constituent can be
difficult, especially when working at low laser powers.

Noninvasive Raman spectroscopy has been successfully
exploited to study in situ the yellow palette of three Van Gogh
paintings. The results, validated by a micro-Raman investigation
of a few available cross-sections, convincingly demonstrates that
Van Gogh employed different type of lead chromate/sulfate solid
solutions, either in undiluted form or in mixtures with other pig-
ments (such as lead white and vermilion). He also used other
chromate-based materials such as chrome orange [(1—X)
PbCrO4xPbQ] and zinc yellow (K,0-4ZnCrO4-3H,0).

This paper shows that noninvasive Raman spectroscopy is a
reliable and sensitive tool for identifying and mapping different
types of chrome yellow on the surface of works of art, thus
contributing to advance our understanding on the causes of
alteration of this class of pigments.
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