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5.1

INTRODUCTION

As perhaps the most dominant white pigment used in oil paintings in the past
few centuries, lead white plays an important role in the history of art. Besides
its use in paintings, lead white also has had a long and somewhat unsettling
history as a cosmetic product in the ancient Mediterranean civilizations.1-3
Despite vast general technological improvements throughout the period in
which it was used, the production process of lead white has stayed essentially
the same.4-6 The white material is obtained by corroding metallic lead with
acetic acid vapors and carbon dioxide (sourced from vinegar and horse
manure respectively), which produces flakes consisting of a mixture of
cerussite (PbCO3) and hydrocerussite (2PbCO3·Pb(OH)2). It has been shown
that the ratio of hydrocerussite to cerussite (HC:C), as well as the size of the
crystallites are sensitive to postsynthesis treatments.7 Therefore, analysis of
the precise lead white composition in artists’ materials can provide
information about the production process used at the time.
Currently, X-ray diffraction (XRD) is the only fully established method by which
the C and HC phases can be distinguished.8,9 This ability has been thoroughly
exploited for the characterization of historical lead white pigments
powders,10,11 as well as for mapping C and HC phases in historical paint crosssections and even on complete paintings.12,13 More recently, the
photoluminescence behavior of lead white and its two constituent phases
have been studied in detail; showing a clear distinction between C and HC in
terms of both their absorption and emission maxima.7 Photoluminescence has
interesting potential in the study of lead white and its production history, as
it is not only sensitive to the dominant crystalline phase, but also to intrinsic
crystal defects and possibly impurities. Moreover, the use of short optical
wavelengths means that photoluminescence has clear advantages over XRD
for the microscale analysis of paint stratigraphies. Applications have been
demonstrated for the analysis of metal soaps14,15 and the discrimination
among zinc whites.16,17 The optics in this wavelength range are welldeveloped, meaning that resolutions close to the diffraction limited (200-400
nm) can in principle be obtained. In addition, the increasing commercial
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availability of narrowband and tunable (deep-)UV light sources enables the
development of lab-based photoluminescence microimaging methodologies,
whereas μ-XRD analysis requires the use of a synchrotron light source.
In this study, the capabilities of synchrotron photoluminescence
microimaging (SR-μ-PL) to study lead white compositions were explored in the
context of the study of The Virgin and the Child with Saint Anne by Leonardo
da Vinci (figure 1). This oil painting is one of Da Vinci’s last works and is
currently in the collection of the Musée du Louvre in Paris. During its study by
the Center of Research and Restoration of the French Museum (C2RMF) in the
framework of its restoration in 2007, a microsample was obtained from the
foot of the mountains in the background of the painting. This sample provides
a unique opportunity to learn about the use and production of lead white by
one of the most prominent artists and scientists of the Renaissance.
Simultaneously, this study provides a challenging test for the capabilities of
photoluminescence microimaging to distinguish varieties of lead white in a
chemically complex sample.

5.2

EXPERIMENTAL

5.2.1 SAMPLE PREPARATION
A microsample was obtained from the sampling location indicated by the
white arrow in figure 1. The main part of the sample was embedded in a
polyester resin and polished with silicon carbide cloth. Two separate
fragments were found to correspond to either the lower or the middle layer
and were placed in a capillary for X-ray microdiffraction analysis.
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Figure 1: Leonardo da Vinci, The Virgin and Child with Saint Anne, (168 x 130 cm), 1503-1519,
Musée du Louvre. The white arrow indicates the sampling location.

5.2.2

μ-XRD

The two unembedded fragments of the two separate paint layers were
analyzed at the high-resolution XRD beamline ID22 at the ESRF in Grenoble,
France. The X-ray microdiffractograms were analyzed in FullProf Suite using
Rietveld refinement to obtain the HC:C ratios and the average particle
sizes.18,19
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5.2.3 SR-μ-PL ANALYSIS
The embedded Saint Anne sample was analyzed at the POLYPHEME and
TELEMOS end-stations of the DISCO beamline at Synchrotron SOLEIL in Gifsur-Yvette, France. The POLYPHEME end-station performs hyperspectral
photoluminescence microimaging; yielding full spectra with high spectral
resolution, whereas the TELEMOS end-station performs full-field
multispectral photoluminescence microimaging; yielding high-resolution
images in a limited number of spectral emission bands. Details about the two
end-stations can be found in Jamme et al.20 and Bertrand et al.16
At TELEMOS, images were recorded with a 100X Zeiss Ultrafluar objective,
using an excitation wavelength of 250 nm (∼5 eV) and a set of nine emission
filters: 327-343, 370-410, 412-438, 451-468, 499-529, 535-607, 641-708, 698766, and 800-870 nm. Exposure times were set per individual filter, with a
minimum of 70 seconds and a maximum of 200 seconds. They were chosen
so as to ensure maximum signal acquisition without reaching saturation of the
detector. Two overlapping images of approximately 70x70 μm were recorded
to cover a total sample area of approximately 130x70 μm. At POLYPHEME,
spectra were recorded with a 40X Zeiss Ultrafluar objective, the same
excitation wavelength, an emission wavelength range of 400-680 nm (1.823.2 eV), and an integration time of 8 seconds per spectrum. A map of 30x20
spectra was recorded with a step size of 3 μm, covering a total sample area of
90x60 μm.

5.2.4 SR-μ-PL DATA PROCESSING
The overlap between the two individual multispectral TELEMOS tiles was first
calculated by maximizing the cross-correlation of their high-frequency
components. To correct for the excitation beam shape profile and reduce the
scattering effects that degrade overall image quality, images were scale-space
filtered to 35 > √𝑡 > 150.21 The two tiles were then stitched together with a
linear blending approach according to the previously calculated overlap.
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The unfolding of the photoluminescence spectra recorded at the POLYPHEME
end-station was done by modelling each spectrum as a sum of a small number
(5-8) Gaussian profiles. The spectra were first preprocessed by subtracting an
estimated baseline and performing a Jacobian transformation. The estimation
of the baseline was done based on the notion that, although the emission
extends over the full wavelength range, a clear common absorption maximum
was observed for all 600 spectra at 530 nm (2.34 eV). A linear model was then
fitted on the intensity of the emission maximum as a function of the emission
minimum at 1.82 eV. From this linear model, a point could be extrapolated at
which the emission minimum and emission maximum are equal,
corresponding to a flat spectrum i.e. the baseline. The Jacobian
transformation was then applied to transform the spectra from being
registered as a function of wavelength to being registered as a function of
energy, hereby allowing modelling with Gaussians.22

5.2.5 UNFOLDING THE HYPERSPECTRAL SR-μ-PL MAPS
As a first step in the unfolding approach, the positions of the main constituent
emission bands were deduced from analysis of the average emission
spectrum. In this process, the positions of local minima in the second
derivative are taken as positions for the constituent emission bands. For a
model making use of 𝑛 Gaussians, the average spectrum is smoothed by
convolution with a Gaussian of a width such that the second derivative of the
smoothed spectrum exhibits exactly 𝑛 local minima. The width of the
Gaussian used for smoothing is found using an automated, iterative process
in which each next guess is based on interpolation of all previous guesses.
A model consisting of 𝑛 Gaussians is then fitted to the smoothed averaged
spectrum to find the width 𝜎 of each constituent emission band. The fitting
algorithm is based on Newton’s method in optimization, where the residual
sum of squares (RSS) is taken as the cost function. Soft parameter limits are
implemented by adding a metric to the cost function that rises exponentially
beyond, but is close to zero within the limits. Having previously found the
positions of the main constituent emission bands and the baseline allows
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reducing the number of optimizable variables to 2𝑛 (amplitude and 𝜎 ).
Reducing the number of data points in the spectrum from 512 to 8𝑛 then
allows rapid optimization, even for larger values of 𝑛, allowing the algorithm
to converge several times in a short period of time. Requesting twenty
convergences on the same set of variables from different initial guesses then
reduces the chance of finding a local, rather than an absolute minimum. The
optimization problem can be formally denoted as:

min ⎛

∀𝑷∈ℝ

𝑦 −𝑏−

𝐴𝑒
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+

1
10

𝑒

+𝑒

⎞

𝐸𝑞. 1

⎠

Where 𝑷 = 𝑨 ∪ 𝝈, forming the set of 2𝑛 optimizable Gaussian parameters, 𝑏
is the baseline, and 𝑆 is a measure of the softness of the optimization limits.
Knowledge of the baseline, the positions and the widths of the main
constituent emission bands now allows rapid fitting of the 600
photoluminescence spectra that make up the hyperspectral map. Rather than
twenty, three convergences on the same set of parameters are requested per
spectrum. The result of this fitting procedure is a set of 𝑛 amplitudes per
spectrum, which can be displayed as emission amplitude matrices; resembling
the distribution of the compound emitting that particular emission band. It
was found that there is high covariance between the different emission
amplitude matrices, implying that local absorption and/or reabsorption
strongly impacts the emission spectra. In a first approximation, these effects
are corrected by normalizing each set of 𝑛 amplitudes 𝐴 to their sum:
𝐴′ =

𝐴
∑

𝐴

𝐸𝑞. 2
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5.3

RESULTS

5.3.1

μ-XRD

The average experimental X-ray diffractograms of the fragments from layers
α and β are shown in figure 2. Through Rietveld refinement of these two
diffractograms, the HC:C ratios of layers α and β could be calculated to be
60:40 and 43:57 respectively. Based on the particle size-dependent peak
broadening, average particle sizes for layers α and β were estimated to be
micrometric and submicrometric respectively. It must be noted that in the
diffractogram obtained on the fragment from layer α, some signal from
lazurite (ultramarine) was observed. This suggests that the fragment of layer
α contains at least some part of layer β. Therefore, the HC:C ratio of 60:40
found for layer α may be a slight underestimation that could benefit from
complementary spatially resolved photoluminescence analysis on the intact
cross-section.

Figure 2: X-ray diffractograms of the sample fragments corresponding to layer β (red) and layer
α (blue). Diffraction peaks corresponding to cerussite and hydrocerussite are indicated with C
and HC respectively.
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5.3.2 OPTICAL MICROSCOPY & MULTISPECTRAL SR-μ-PL
A dark field optical microscopy image of the Saint Anne microsample is shown
in figure 3a. From this image, it can be seen that the stratigraphy consists of
at least three layers: a 30-50 μm thick white ground layer (labelled α), a 4050 μm thick intermediate layer containing mostly white and a small amount
of blue pigment (labelled β), and a 15-20 μm thick grey upper layer (labelled
γ).

Figure 3: a) Dark field optical microscopy image of the Saint Anne microsample. b-c) False color
representations of the multispectral SR-μ-PL images recorded on the Saint Anne microsample.
b) shows the images recorded through the 641-708, 499-529, and 412-438 nm emission filters
in the red, green, and blue channel respectively. c) shows the images recorded through the
698-766, 535-607, and 451-486 nm emission filters in the red, green, and blue channel
respectively.

From the nine registered photoluminescence images within the multispectral
dataset, three (recorded through the 327-343, 370-410, and 800-870 nm
emission filters) contained either too weak a signal or too high a covariance
with another image to show any chemical contrast. The remaining six images
were combined into two false color RGB images, which are shown in figures
3b & c. Here, the approximate depth of each paint layer is still indicated with
its corresponding Greek letter, but the white dashed lines that indicate layer
interfaces are intentionally left out. This was done to emphasize the lack of
contrast between the three paint layers, with the images exhibiting hardly any
hints as to where the layer interfaces could be. The most apparent contrast is
between a small number of pigment particles luminescing in the blue (412438 & 451-486 nm) and in the red/near-infrared (641-708 & 698-766 nm) and
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the surrounding medium. However, their number is insufficiently large to
show any differences between the layers.

5.3.3 HYPERSPECTRAL SR-μ-PL
The average of all 600 recorded photoluminescence spectra is shown in figure
4a. One main emission peak can be distinguished that is centered around 515
nm, with at least one obvious shoulder at 420 nm. It is clear from the global
emission minimum exceeding 900 counts that there is a significant baseline
to be dealt with. This baseline was estimated to be 830 counts based on the
method set forth in section 2.4 of this chapter. The method is illustrated in
figure 4b, where the black open dots are the ratios between emission maxima
and minima of each of the 600 spectra, the solid black line is the linear fit
through these data points, and the red solid line represents the possible 1:1
ratios between emission maxima and minima. The intercept at 830 counts is
the estimated point where emission maximum and minimum are equal, as
would be the case for the underlying baseline. The black solid line in figure 4c
shows the average photoluminescence spectrum after subtracting the
baseline count and performing a Jacobian transformation. The spectrum does
not exhibit a clear trend towards either lower or higher energies, as opposed
to the solid grey line, which shows the average spectrum after Jacobian
transformation without subtracting a baseline count. Figure 4d shows the
second derivative of the baseline-corrected and transformed spectrum after
smoothing with the Gaussian filter calculated to yield, as an example, precisely
five local minima (see section 2.4). These local minima are indicated by the
dashed black lines, corresponding to 1.85, 2.03, 2.32, 2.51, & 2.97 eV. The
trend in RSS as a function of the number of Gaussian profiles included in the
model is shown in figure 4e. From this trend it is clear that a model of at least
five Gaussian profiles is necessary to obtain a satisfactory fit, but models
featuring six Gaussians or more can still lead to substantial decreases in RSS.
A fit of five Gaussians to the average photoluminescence spectrum is shown
in figure 4f, where the data points are shown in grey, and the corresponding
fit in black. It is clear from this plot that even this relatively simple model
describes the average spectrum very accurately.
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Figure 4: Graphical representation of the multi-step unfolding process. a) Average
photoluminescence spectrum of the Saint Anne microsample. b) Plot showing the emission
minimum of each spectrum as a function of the corresponding emission maximum. The black
line shows a linear fit, while the red line shows the points where emission minimum and
emission maximum are equal. c) Average emission spectrum after baseline subtraction and
Jacobian transformation (black line) and the average emission spectrum after Jacobian
transformation, but without baseline subtraction (grey line). d) Second derivative of the
average corrected emission spectrum. The black dashed lines indicate minima corresponding
to emission band centers. e) RSS as a function of the number of Gaussians used in the model.
f) Fit of five Gaussians to the average photoluminescence emission spectrum.

The amplitude matrices for the five-Gaussian model are shown in figure 5.
Focusing on the contrast between layers α and β, the matrices of the
Gaussians at 2.03 and 2.32 eV show the highest signal in layer α, whereas the
matrix of the Gaussian at 2.97 eV, and to a lesser extent 2.51 eV, shows a
particularly high signal in layer β. The amplitude matrix of the Gaussian at 1.85
eV exhibits no clear correlation to any of the layers, but rather seems to
highlight the interfaces between the different paint layers.
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5.4

DISCUSSION

5.4.1 RETRIEVING LEAD WHITE COMPOSITIONS FROM
HYPERSPECTRAL SR-μ-PL
Assigning the correct emission bands to cerussite and hydrocerussite was
done based on the comprehensive study of the photoluminescence behavior
of lead white by Gonzalez et al.7 and the spatial distribution of each of the
corresponding amplitude matrices. Figure 1b in reference 3 shows that, for an
excitation energy of 5 eV, the main emission band of hydrocerussite has its
maximum around 2.15 eV. Although no local minimum in the second
derivative was found at this energy, a linear combination of the bands at 2.03
and 2.32 eV would also give an observed emission band with a maximum
around 2.15 eV. This assignment is supported by the fact that the amplitude
matrices for both energies show high spatial correlation (see figure 5) and by
the fact that the amplitude matrices for both energies show significantly
higher values in layer α than in layer β; as is expected for a hydrocerussite
emission band. The center of the main emission band of cerussite is a little
harder to determine. The typical emission maximum of cerussite in figure 1a
in reference 3 lies at approximately 2.75 eV, but the sharp cut-off of the
spectrum at 2.95 eV suggests that the spectral response of the spectrometer
used in this study may have caused an underestimation of the true emission
band center of cerussite. This means that, given the locations of the four other
local minima, the amplitude matrix of the Gaussian centered at 2.97 eV, is
most likely to correspond to the cerussite distribution. Another observation
that is in line with this assignment is the fact the 2.97 eV amplitude matrix
shows exactly the opposite spatial trend of the amplitude matrices for 2.03 &
2.32 eV; with significantly higher values in layer β than in layer α.
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Figure 5: Weight matrices of five-Gaussian fits to the SR-μ-PL maps of the Saint Anne sample.
Each weight matrix corresponds to one Gaussian contribution, with the central energy listed in
the upper left corner.

In order to check these assignments, a metric Γ was calculated that is
specifically designed to relate the photoluminescence data to the HC:C ratios
obtained through Rietveld refinement of the X-ray diffractograms. This metric
assumes that the amplitude of an emission band corresponding to cerussite
𝐴 (and similarly for 𝐴 ) follows the relation:
𝐴 ∝ Φ 𝐶

𝐸𝑞. 3

Where  is the absorption coefficient of cerussite at an excitation energy of
5 eV, Φ is the quantum yield of the cerussite emission, and 𝐶 is the
cerussite concentration. Γ is then defined as follows:
𝐻𝐶
Γ≡

𝐻𝐶

𝐶
𝐶
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Here, values 𝐴 and 𝐴 were calculated for layers α and β specifically by
selecting all spectra in each layer, and fitting a model to each averaged
spectrum. Assuming the band at 2.97 eV corresponds to cerussite, and taking
either the band at 2.03 or 2.32 eV to correspond to hydrocerussite, Γ could
be calculated to be equal to 1.51 or 1.61. These values are not in line with the
value of 2.0 derived from μ-XRD, especially considering that the HC:C ratio for
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layer α (and therefore the metric Γ ) is likely a slight underestimation.
Therefore, it is likely that one of the emission bands has not been properly
unfolded. From the fit shown in figure 4f, it can be seen that the biggest errors
between the model and the data are found around 2.45 & 2.85 eV. The errors
around 2.45 eV are likely due to higher-order diffraction effects causing some
of the 5 eV excitation energy to coincide with the luminescence at half that
energy. On the other hand, the errors around 2.85 eV are more likely due to
improper unfolding of the cerussite emission band. If this emission band lies
very close to an emission band from, for example, the binding medium, then
the peak finding algorithm may only find one band.

Figure 6: a) Weight matrix of the 2.97 eV emission band obtained using a five-Gaussian model.
b-c) Weight matrices of 2.97 and 2.94 eV emission bands obtained using a six-Gaussian model.
d-e) Six-Gaussian models fitted to the summed spectra of layers α (d) and β (e). f) False color
representation of the 1.83 (red), 2.32 (green), and 2.94 eV (blue) weight matrices.

For this reason, several five-Gaussian models were fitted in which an
additional sixth Gaussian was introduced at fixed energies ranging from 2.6
eV to 2.94 eV. For models in which the center of the additional Gaussian
exceeds 2.83 eV, the amplitude matrix for the Gaussian at 2.97 eV suddenly
shows a different distribution, while the amplitude matrix of the additional
146

Gaussian shows roughly the same distribution as the 2.97 eV band showed
before. With the cerussite emission now unfolded from this nearby emission
band, the contrast between layers α and β was observed to be significantly
higher. This contrast was maximized when the additional Gaussian was fixed
at 2.94 eV, as is shown in figure 6a-c. The amplitude matrix of the Gaussian at
2.97 eV now shows a fairly homogeneous distribution, suggesting that this
band is most likely emitted by the binding medium. With the additional
Gaussian at 2.94 eV taken as the cerussite emission and either the band at
2.03 or 2.32 eV as the hydrocerussite emission, the metric Γ was calculated in
both cases to be 2.0; exactly equal to the value found through μ-XRD. This
validates that the contribution of layer β in the X-ray microdiffractogram of
layer α must have been minimal and therefore that the estimated 60:40 HC:C
ratio is likely to be accurate.
From the complicated procedure necessary to unfold the hyperspectral
photoluminescence maps, one can now appreciate the reason behind the low
chemical contrast observed in the multispectral photoluminescence images.
Figures 6d & e show the six-Gaussian fits to the average spectra of layers α
and β, with the emission band of cerussite (2.94 eV) shown in blue, and the
emission bands of hydrocerussite (2.32 & 2.03 eV) shown in green and red.
Both the cerussite and hydrocerussite emissions overlap very significantly
with other emission bands, hereby concealing their contributions. It is
inevitable that in a multispectral acquisition approach, the luminescence
captured through a band-pass filter contains emission from the lead white
constituent of interest, as well as other luminescent compounds. The low
spectral resolution then doesn’t allow to unfold the separate contributions,
leading to the low-contrast images such as those shown in figures 3b & c. By
comparison, a false-color image of the hyperspectral photoluminescence data
is shown in figure 6f. Here, the amplitude matrix corresponding to cerussite
(2.94 eV) is colored in blue and the amplitude matrices corresponding to
hydrocerussite (2.32 & 2.03 eV) are colored in green and red respectively.

147

5.4.2 RELATING LEAD WHITE COMPOSITION AND PRODUCTION IN
THE SAINT ANNE SAMPLE
Having obtained validated HC:C ratios for the two paint layers in the Saint
Anne sample, it is now possible to form a hypothesis about the production or
postsynthesis treatment of the lead white pigments. In a previous study, the
lead whites from a large corpus of paintings from the Italian Renaissance were
characterized in terms of their HC:C ratios. It was found that in the vast
majority of cases these ratios exceed 60:40, as was also concluded from a
reconstruction of the lead white synthesis process.11 Although this is in line
with the HC:C ratio found in layer α, it is in stark contrast with the 43:57 found
in layer β. This low HC:C ratio was likely obtained through an acidic
postsynthesis treatment.7,23 In such a treatment, the hydrocerussite
fraction—which becomes increasingly soluble towards lower pH—tends to
dissolve and eventually recrystallize as cerussite.24
From the peak broadening observed in the X-ray microdiffractogram, it was
concluded that this lower HC:C ratio is accompanied by a lower particle size.
It has been postulated before that a decrease in the average particle size is in
fact the result of the acidic postsynthesis treatment.11 It is likely that this
dissolution and recrystallization process decreases the average particle size
from micrometric—as is the case for freshly synthesized lead white—to
submicrometric.
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Figure 7: Reflectance measurements performed on two lead white layers (thickness of 60 µm)
composed of sub-micrometric (< 400 nm) and large (> 50 µm) crystallites. The sub-micrometric
pigment exhibits a strong absorption in the red, whereas the pigment composed of large
crystallites exhibits a constant high reflectance on the entire visible range.

The question now becomes whether or not Leonardo da Vinci intentionally
treated his lead white to obtain either a lower HC:C ratio or a finer grade. Two
hypotheses are formulated, both related to the scattering properties of lead
white and their relation to the size of the crystallites. Considering the
micrometric and submicrometric dimensions of the lead white crystallites,
Mie scattering is expected to be the dominant scattering process.25 Mie
scattering is more-or-less wavelength-independent, so it does not affect the
color of the pigment. Still, polydisperse lead whites with a submicrometric
average particle size (such as the one used in layer β of the Saint Anne
sample), may contain a certain fraction of crystallites that have dimensions
significantly smaller than the wavelength of visible light. This fraction will
exhibit Rayleigh scattering: a process whose cross-section is proportional to
𝜆 , causing blue light to be scattered more efficiently than red light. A
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demonstration of how a grade of lead white with a submicrometric average
crystallite size can exhibit significant Rayleigh scattering is shown in figure 7.
In this demonstration, the lead white pigment actually appears to be blue, as
is also exemplified by the optical reflectance measurements. As the average
lead white crystallites—even in the finer grades—are not expected to exhibit
Rayleigh scattering, polydispersity will also strongly affect the Rayleigh
scattering properties of a batch of lead white. For this reason, from the
average crystallite sizes alone, one cannot say with certainty the extent of the
effect on the pictorial results.
In case of a small Rayleigh scattering-related effect, the lower average
crystallite size in layer β, as compared to layer α, would only increase the
reflectivity of the blue light slightly. Compared to titanium white and zinc
white, a common lead white has a relatively low reflectance towards the
shorter wavelengths,26,27 so this increased reflectance in the blue could
enhance the observed whiteness of the pigment. This idea of post-synthesis
treatment to produce a whiter or “higher” grade of pigment is to some extent
backed up by notes found in the Arundel 263 notebook by Da Vinci, on the
recto of folio 228. Here, it lists orders of two different lead whites, one of
which is 30% more expensive. If this hypothesis is true, one can imagine that
untreated, or “lower” grades without post-synthesis treatment (HC:C > 60:40)
would typically be found in imprimatura layers, whereas the treated, or
“higher” grades (HC:C < 50:50) would typically be found in the upper layers of
the painting. This is in line with the observation of HC:C ratios of 60:40 and
43:57 in layers α (imprimatura) and β, respectively.
In case of a more significant Rayleigh scattering-related effect, the lead white
used in layer β may in fact have exhibited a distinct blue hue. For this
alternative hypothesis, it is relevant to consider the location from which the
analyzed sample was taken. It can be seen in figure 1 that the sample comes
from the foothills of a mountain range of which especially the most distant
sections appear slightly blue. In fact, the hue of these distant mountains is
very similar to the blue hue in which Da Vinci painted the sky. In the MS.
Leic.—a manuscript written around 1510—Da Vinci expresses a very early
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understanding of how this blue color is related to particulate matter in the
atmosphere: ”I say that the blueness we see in the atmosphere is not intrinsic
color, but is caused by warm vapor evaporated in minute and insensible atoms
on which the solar rays fall, rendering them luminous […]“. He then continues
by proposing a simple experiment to mimic this effect with lead white: “[…] if
he puts on it a very fine and transparent layer of ceruse, he will see that the
white of this ceruse will actually be a beautiful blue, but it has to be very fine
and well grinded.”
Da Vinci’s observation, understanding, and mastering of Rayleigh scattering
suggest that he may have used this knowledge to obtain certain pictorial
results. The results obtained in this study show that it is possible that Da Vinci
demonstrated this ability in The Virgin and Child with Saint Anne, by giving
distant objects a blue hue according to exactly the same physical that would
make them appear blue in the real world.

5.4.3 PROSPECTS OF HYPERSPECTRAL PHOTOLUMINESCENCE
(MICRO-)IMAGING FOR THE STUDY OF LEAD WHITE
5.4.3.1 TOWARDS SEMI-QUANTITATIVE ANALYSIS
Until now it has been shown how the complex emission profiles of a
chemically altered, highly heterogeneous paint sample can be unfolded to
retrieve information about the lead white composition. With a lack of prior
knowledge about the absorption coefficients and quantum yields of the
different cerussite and hydrocerussite transitions, it was only possible to
obtain a metric Γ: i.e. the ratio between the HC:C ratios of the two paint layers
of interest. In this study, it allowed spatially resolved validation of the HC:C
ratios obtained through Rietveld refinement of the HR-XRD data, but for
future applications it would be preferable to use hyperspectral
photoluminescence (micro-)imaging as a stand-alone methodology. That is, to
be able to directly determine the lead white composition in a paint layer or
object, rather than only the ratio between the lead compositions of different
paint layers or objects.
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By recalling the simple proportionality of equation 3, it is possible to express
the HC:C ratio in terms of emission amplitudes, absorption coefficients and
quantum yields:
 Φ 𝐴
𝐻𝐶
=
 Φ 𝐴
𝐶

𝐸𝑞. 5

Therefore, given any set of two emission amplitudes 𝐴 and 𝐴 , knowing
only the ratio of quantum yields and absorption coefficients  Φ ⁄ Φ
provides sufficient information to obtain the ratio HC:C for any lead white
paint. With two verified data points (layers α and β from the Saint Anne
sample), it is possible to obtain a first estimation of this ratio:
 Φ
 Φ

=

𝐻𝐶 𝐴
𝐶𝐴

𝐸𝑞. 6

Taking the Gaussian profile centered at 2.03 eV as the hydrocerussite
emission band, this value was calculated to be equal to 0.442 for layer α, and
0.450 for layer β. Taking the Gaussian profile centered at 2.32 eV as the
hydrocerussite emission band, this value was calculated to be equal to 0.340
for layer α, and 0.346 for layer β. The close proximity of the  Φ ⁄ Φ
ratios for layers α and β validates the emission band assignments for cerussite
and hydrocerussite.
5.4.3.2 TOWARDS SUB-MICROMETER LATERAL RESOLUTION
Besides the development of the stand-alone semi-quantitative abilities of
hyperspectral photoluminescence imaging for the characterization of lead
white, it is foreseen that significant improvements could be realized with
regards to the lateral resolution of this method. In fact, the potential of
attaining a submicrometric lateral resolution is one essential advantage of
photoluminescence microimaging over the alternative characterization
methods (HR-XRD and μ-FTIR). In this study, the lateral resolution was limited
to a few micrometers, due to the size of the excitation beam. This is about an
order of magnitude worse than the diffraction limit for UV-Vis experiments
and is therefore not caused by a fundamental limitation. For instance, the
photoluminescence microimages shown in this very chapter (figures 3b & c)
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show how a full-field approach can readily yield a submicrometer resolution.
More detailed analysis of images recorded on this end-station even revealed
that the lateral resolution approaches the diffraction limit.28
In such a full-field approach, it is as of yet not technologically feasible to
resolve the full emission spectrum while retaining the diffraction-limited
lateral resolution. However, approaches can be imagined in which—for each
pixel—not the emission, but the excitation spectrum is recorded. It has been
shown before that—just like with emission spectra—there is an ability to
discriminate between the different lead white constituents based on
excitation spectra.7 Hyperspectral excitation imaging can be achieved by
tuning the excitation wavelength over several absorption transitions while
recording full-field images of the emitted photoluminescence. Fixing a bandpass emission filter in front of the camera even allows further chemical
specificity, as it can be used for isolating lead white emission from signal
emitted by the binding medium, other pigments, and their degradation
products.
Hyperspectral excitation imaging comes with two main technological
challenges. First, in order to record a full excitation spectrum that can
accurately be unfolded into its Gaussian components, a tunable (deep-)UV
source with a very small (∼1 nm) excitation bandwidth is required. Although
this is readily achieved by a deep-UV beamline such as DISCO, commercial
light sources that are tunable from the deep-UV to the visible are rare and will
need to be equipped with a high-resolution monochromator. Second, the
deep-UV light that is necessary to probe the main optical transitions of lead
white needs to be delivered to the sample using some form of focusing optics.
Typical glass transmission objectives have a rapidly decreasing transmittance
below 400 nm, which makes them unsuitable for this application. Instead,
costly objectives made from fused quartz, fused silica, or CaF2 are required, as
these materials exhibit much flatter transmission curves towards and
throughout the deep-UV.
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5.4.3.3 TOWARDS MACROSCALE APPLICATIONS
Although these microscale approaches can provide valuable information
about microsamples, in some cases a research question calls for information
on the object as a whole, rather than on a micrometric fraction of the object.
To achieve this, one could consider the development of a macroscale
application. In fact, all the necessary technology has already been developed
to extend this method of lead white characterization to the macroscale. DeepUV LEDs and tunable laser-excited plasma deep-UV sources readily
circumvent the use of synchrotron radiation, while the commercial availability
of high-sensitivity spectrometers and tailored fiber-optics enable flexible,
modular set-ups. Recent advances in hyperspectral cameras could even allow
analysis of whole objects without having to make use of scanning stages. As a
macroscale set-up does not necessitate a colinear excitation-emission
pathway, deep-UV transmittance of the objective is not a requirement.

5.4.4 PROSPECTS OF HYPERSPECTRAL PHOTOLUMINESCENCE
(MICRO-)IMAGING IN ANCIENT MATERIALS RESEARCH
Besides this application in the characterization of lead white pigments, a
multitude of other applications can be envisioned in which algorithmic
unfolding can retrieve otherwise inaccessible chemical information from
hyperspectral photoluminescence (micro-)images. In ancient materials
research specifically, samples are often highly heterogeneous and form
complex chemical mixtures due to hundreds, thousands, or sometimes even
millions of years of chemical alteration. As many compounds exhibit
photoluminescence and most luminescent compounds have multiple broad
emission bands, multispectral approaches will often be insufficient to obtain
relevant chemical information. Notable exceptions in ancient materials
research include the study of semiconductor pigments29,30 and semiconductor
corrosion products,31 where very intense emission of the compounds of
interest dominate, and clear chemical contrast can be observed. In samples
where this is not the case, an unfolding procedure—similar to the one
proposed in this chapter—is needed to visualize the distributions of the
different luminescing compounds. The use of commercially available spectral
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unfolding solutions is not widespread and may often not be able to deal with
the specific demands regarding baseline correction and peak localization that
are demonstrated in this chapter. Since the development of tailored
algorithms is a highly specialized and time-consuming endeavor, it is likely that
the potential of many photoluminescence studies is rarely fully explored and
therefore they either remain unpublished, or are published in a more
rudimentary form.

5.5

CONCLUSION

The objective of this research was to study the capabilities of
photoluminescence imaging for determining lead white compositions in
highly heterogeneous, chemically altered oil paints. Through analysis of a
microsample from The Virgin and the Child with Saint Anne it was shown how
hyperspectral SR-μ-PL could be used to verify the HC:C ratios obtained
through Rietveld refinement of high-resolution X-ray microdiffractograms.
Complex photoluminescence spectra, substantial overlap between emission
bands and no accurate prior knowledge about baseline levels and band
energies make it necessary to use a tailored, multi-step unfolding approach.
Although in this study, hyperspectral SR-μ-PL could not yet be used as a standalone method for lead white characterization, the cross-validation with HRXRD allowed to establish the absorption coefficients and quantum yields of
the cerussite and hydrocerussite transitions. This provides sufficient
information to now directly obtain semi-quantitative information about lead
white compositions from the unfolded hyperspectral SR-μ-PL.
Analysis of the microsample from The Virgin and the Child with Saint Anne
showed the presence of two varieties of lead white: a ground layer with a HC:C
ratio of 60:40, and an intermediate layer with a HC:C ratio of 43:57. A HC:C
ratio of 43:57 is much lower than what would be obtained through the lead
white synthesis process used in the Italian Renaissance. In combination with
the estimated submicrometric average particle size, these results suggest an
acidic postsynthesis treatment by Da Vinci himself. Lead whites with such
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characteristics were shown to appear blue, resulting from Rayleigh scattering
on a fraction of lead white crystallites with particularly small dimensions.
Based on writings by Da Vinci, it seems likely that he understood the
phenomenon of Rayleigh scattering and used this knowledge to give distant
objects a blue hue in his paintings in the same way that distant objects appear
blue in real life.
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