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Abstract

The analysis of red particles in paint cross-sections from Leonardo da Vinci's Last Supper,
Masolino da Panicale’s wall painting Beheading of St. John the Baptist in Castiglione Olona,
Tintoretto's The Discovery of the Body of Saint Mark and Paolo Veronese’s Supper in the House of
Simon has been carried out with micro-Raman measurements. Subtracted shifted Raman
spectroscopy methods have been employed to resolve the signals in the presence of fluorescence.
Taking advantage of the vibrational assignments based on recent ab initio calculations of
aluminum-complexes of anthraquinones, the approach allowed the discriminate between
anthraquinone dyes and lakes based on Kermesic and Carminic acids present in the studied samples

for the first time without heavy sample treatment.
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1. INTRODUCTION
Red lakes precipitated from dyes, have been used for millennia as pigments in works of art due to
their unique color arising from extensive conjugated bonds in aromatic ringst. Natural red lake
pigments originate from dyes extracted from plants or insects. Despite their optical similarity, lakes

may differ in chemical composition, reactivity and ease of photodegradation depending on their
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origin and the materials used in their preparation. Madder®®, from rubia tinctorum, or other kinds
of rubia, is a mixture of purpurin and alizarin*, while Brazilein™, from Brazilwood, is particularly
light sensitive. Laccaic acids'® account for the dye produced by the lac beetle “Kerria lacca Kerr.
The extracted dyes yield a solid pigment when precipitated with a mordant. Carminic, kermesic and
flavokermesic acids can be extracted from insects: Mexican Cochineal (Dactylopius coccus) chiefly
contains carminic acid,, while extracts from Armenian (Porphyrophora hamelii) and Polish Cochineal
(Porphyrophora polonica) contain larger concentrations of kermesic and flavokermesic acids!” .

The main structural difference between the many anthraquinone-based red lakes is the nature of the
side chains on the anthraquinone backbone®*!. Carminic acid contains a glycosidic ring, while
flavokermesic and kermesic acids contain both a methyl group and three or four hydroxyl groups,
respectively. Alizarin and purpurin, by contrast, contain only two or three hydroxyl groupst*' 2,
respectively. Historic recipes for the preparation of red lake pigments vary in the methods of
extraction of the dyes, the pH of the dye solution and the mordants used for precipitation of the
complexes™. For example, lake pigments can be prepared by extracting the dyes directly from the
insects or from shearings of dyed textiles, with common mordants including Alum
(KAI(SO4),2-12H,0), calcium carbonate (CaCQOg3) or starch. Other metal ions were commonly used
to create darkly coloured textiles with the same dyes. Red lakes are widely documented in paintings
including works by Leonardo, Tintoretto and Veronesel™ ' *°1.

While the analysis of many inorganic pigments may be straightforward and can be achieved
optically or non-destructively with well-established techniques™, organic lakes are notoriously
difficult to identify or discriminate. Their identification is mainly carried out through the detection
of different markers or acids by liquid chromatography (LC) which stands as the standard method
for the analysis of lakes due its specificity and sensitivity even though it involves extraction and
destruction of the samplel*’?%. Extensive research with LC at the National Gallery London revealed
a range of red lake pigments made from madder and brazilwood in paints by Old Masters showing
that the use of Kermes-based red lakes was followed by the adoption of Carminic-acid based lakes,
for example by Veronese, extracted from Mexican Cochineal™.

In much published research lake pigments are simply recognized on the basis of their fluorescence,
but cannot be easily discriminated®). Raman spectroscopy is routinely used for the non-destructive
analysis of pigments and numerous case studies demonstrate its strength for the determination of
both inorganic and organic materials in paint samples??. Often the direct Raman analysis of red
lakes in paint samples or in paintings is compromised by the strong fluorescence of the pigment

which masks Raman signal®2°!,



For these reasons Surface Enhanced Raman Spectroscopy (SERS)?"¥ has gained significant
popularity as an alternative method for the analysis of red lake pigments. SERS, like LC, is based
on the extraction of dyes from micro-samples and on subsequent interaction of the extracted
molecules with nano-structured substrates for the detection of an enhanced Raman signalt®* .
SERS spectra can be directly measured on cross-sections following sample treatment®®” or laser
ablation micro-sampling®®®.. A general problem with the extraction of dyes from pigments - whether
for SERS or for LC - is that information regarding the coordination of the dye molecules is lost!*).
The interpretation of the Raman spectra of red lakes and their parent dyes in terms of normal modes
is a major challenge because of the large number of active modes and the vanishing intensity of
some of them. For instance, in the case of kermesic acid there are 96 Raman active modes, with 53
of them occurring between 1800-600 cm™. For this reason, most of the Raman studies of red lakes
rely on standard Raman bands taken as markers of specific red lakes or dyes. Although this is a very
simple, practical and economic approach for the identification of the lake it does not offer much
information on the actual normal modes at work, apart from correlations with traditional group
frequencies.

In this work we apply a different approach relying on our recent work!® where ab initio Density
function theory (DFT) calculation of the vibrational frequencies and infrared and Raman intensities
has been carried out for the anthraquinone family dyes, including anthraquinone, alizarin, purpurin,
carminic and kermesic acid and their Al-complexes. The computational results have been compared
with all the available infrared and Raman spectra leading to a vibrational assignment of
unprecedented accuracy for this category of chemical compounds.

The samples presented in this work were examined with normal Raman spectroscopy. The
comparison between the experimental Raman spectra with available experimental data and with
DFT calculated spectra allows the clear identification of red lakes, and the normal modes
characterizing the observed Raman profile can be resolved. It will be shown that the present results
do not contradict the results of SERS investigations, whenever available, but provide superior
spectroscopic and structural information while, at the same time, an alteration of the sample is
avoided.

With the outlined procedure we report the analysis of the composition of organic red lake pigments
in samples from Leonardo da Vinci’s wall painting The Last Supper, from Masolino da Panicale’s
wall painting depicting The Beheading of St. John the Baptist in the Baptistery (Castiglione Olona,
Italy), from two canvasses: Tintoretto’s monumental The Discovery of the Body of Saint Mark and
Veronese’s canvas Supper at the House of Simon, both on display in the Pinacoteca of Brera in
Milan.



2. EXPERIMENTAL AND METHODOLOGY
Raman analyses were carried out directly on cross-sections. Cross-sections from the paintings were
taken during conservation work and are now stored in the Archivio Gallone!l. All samples were
prepared in cross-section using a polyester- based resin and hand polished.. A Renishaw 2000
micro-Raman spectrometer using excitation either with the out of resonance 785 nm line of a diode
laser and with the near resonant 514 nm line of an Ar’ laser was employed. The power at the
surface of the sample was 6 mW. The laser was focused on the sample using a 50x objective (NA:
0.75), and an area of approximately 2-4 um in diameter was analyzed at a spectral resolution of 4
cm with typical integration times of 100 seconds per acquisition. The luminescence background in
the experimental Raman spectra was eliminated by subtracted shifted Raman spectroscopy (SSRS)
which is described in detail elsewhere!***],
3. RESULTS AND DISCUSSION

3.1 Leonardo da Vinci: The Last Supper

The wall painting of The Last Supper was executed by Leonardo for the Refectory of Santa Maria
delle Grazie in Milan between 1494 and 1498. A sample from the blue drapery of Saint
Bartholomew’s cloak has been analyzed. The paint layers contain the precious blue ultramarine
(Nag-10A16Si5024S,-4) as the main pigment mixed with azurite (Cuz(CO3)2(OH),). A layer of finely
ground pure pigment is on top of a light blue layer containing fine particles of lead white and large
inclusions of a dark red lake pigment. A thin layer of ground lead white covers the surface of the
wall and the plaster. Deep red particles are dispersed in a layer of brilliant ultramarine (Figure 1a) in
one of the many chromatic variations and pigment mixtures adopted by Leonardo for his
masterpiece; other samples from blue hues in the painting contain mixtures of azurite and
ultramarine particles over black or grey (for example in the the tablecloth) or green (the mountains),
with no red lake particles observable. We hypothesise that Leonardo added red particles to the blue
layer here to slightly modify the hue of the paint which may have appeared more purple after its
execution than the drapery of Saint Bartholomew does today, as the red pigment is known to fade. It
is also noted here that some samples of the wall painting contain continuous red lake layers, as has
also been reported in contemporary icons, a more common practice for the application of red lakes
4] On the basis the fluorescence of the dark red particles in the sample in Figure 1a, Antonietta

Gallone identified madder lake (or Lacca di Garanza) in samples from Leonardo’s Last Supper ™.

Figure 1. (a) Photomicrograph of a sample from the figure of Saint Bartholomew from Leonardo
da Vinci’s Last Supper. Dark red particles are distributed in an ultramarine blue layer mixed with

azurite [3] over a white lead groud [2] and the plaster wall [3].



(b) Photomicrographs of the cross-section from Masolino da Panicale’s wall painting “The
beheading of St. John the Baptist’from the Baptistry, Castiglione Olona. The red layer [1] is
covered by a lead white based adhesive [2] on which a layer of tin [3] has been applied.

The Raman spectra of the deep red particles in the cross-section from The Last Supper taken with
the 785 and 514 nm exciting lines are shown in Figure 2. The intensity profile of the spectrum
changes appreciably approaching the resonance conditions. As seen in Figure 2, the experimental
Raman spectrum compares favorably with the calculated spectrum of the Al complexed kermesic
acid (hereafter kermes), when allowance is made for the broadening of the bands in the
experimental spectrum and small differences between calculated and observed frequencies!*’!. The
identification of the red particles as kermes is confirmed through a comparison with available
experimental data.

The Raman spectrum of kermes has been reported by various authors. In the report by Burgio and
Clark*? only two peaks are barely discernible at 1603 and 1451 cm™ on the fluorescence
background, showing the significant improvement of the approach of the present paper. The Raman
spectrum of Fig. 2 is identical to the spectrum of kermes reported by Papaevangeliou et al.l*®.
Instead, in the normal Raman spectrum of kermes reported by Whitney et al.® no peaks can be
detected. Comparison with SERS spectra of kermes reported by Whitney et al.®” and by Leona et
al.B% is not straightforward primarily because, as far as one can argue from the data reported in the
two papers, the experimental spectra are not identical with significant differences in both the
frequencies and the intensity profile. This variation can be ascribed to the different treatment of the
samples and the possible chemical effects associated with the absorption of the samples on the
surface. Indeed the large variability of the SERS spectra of lakes and dyes depending on the
experimental conditions has been pointed out by Pozzi et al.**! and by Idone at al.™, this latter
with particular reference to kermes.

Relying on the reported Raman spectra and on the comparison with calculations, we identify the red
particles in the Leonardo’s painting as kermes and attempt a vibrational assignment of the observed
bands as reported in Table 1. It can be noted that the spectrum does not show the typical bands
associated with madder at 1325 and 1481 cm™ arising from & (OH) and & (CH) vibrational modes of
the alizarin component. Non-complexed kermesic acid is responsible for the bands observed at 964
and 1644 cm™. Traces of basic lead carbonate (2PbCOs-Pb(OH),) account for the band at 1049 cm™
! Resonance bands are observed with 514.5 nm excitation in spectral regions around 1150, 1220,
1480 and 1640 cm™ and are ascribed to OH and CH bending (1150, 1220 cm™), to bending modes



involving the methyl group (1480 cm™) and the C=0 stretching mode (1640 cm™) of kermes and

kermesic acid, respectively.

Figure 2. Raman spectra of the red particles in the cross-section from the Last Supper (see Fig. 1a)
with excitation at (a) 514.5 nm and (b) 785 nm. Ab initio DFT calculated Raman spectra of (c) Al-
kermes complex and (d) kermesic acid from Ref. 40. Calculated spectra are shown with
FWHM=40cm™ for a close comparison with experimental spectra.

3.2 Masolino da Panicale: Beheading of St. John the Baptist (Baptistery of Castiglione Olona)

The second sample presented in this work is from the Beheading of St. John the Baptist by
Masolino da Panicale, a wall painting in the baptistery of Castiglione Olona dated to 1435. The
available cross-section is from the red dress of Salome and, as seen in Figure 1b, two red colored
layers, under a white layer (lead white) and a dark grey layer (Sn), are observed. SEM-EDS
analyses of the two red-colored layers revealed the presence of aluminum (Al), potassium (K) and
lead (Pb) as main components®*®. The presence of Al and K is a clear indication that the red lake
was obtained by precipitation of an organic dye with potash alum.

The Raman spectra of the red pigment particles in the Masolino’s painting are compared with the
spectrum of the particles in the Leonardo’s Last Supper in Figure 3. The spectra are practically
identical with both excitation lines, apart from differences in intensities, particularly for excitation
at 514 nm that are ascribed to resonance effects. The experimental data clearly demonstrate that the

same pigment, kermes, has been used by the two artists.

Figure 3. A comparison of Raman spectra of the red particles in the cross-section from Leonardo’s
Last Supper (black) and the wall painting by Masolino da Panicale (red) with excitation at 785
nm(a,b) and at 514.5 nm (c,d). The spectra are y-axis normalized on the most intense band at
around 1300 cm™.

3.3 Tintoretto: The Finding of the Body of Saint Mark

The third sample considered in thiswork is a cross-section from the blue and red garments worn by
Saint Mark in the oil painting on canvas entitled The Finding of the Body of Saint Mark by Jacopo
Robusti, known as Tintoretto, painted in 1562 and conserved at the Pinacoteca di Brera in Milan

(http://pinacotecabrera.org/en/collezione-online/opere/the-finding-ofthe-body-of-saint-mark/). The



http://pinacotecabrera.org/en/collezione-online/opere/the-finding-ofthe-body-of-saint-mark/

cross-section reveals Tintoretto’s typically complex painting technique with multiple layers of paint

(see Figure 4a).

Figure 4. (a) Photomicrograph of a cross-section from a sample from Tintorett’s The Discovery of
the Body of Saint Mark, Pinacoteca di Brera, Milan. From top to bottom: a varnish layer [7], a
blue layer containing ultramarine and smalt [6], a layer containing lead white and ochre pigments
[5], a 40 um thick pink layer containing red lake particles (smaller than 5 um in diameter) mixed
with lead white [4], a thin layer containing lead white and ochre particles[3], and finally a layer
containing red lead [2] over a ground [1].

(b) Cross-section from a sample of Veronese’s Supper in the House of Simon, Pinacoteca di Brera,
Milan,Stratigraphy from top to bottom: a thin layer of varnish [4]; a 40-100 um thick pink-paint
layer with particles of red lake mixed with white pigments bound in a drying oil (with the original
red-particles faded at the surface)[3]; intensely colored homogenous red particles with length from
1 to approximately 20 um mixed with lead white[2] over a lead-based ground [1]. Larger particles
of red pigments which can be up to 100 um in length are found in the dark red layer and were

analyzed with micro Raman spectroscopy.

The Raman spectra of the red lake particles in Tintoretto’s painting are shown in Figure 5. With the
785 nm excitation line a sharp intense peak is observed at 1050 cm™ which, as in the sample from
Leonardo’s painting discussed above, must be assigned as the C-O stretching mode of lead
carbonate. Changes in the intensity profile of the spectrum are observed also in this case with
excitation at 514 nm. It is remarkable that the appropriately corrected normal Raman spectra appear
of suitable quality for the identification of red lakes. The spectra in Fig. 5 significantly differ from
those of the samples analyzed in the previous sections and must be associated with a different red
lake which can be identified as Al-carmine complex (hereafter carmine). The Raman spectra of a
reference cochineal and various other cochineals have been reported by Pozzi et al.*®! and, when
allowance is made for some variability, the spectra appear coincident with the spectra of the
Tintoretto’s red particles. The Raman spectrum of a reference carmine sample has been measured in
the present work and has indeed been found identical with the spectrum reported by Pozzi et al.l*®!

It is nonetheless noted that the Raman spectra and the SERS spectra of cochineal reported by Pozzi
et al.®®! differ significantly. This certainly implies that the simple Raman spectrum as used in the
present work constitutes an alternative or useful tool for the recognition of red lakes. However the
Raman spectrum at 785 nm of the present work compares favorably with the SERS spectrum of

cochineal reported by Whitney et al.®Y, which however is affected by a significant background.
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Finally, the variability already noted of SERS of dyes depends on sample treatment is well
documented by the specific work of Canamares et al.®® on carminc acid.

The spectrum of the red lakes in Tintoretto’s painting is compared with DFT calculated spectra of
carminic acid and its Al complex in Figure 5, and a tentative assignment of the observed bands is
attempted in Table 2. (See Supplementary information for a comparison between DFT calculated
and experimentally measured reference samples.) The limited resolution of the experimental
spectrum does not allow for a clear cut identification of free carminic acid in the lake. However, by
comparing with the DFT spectrum of carminic acid, it is observed that the peak just below 1500

cm’ that becomes more intense with 514 nm excitation, is a possible marker for the acid.
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Figure 5. Raman spectra acquired from the red particles in the cross-section from Tintoretto’s
painting The Finding of the Body of Saint Mark (see Fig. 4a) following excitation at (a) 514.5 nm
and (b) 785 nm. Ab initio calculated Raman spectra of (c) Al-carmine complex and (d) carminic
acid % Calculated spectra are shown with FWHM=40cm™ for easy comparison with experimental

spectra.

3.4 Veronese: Supper in the House of Simon

Finally, we present the analysis of a sample from the Supper in the House of Simon, by Veronese.
The sample was taken from the red dress of the man with the glass, in the center-left of the painting
and the cross-section is shown in Figure 4b with a description of the stratigraphy. Two layers of red

paint can be seen and the analysis was carried out on darker large grains of a deep red color which



are covered by a lighter layer containing particles of smaller size with a fiery red color, alternating
with particles of white.

The comparison of the results for the cross-sections from paintings by Tintoretto and Veronese (Fig.
6) shows that the Raman spectra are essentially identical apart from the different broadening of the

peaks. We therefore conclude that the same red pigments (carmine) were used by the two artists.

Figure 6. A comparison of Raman spectra acquired from the dark red particles in the cross-
sections from Tintoretto’s Finding of the Body of Saint Mark (black) and Veronese’s Supper in the
House of Simon (red), with excitation at 785 nm (a,b) and at 514.5 nm (c,d). Spectra were y-axis
normalized on the most intense cochineal band at around 1300 cm™.

4. CONCLUSIONS

The results obtained in this work clearly show that normal micro-Raman spectroscopy, when
appropriately improved with Subtracted Shift Raman spectroscopy methods is a practical approach
for accurate studies of Old Master paintings to discriminate red lake particles of varying sizes (as
small as 5 um) and obtain information on their chemical composition. Strong similarities have been
found between Raman spectra from cross-sections of wall paintings by Leonardo and Masolino, and
from samples from paintings by Veronese and Tintoretto. From the experimental data and from
comparison with available experimental data and DFT calculations it has been established that
similar kermes-based lakes were used in paintings by Leonardo and Masolino and similar carmine-
based lakes in paintings by Veronese and Tintoretto. To our knowledge, this is the first time that
micro-Raman spectroscopy has been used for discriminating between lake pigments in painting
cross-sections without further sample preparation. This approach could complement traditional
methodologies for the analysis of lake pigments with the remarkable advantage that further sample
preparation from existing cross-sections is not required.

An explanation of the use of kermes-based lakes by Masolino and Leonardo and carmine-based
cochineals by Tintoretto and Veronese can be found by considering the different historical periods
in which these artists lived and is supported by technical evidence from the analysis of other
paintings'*?. Red dyes used by Leonardo and Masolino were probably European kermes-based
including Polish Cochineal™, whereas Tintoretto and Veronese lived in Venice in a time when the
city was at the center of commercial and cultural exchanges, and analysis from other paintings by
Veronese at the National Gallery London has reported his use of cochineal lakes. Similar trends

have been observed in the production of icons where kermes was replaced with cochineal ®Y. It is
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known that the Dactylopius coccus Costa species of cochineal from Mexico replaced, by the year
1523, the Polish dye due to its higher carmine-based colorant content (10-12 times more than
kermes)!®2.,
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Table 1. Raman spectrum (cm™) of the sample from Last Supper with excitation wavelength at

514.5 nm and 785 nm and vibrational assignment.

Exp (this work)

Calculated (Ref. 40)

Assignment [b]

514.5 nm [a] 785 nm [a] Kermes Kermesic acid
904(w) 898, 899 873 Bring + Bom
964(w) 968 Yen
995(w) 1002(w) 978, 1021 Yen
1135-1170(m,br) | 1150(w) 1137 1130, 1174 Sor + Scn
1150 Scn
1210-1260(m,br) | 1200-1250(m,sh) | 1197, 1205, 1241,1270 | 1184, 1229, 1241 | §oy + 8¢y
1302(s) 1287, 1296 1286,1297 Son
1318(s) 1316(s) 1313 Son + Sk
1360-1370(m,sh) 1347,1357 1349,1368 Sor + Scn
1432(w) 1430(w,br) 1419,1424,1435,1445 | 1448,1455 Scrm + o
1484(m) 1474, 1478 1470 ScHm)
1502(sh) 1541 Son + Scn
1575-1620(m,br) | 1553,1587 1587 Vring *+ Son
1624,1628 1611 Veing + Soi + 8cx
1644(m) 1653 Sox + Veso

[a] weak (w), strong (s), medium (m), shoulder (sh), broad (br)

[b] stretch (v), bend in plane (8), deformation (y), methyl (m).
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Table 2. Raman spectrum (cm™) of the cross-section from The Discovery of the Body of Saint Mark

with the 514.5 nm and 785 nm excitation wavelengths.

Experimental (this work) Calculated (Ref. 40) Assignment
514.5nm 785 nm Carmine Carminic acid
968(w) 967 976 YcH
1000-1040(w) 980, 996, 980, 994 Gly
1003, 1017, 1032 1022, 1030, 1038 Som +8cH
1085-1110(m) 1085-1110(m) 1087, 1130 1100, 1120 Som +8cH
1101, 1113 1095, 1107, 1117 Gly
1195, 1200 1190 (w) 1202 1198 Son + 8cH
1215 Gly
1225 1223(w) 1227 Gly
1235, 1238 1221, 1231 Son + Sch
1240, 1255 1252(w) 1244, 1250 1263 Gly
1305(s) 1305(s) 1291, 1311 1294 Gly
1296 1299, 1307 Son
1318(s,sh) 1320(s,sh) 1322 1333, 1341 8on +dch + Bring
1327 Gly
1360(w) 1355(w,sh) 1349,1353, 1359 1357 Gly
1368, 1376
1410-1450(m,br) | 1410-1450(m,br) | 1417, 1418, 1426, 1434, | 1407, 1413, 1420, 1433 | Gly
1442, 1444 1400, 1426, 1448 8chm) + Son
1480 (m) 1481(w,sh) 1476, 1469, 1485 Sch
1471 Gly
1498 1478 ScH(m
1528(w) 1554 1556 Son + Sch
1640(m) 1650(w) 1623, 1613, 1628 Vring + Son + Sc
1640 1647 Som + Veo

[a] weak (W), strong (s), medium (m), shoulder (sh), broad (br) [b] stretch (v), bend in plane (J),

deformation (y), methyl (m), normal modes localized on glycosidic moiety (gly)
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