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3.1

INTRODUCTION

Over the past century, photoluminescence has been used extensively as a
qualitative tool for the chemical analysis of heritage objects. In the earliest
stages of its development, photoluminescence was primarily used for the
macroscopic study of entire heritage objects. Some of the such applications
were described by J. J. Rorimer in the 1920s and '30s, and include the study
of surface alteration of marble statues, differentiating between original and
reproduced dyed textiles, and spotting forged glass artefacts.1,2 In paintings
research, the photoluminescence behavior of many components, such as
binders, varnishes and pigments has been thoroughly described in literature.
Photoluminescence spectroscopy and photography have shown their use as
powerful tools for non-destructive material discrimination, and as a method
to reveal past cleaning and restoration interventions, as well as the
pigmentation throughout a work of art.3-7 More recent developments include
the use of synchronous fluorescence and time-resolved photoluminescence
(TRPL) spectroscopy.8-13 Both methods add a second dimension of analysis,
which has been demonstrated to provide additional means to differentiate
between painting components, and the latter has even shown potential as a
probe for chemical interactions between pigment and binder. The same
principles can be used to identify painting components on the microscale,
revealing important information about the build-up of a work of art, or the
painting techniques used.14-17
Luminescence-based methods are especially well-suited for the study of
direct bandgap semi-conductor pigments such as ZnS (ingredient of lithopone,
Eg = 3.54 eV), cadmium sulfo-selenide pigments (Eg = 1.74 – 2.42 eV) and zinc
white (ZnO, Eg = 3.3 eV). Their luminescence at energies equal to or lower than
the band gap energy is generally characterized by high luminescence yields,
and their excitation and emission properties are strongly connected to their
optical band gap. This allows for easy discrimination between the pigment and
possible other luminescing species present in the sample.7,14,18
Zinc white (ZnO) is a pigment that was introduced ca. 1800 as a non-toxic
alternative to lead white, and has been used most prominently in watercolor
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and oil paint.19 ZnO is a II-VI semi-conductor that, as a pigment, exists in the
wurtzite crystal structure, forming submicrometric (0.2-0.5 μm) nodular or
acicular crystals.1 It exhibits strong photoluminescence emission at room
temperature, in both the near-UV (band gap emission) and the visible (trap
state emission).20-25 Past work has shown that different batches of ZnO – and
even particles within these batches – exhibit large differences in the relative
and absolute intensities of the band gap and various trap state emissions.26
These results strongly suggest a possible link between the pigment’s
production process and its emission behavior, making photoluminescence a
powerful tool for discrimination among different batches of zinc white.
When used in oil paint, zinc white is mixed with an organic binder such as
linseed oil. Over time, oxidation and hydrolysis of the binding medium causes
the formation of increasingly higher concentrations of carboxylic acid
groups.27 These groups can form coordination complexes with the zinc ions
that are released from the pigment over time, forming zinc carboxylates.28,29
Depending on whether a carboxylic acid group is linked to the polymerized oil
network or to a free saturated alkyl chain, these zinc carboxylates can become
part of an ionomeric network, or form crystalline zinc soaps.30,31 It has been
shown recently that rapid, likely water-assisted, transfer of zinc ions from
polymer-bound carboxylates to free fatty acids occurs, fostering the
formation of zinc soaps.32 High concentrations of crystalline zinc soaps,
resulting from excessive hydrolysis of the binding medium, have often been
associated with conservation issues, such as the delamination and flaking of
paint layers.33-36 Considering that zinc white occurs in paintings from many
prolific artists, such as Van Gogh, Cézanne, and Picasso, gaining an
understanding of these alteration and degradation processes is crucial for the
long-term conservation of important collections.
Many of the analytical approaches to study alteration and degradation
processes in oil paintings rely on spectroscopic and microscopic analyses
performed on embedded paint micro-samples, revealing the full stratigraphy
of a painting, and enabling the visualization of its heterogeneity and the
various alteration products. Commonly used methods of analysis such as
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optical microscopy (OM), and scanning electron microscopy-energydispersive x-ray spectroscopy (SEM-EDX) are helpful for the purpose of
visualization of paint layers and pigment identification.30,33,34,36 Additionally,
Fourier-transform infrared microspectroscopy (µ-FTIR) is a powerful tool for
assessing general trends of alteration across different paint layers, as well as
identifying the associated products.30,33,37-39
Despite the value of these analysis techniques for the purposes listed above,
all have their limitations: OM has a low chemical specificity, as chemical
contrast can only be defined in terms of color and morphology, SEM-EDX is
highly suitable for elemental analysis, but provides no further means to
identify compounds, and µ-FTIR, while providing excellent chemical
specificity, is fundamentally limited to micrometric spatial resolution.
However, given the particle size of zinc white, and the submicrometric
alteration-related features often observed using SEM-EDX, it is anticipated
that resolving the distribution of zinc carboxylates at the submicron scale will
provide new information about the formation and development of
problematic structural phenomena, such as micro-fissuring. Moreover, for a
comprehensive analysis of the alteration and degradation of zinc white oil
paint, it is desirable to be able to probe both the organic (binder, zinc
carboxylates), and the inorganic (zinc white) phases. As µ-FTIR and SEM-EDX
are mostly sensitive to the organic and inorganic phase respectively, it is
evident that much could be gained from an expansion of our analytical
toolbox.
A new analytical tool based on photoluminescence could potentially provide
sensitivity to both the organic and inorganic phases, while the wavelengths of
optical photons allow for a submicrometric resolution to be obtained. Such a
technique would come with a number of requirements. First, the intense
photoluminescence behavior of ZnO causes emission from zinc white to
dominate at energies equal to or lower than the bandgap energy (≧ 375 nm).
Therefore, in order to be able to detect more weakly luminescing compounds,
the use of deep-UV excitation, and UV emission <375 nm is required. A fullfield imaging approach with high numerical aperture optics would then allow
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a submicron lateral resolution to readily be obtained. Furthermore, in order
to reach any degree of chemical specificity, the set-up would have to employ
either a multispectral or hyperspectral acquisition approach. Finally, tunability
of the excitation energy would allow the quantum yield of certain transitions
to be optimized, increasing the signal-to-noise ratio of the obtained images.
Recent developments at the DISCO UV-beamline at the SOLEIL synchrotron
facility have enabled full-field photoluminescence microimaging and
photoluminescence microspectroscopy using a monochromatic excitation
beam tunable from the deep-UV to the visible.26,40-42 The microimaging system
employs a multispectral imaging set-up, allowing photoluminescence
microimages to be recorded in more than ten narrow emission ranges with
central wavelengths spanning from the deep-UV to the near-IR. The lateral
resolution of the instruments has been shown to be diffraction-limited at least
for emission wavelengths down to 400 nm,42 making this method highly
suitable for the analysis of zinc white within heterogeneous multi-layered
paint samples. The microspectroscopy set-up, which employs a focused 4-8
μm diameter excitation beam and a modified Raman spectrometer,40 can be
used to analyze the photoluminescence behavior of a sample in more spectral
detail, while compromising on the lateral resolution.
Data obtained previously using this instrument on historical cross-sections
show luminescent emission in the UVA (330-350 nm) that appears to be
correlated to regions associated with zinc white degradation.43 These
observations indicate that deep-UV excitation may induce zinc carboxylates
to luminescence at energies that are higher than the band gap of ZnO,
implying there is potential to specifically analyze zinc carboxylates without
interference from the strong luminescence of ZnO. Keeping these
observations in mind, the two main objectives of this study are as follows:
-

To establish the unique capabilities of synchrotron deep-UV
photoluminescence microimaging for the comprehensive submicron
analysis of zinc white oil paint and its degradation products.
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-

To use the multispectral microimaging technique to gather new
information on the alteration and degradation processes of a
historical zinc white oil paint.

3.2

EXPERIMENTAL

3.2.1

SAMPLES

In order to illustrate the capabilities of deep-UV photoluminescence
microimaging for the study of chemically altered zinc white oil paints, the
technique was applied to the study of a cross-section taken from an early 20th
century painting by Piet Mondrian that suffers from severe delamination. The
Mondrian cross-section was embedded in a polyester resin (Polychem
PolyPol) and dry polished with silicon carbide polishing cloths (Micro-mesh®,
final step 12.000 mesh). Preliminary analysis on this sample has shown the
use of zinc white, and its possible relation with the painting’s delamination
issues.44
A set of six reference samples was analyzed to aid the interpretation of the
deep-UV photoluminescence images. The set consisted of: palmitic acid (HPa,
Sigma-Aldrich >99%), freshly synthesized zinc palmitate (ZnPa) and lead
palmitate (PbPa), a zinc ionomer, and artificially and naturally aged linseed oil.
ZnPa was prepared according to Hermans et al.,45 as was lead palmitate
(PbPa), using Pb(NO3)2 instead of Zn(NO3)2⋅6H2O (Merck >99.5%, and Merck
>99% respectively). All three powders were pressed into 13 x 2 mm (diameter
x thickness) pellets using 10 tons of pressure. The zinc ionomer was prepared
as a ∼100 µm thick film on a glass substrate according to Hermans et al. using
a cold-pressed linseed oil, Merck >99% Zn(NO3)2⋅6H2O and Sigma-Aldrich
>99% sorbic acid.31 The artificially aged linseed oil film was prepared by curing
a 100 µm thick linseed oil film under the same conditions as the zinc ionomer
and using the same batch of linseed oil, but without the addition of zinc
sorbate. A naturally aged linseed oil sample was also prepared from the same
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batch of linseed oil, by letting a film age under ambient conditions in the lab
for 18 months, whilst exposed to regular lab lighting conditions.

3.2.2 INSTRUMENTAL ANALYSIS
Optical microscopy was performed using a Zeiss Axioplan 2 microscope,
equipped with mercury and xenon arc discharge lamps, providing white and
UV light respectively. For examination under UV, the excitation beam was
filtered with a 353-377 nm band-pass filter, and separated from the emission
using a beam splitter with a cut-off wavelength of 395 nm. Emission was
filtered with a 397 nm low-pass filter.
SEM-EDX was performed on a FEI Verios high vacuum electron microscope
equipped with an Oxford Instruments EDX system with spot analysis and
elemental mapping capabilities. Backscattered electron images of the crosssections were taken at 20 kV accelerating voltage, at 5 mm eucentric working
distance and with a current density of approximately 130 pA. Samples were
gold coated (3 nm thickness) in a Quorum Technologies SC7640 gold sputter
coater prior to SEM-EDX analysis to improve surface conductivity.
Attenuated total reflectance FTIR microspectroscopy (µ-ATR-FTIR) analysis
was performed using a Perkin Elmer Spectrum 100 FTIR spectrometer coupled
to a Perkin Elmer Spectrum Spotlight 400 FTIR microscope equipped with a
germanium ATR imaging accessory, and a 16x1 pixel linear mercury cadmium
telluride (MCT) array detector. The obtained data cubes were processed using
tailored scripts within the MATLAB statistical programming environment.

3.2.3 SYNCHROTRON DEEP-UV PHOTOLUMINESCENCE ANALYSIS
Microscopic images were recorded at the TELEMOS microimaging end-station
of the DISCO beamline at the SOLEIL synchrotron.40 The excitation beam was
tuned to a wavelength of 275 nm, and reflected by a dichroic mirror with a
cut-off wavelength at 300 nm that acts to separate the excitation beam from
the emitted photoluminescence. For the Mondrian cross-section, a 100✕
Zeiss Ultrafluar UV-transmitting immersion objective (NA = 1.25) is used,
ensuring the highest possible spatial resolution, whereas the 40✕ analogue
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(NA = 0.6) is used for the reference pellets, enabling better count statistics
and an increased ability to average over structural inhomogeneities. Besides
the exchangeable objective, the optical alignment was kept fixed, ensuring a
consistent incident power throughout all microimaging experiments. Images
of the Mondrian cross-section were recorded through eight emission filters
(Semrock), using variable exposure times, which were set so as to ensure a
maximum signal without saturating the CCD camera: 327-353 nm – 700 s,
370-410 nm – 240 s, 412-438 nm – 340 s, 499-529 nm – 180 s, 535-607 nm –
100 s, 604-664 nm – 200 s, 698-766 nm – 300 s, and 800-870 nm – 300 s.
Images of the reference pellets were recorded using two emission filters: 327353 nm (600 s exposure), and 412-438 nm (300 s exposure). A 100✕170 µm
region of interest was defined on the Mondrian cross-section, and recorded
as a mosaic consisting of twelve 53✕47 µm tiles. An image processing method
based on scale space theory,46 (35 >√𝑡 > 150) was used to specifically highlight
small-scale structures, such as fissures and pigment particles. The
luminescence intensities of the reference compounds were calculated by
extracting and integrating the signal from all pixels whose intensity values fall
within 1.5 standard deviation from the median and correcting for the solid
angle and projected pixel size of both objectives. All image processing was
performed within the MATLAB and R statistical programming environments.
Photoluminescence micro-spectra of aged zinc white oil paint were recorded
by raster-scanning a subsection of the Mondrian cross-section at the
POLYPHEME microspectroscopy end-station40 using a 275 nm excitation
wavelength, a 300 nm dichroic mirror and a 40✕ Zeiss Ultrafluar deep-UV
transmitting objective. The fixed position of the dispersive grating allowed fast
acquisition, but limited the recorded spectral range to 280 – 550 nm.

3.3

RESULTS AND DISCUSSION

The OM, and SEM−EDX data obtained on the Mondrian cross section have
been discussed before by Raven et al.44 but will be briefly reviewed in relation
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to this chapter’s research objectives. For comparative purposes, the numbers
assigned to each layer are used consistently with ref 44.
The morphology and elemental composition of the painting structure have
been analyzed using OM and SEM−EDX, as shown in figure 1. The bright-field
OM image (figure 1a) shows a complex stratigraphy consisting of a series of
five to six white and slightly off-white paint layers and a varnish layer of
varying thickness. In the numbering of the stratigraphy, layer 4 is divided into
two sublayers (4a and 4b) based on differences in appearance that are
discussed in length throughout the rest of this chapter. A chalk ground layer
was observed below layer 1 in another cross-section of the same painting,44
but could not be observed here. The UVA-induced fluorescence image shows
that the top layers (4a, 4b, and 5) contain zinc white with varying degrees of
green luminescence. The SEM backscatter image in combination with the
SEM-EDX maps (figure 1c-f), confirm the presence of zinc (zinc white)
throughout layers 4a, 4b and 5, and the presence of lead (lead white)
throughout all layers. Comparing the zinc and lead maps to the carbon map
(figure 1f), it is clear that layer 4a has a significantly lower pigment-to-binder
ratio than layer 4b. In the backscatter image, this can be seen as a lower
average electron density, caused by a large number of horizontal microfissures. Interestingly, differences between layers 4a and 4b can also be
observed in the UV fluorescence image. Here, layer 4a exhibits a more
intense, somewhat bluer tone as compared to layer 4b, corresponding to
average blue/green ratios of 0.5 and 0.4 respectively in the RGB color space.
The combination of all the previous observations suggests a complex
stratigraphy that consists of at least five different paint layers. At the bottom
of the sample, two 20-30 μm thick wet-in-wet lead white layers (labeled 1 &
2) can be distinguished, of which the latter contains small amounts of
unidentified black and yellow pigments. These layers are followed by one 510 μm thick lead white layer (3), a 100 μm thick layer that consists of a mixture
of lead and zinc white (4a and b), and a final 50 μm thick layer containing zinc
white, lead white, chalk, and ultramarine (5).
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Figure 1: Optical microscopy and SEM-EDX analysis of the Mondrian cross-section. a) Optical
microscopy image recorded in dark-field using visible light and b) using UV-light. c) SEM
backscatter image, where the white rectangle indicates the ROI for EDX analysis. d-f) EDX maps
for zinc, lead, and carbon. Adapted by permission from Springer Nature Customer Service
Centre GmbH: Springer Nature, Metal Soaps in Art by F. Casadio et al. Copyright © 2019
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Figure 2: μ-ATR-FTIR analysis of the Mondrian cross-section. a) Distribution of the sharp
absorption feature at 1538 cm-1, associated with crystalline zinc soaps; integration boundaries
1528-1552 cm-1. b) Distribution of the broad absorption feature at 1590 cm-1, associated with
ionomeric zinc carboxylates; integration boundaries 1576-1600 cm-1. c) Average spectra from
ROI 1 & 2.

The chemical composition of the organic phase was analyzed using μ-ATRFTIR. Maps were recorded to examine the degree of degradation, and the
crystallinity and general distribution of the zinc carboxylates. The distribution
of zinc carboxylates was obtained by integrating the absorption features
associated with COO- asymmetric stretch vibrations around 1538 and 1590
cm-1. These two vibrations have been shown before to originate from
crystalline zinc carboxylates and polymer-bound, ionomeric zinc carboxylates
respectively.30,31 Heat maps obtained by integrating the spectral regions 15281552 and 1576-1600 cm-1 are shown in figures 2a & b. Baselines are estimated
by linear fitting between local absorbance minima adjacent to the
aforementioned spectral regions. Here, the following baseline boundaries
were used: 1504-1560, and 1560-1648 cm-1. Two distinctly different regions
of interest are indicated by blue rectangles in figure 2a, the average spectra
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of which are shown in figure 2c to illustrate the spectral differences
corresponding to contrast visible in the heat maps. The blue dashed line
shown in figures 2a and b indicates the presence of a surface scratch that was
unintentionally produced during the polishing process. For this reason, the
lower infrared absorption along this diagonal line is ascribed to a lack of
contact between the sample and the ATR crystal, rather than a localized lower
concentration of zinc carboxylates.
The crystalline zinc carboxylate distribution shown in figure 2a is in agreement
with the hypothesis that layer 4a has suffered extensive pigment degradation.
The absence of absorption features at 1513 cm-1 and 1525 cm-1 suggests the
absence of significant concentrations of crystalline47 and ionomeric31 lead
carboxylates respectively. This implies that the degraded paint layer 4a is
dominated by zinc carboxylates, despite containing both zinc white and lead
white, and the presence of a dense lead white layer underneath. The
distribution of the crystalline zinc soaps appears to be inhomogeneous
throughout layer 4a, with a higher concentration close to the interface with
layer 3 (densely packed lead white), and a lower concentration towards the
interface with layer 4b (mixed lead white/zinc white). Furthermore, the
averaged spectra show that the carbonate band at 1400 cm-1 is reduced in
layer 4a as compared to layer 4b, confirming the presence of a lower
concentration of lead white, as previously concluded from the SEM-EDX data
(figure 1e). The similar peak height of the ester band at 1728 cm-1 for each of
the two spectra shows that the localized formation of zinc soaps is not
necessarily related to a local increase in hydrolysis of the binding medium.
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Figure 3: Synchrotron deep-UV photoluminescence microimages recorded on the Mondrian
cross-section in the wavelength ranges a) 327-353, b) 370-410, c) 412-438, d) 499-529, e) 535607, f) 604-664, g) 698-766, and h) 800-870 nm. Each image is split in half, with the left part
showing the raw data, and the right part showing the image after scale-space filtering. Please
note that the upper right tile is missing in f-h.

The complete set of photoluminescence images recorded on the Mondrian
cross-section is shown in figure 3. Here, the left side of each image shows the
raw data, whereas the right shows the result after scale-space filtering. The
origin of most of the signal shown in figure 3b-h can readily be explained by
considering the semiconductor properties of ZnO, its known trap state
emissions,20-25 the well-described heterogeneous emission behavior among
individual ZnO particles,26 and their known morphology (quasi-spherical, 0.20.5 µm). These images are dominated by emission from different types of ZnO
particles, luminescing brightly and highly localized as compared to the organic
matrix. Based on the visual analysis of images 3b-h, four types of ZnO particles
can be distinguished, two of which emit in a spectral region narrow enough to
be selectively filtered out using the multispectral set-up: those emitting
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mostly bandgap emission (370-410 nm, figure 3b), and those emitting mostly
in the blue (412-438 nm, small number of particles shown in figure 3c). The
other two emission bands of ZnO are centered in the green (∼510 nm) and
red (∼600 nm) respectively, are wider than the used emission filters, and
overlap significantly. This leads to the observation of two types of particles
throughout figures 3d-h, luminescing in different intensity ratios depending
on the emission filter’s wavelength range.
It is evident from the spectrum shown in Appendix A, figure 1 and the images
shown in figure 3 that emission filters typically capture only one or two major
emission bands. In the case of the 412-438 nm emission filter, the different
compounds contributing to the photoluminescence signal may still be
distinguished based on morphology, enabled by the submicrometric lateral
resolution of the photoluminescence microimages. It is therefore concluded
that, when compromising on the spectral resolution by employing a
multispectral approach, the chemical specificity can still be maintained while
fully exploiting the high lateral resolution of the microimaging end-station.
Differentiation of compounds based on morphology is done simply by
recognizing that luminescent structural features are either well-defined
submicrometric particles (ZnO), or more poorly defined structures with
micrometric dimensions. Such structures most clearly show up in the
microimages recorded through the 412-438 and 327-353 nm emission filters
(figures 3a & c), where the luminescent domains show an apparent spatial
correlation and are interestingly well-confined within degraded paint layer 4a.
The lack of any well-defined particle-like structural features suggests either a
local, but more or less uniform alteration of the binding medium, or the
formation of uniformly spread nanometric crystallites. To understand the
origin of this uniformly distributed luminescence signal, quantitative analysis
of the photoluminescence behavior of reference compounds and the spatial
correlations between µ-ATR-FTIR maps and deep-UV photoluminescence
microimages are now considered.
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Figure 4: Duplicate μ-ATR-FTIR maps of the Mondrian cross-section with integration boundaries
around the 1538 cm-1 absorption feature overlaid with a) 327-353 and b) 412-438 nm
photoluminescence microimages. The inset in a) shows a scale-space filtered magnification of
the region of interest indicated by the white rectangle.

Similar to the emission in the 327-353 and 412-438 nm spectral ranges, the
μ-ATR-FTIR map of crystalline zinc soaps (figure 2a) shows a distribution that
is almost entirely confined to layer 4a. This correlation is illustrated by
overlapping the two photoluminescence images with the 1504-1560 cm-1 μATR-FTIR map, as is depicted in figures 4a-b. Except for the diagonal lowabsorption feature, which is caused by a polishing scratch, spatial absorption
features in the μ-ATR-FTIR map are closely correlated with spatial emission
features in two photoluminescence images. Such spatial correlation could not
be found with any other absorption feature, including the broad 1590 cm-1
absorption band from the chemically similar ionomeric zinc carboxylates.
To verify that in a saponified zinc white paint layer one is indeed to expect a
luminescence signal in the 327-353 nm emission range that exceeds that of
the binding medium, lead white degradation products, and ionomeric zinc
carboxylates, the relative emission intensities of the reference compounds
and layer 4a of the Mondrian cross-section were analyzed. The average
photoluminescence intensities for both the 327-353 and 412-438 nm
emission filters are listed in table 1 as average count rates per pixel in counts
per second, so as to make for an easy comparison. The top row of table 1 lists
the average count rates measured on the Mondrian sample in the most
brightly luminescing regions of layer 4a. The average per-pixel count rate
through the 327-353 nm filter (4.77 c/s) is higher than any of the analyzed
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reference samples, except zinc palmitate (13.6 c/s). It must be noted that this
semi-quantitative approach is sensitive to effects such as shadowing and
reabsorption. Although a quantitative correction to the listed numbers is as
complex an endeavor so as to justify an extensive follow-up study, the
qualitative nature of a correction can be estimated based on the UV
absorption properties of linseed oil and zinc white. Attenuation lengths of the
excitation beam (275 nm) and near-UV luminescence (327-353 nm) of linseed
oil are in the order of 3-4 μm and 40 μm respectively,48 whereas the zinc white
particles are completely opaque at either wavelength.49 This means that
shadowing and reabsorption effects are expected to play a major role in the
Mondrian cross-section – requiring an upward correction of the values listed
in table 1—but a very minor one in the linseed oil-based references. The
values obtained after a correction would therefore be even further apart,
leaving crystalline zinc soaps as the only viable source of the homogeneous
near-UV luminescence in saponified paint layer 4a.
Table 1: Average photoluminescence intensities under 275 nm excitation for the Mondrian
cross-section and several reference samples.

Sample
Mondrian

Count rate 327-353 nm (c/s)
cross

Count rate 412-438 nm

4.748 ± 0.005

59.07 ± 0.06

Palmitic acid

1.552 ± 0.003

2.818 ± 0.005

Lead palmitate

0.776 ± 0.004

2.212 ± 0.007

Zinc palmitate

13.55 ± 0.04

16.43 ± 0.04

Naturally aged LO

2.44 ± 0.02

126.1 ± 1.4

Artificially aged LO

3.10 ± 0.03

54.6 ± 0.6

Zinc ionomer

0.933 ± 0.008

34.3 ± 0.3

The luminescence of zinc palmitate in the 412-438 nm spectral range (16.4
c/s) is so much weaker than that observed on the Mondrian sample (58.2 c/s),
that a different chemical origin needs to be considered. The naturally aged
linseed oil film was found to emit most strongly in this range, with a detected
luminescence signal of 126 c/s. An organic compound derived from the
binding medium is therefore considered to be the likely source of the emission
band at 410 nm (figure 3c & S1). The noticeably stronger signal from layer 4a
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as compared to the other paint layers can at least in part be attributed to
differences in pigment-to-binder ratios, or may be related to byproducts of
the chemical processes that have altered layer 4a much more strongly than
the other paint layers. Additional evidence for the different chemical origin of
the luminescence recorded through the 327-353 and 412-438 nm emission
filters is provided by the low Pearson correlation coefficient (𝜌 , = 0.39) of
the two scale-space filtered images (see Appendix A, figure 2).
It is evident that the quantitative photoluminescence survey did not include
all chemical compounds that could be present in an aged mixed zinc
white/lead white oil paint. Despite the known room temperature
photoluminescence behavior of many lead(II) compounds,50-53 the two lead
compounds that are expected to be found in the highest concentrations—
lead white and ionomeric lead carboxylates—were not included in the survey,
as their distributions could be determined either directly or indirectly to be
spatially uncorrelated to the 327-353 and 412-438 nm luminescence signals.
Lead white could be excluded as the origin of the 327-353 and 412-438 nm
luminescence signals based on the depth profiles of the 3530 and 1395 cm-1
ATR-FTIR absorption features (see Appendix A, figure 3), which indicate that
the same type of lead white is present throughout layer 4, but in a lower
concentration in layer 4a than in 4b. The exclusion of ionomeric lead
carboxylates could not be done directly due to the absence of a broad lead
ionomer contribution at 1530 cm-1, but rather indirectly, based on the
ionomeric zinc carboxylate distribution shown in figure 2b. Given the
presence of zinc white and lead white throughout layers 4a, 4b and 5, the
presence of ionomeric metal carboxylates relies primarily on the presence of
polymer-bound carboxylic acid groups. Therefore, we can use the ionomeric
zinc carboxylate distribution as a rough indication for the distribution of these
acid groups, and consequently also of the ionomeric lead carboxylate
distribution. Considering figure 2b, one can then deduce that the ionomeric
lead carboxylate concentration must be highly similar in layers 4a, 4b and 5.
This is not in line with the distribution of the 327-353 and 412-438 nm
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luminescence signals, and therefore excludes this chemical species as the
main contributor to either of these signals.
The photoluminescence intensities listed in table 1 also reveal information
about the electronic transitions involved in the photoluminescence of
crystalline zinc soaps. Palmitic acid shows about an order of magnitude
weaker emission than zinc palmitate, and the inclusion of ionomeric zinc
carboxylates in an artificially aged linseed oil film appears to only decrease its
near-UV luminescence (0.94 versus 3.10 c/s). Based on these observations, a
symmetry-dependent excitation-emission pathway is proposed that involves
both the carboxylate ligands and the metal center. Due to the completely
filled d-shell of the Zn2+ ion in its 1𝑆 ground state, d—d transitions are not
possible, and electronic transitions to even the lowest excited states require
very high energies. In fact, the first allowed transition (1 𝑃 1 𝑆 ) has an
energy of 18.3 eV in an isolated ion.54 This transition energy may be lowered
by the carboxylate coordination environment, but is unlikely to be reduced to
the used 4.51 eV excitation energy. For these reasons, pathways that involve
metal-centered transitions will not be taken into consideration.
For a definitive hypothesis of the transitions involved, the tetrahedral
coordination of oxygen around the Zn2+ ion is considered.45 This coordination
is similar to ZnO, and transitions involving the same orbitals are therefore
likely to occur. In ZnO, the valence band is mostly composed of filled O 2p
orbitals, whereas the conduction band mostly consists of empty Zn 4s
orbitals.55 Excitation and emission through the bandgap can therefore
effectively be considered ligand-to-metal (LMCT) and metal-to-ligand charge
transfer (MLCT) respectively. For ZnO, excitation is not accompanied by any
major changes in the coordination, and therefore the Stokes shift is close to
zero.56 However, for similar compounds such as Zn4O(CH3COO)6, deep-UV
(5.74 eV) induced LMCT populates a bonding orbital, which leads to ligand
rearrangement, resulting in a Stokes shift of 2.41 eV and emission at 3.33 eV.57
The measured luminescence of zinc palmitate is therefore thought to be a
result of LMCT  MLCT transitions between a π MO with strong O 2p
character and a Zn 4s orbital. Rearrangement of the excited molecule is
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thought to cause a Stokes shift of approximately 0.78 eV, but its exact
mechanism in terms of the population/depopulation of bonding/anti-bonding
orbitals is not properly understood. In general terms, these sorts of transitions
are known to decrease in energy with an increasing number of interacting
orbitals.57-59 Due to the sheet-like crystal structure of long-chain zinc
carboxylates, the aforementioned interactions between the zinc and oxygen
orbitals are thought to fall somewhere in between the isolated
Zn4O(CH3COO)6 complex and ZnO.45,57 This is in line with the high excitation
efficiency of zinc palmitate at 4.51 eV, which falls right in between the 5.74
eV LMCT of Zn4O(CH3COO)6, and the 3.3 eV band gap transition of ZnO.
The lack of luminescence from the chemically similar ionomeric zinc
carboxylates is hypothesized to be due to either of two factors. First, the shift
of the asymmetric stretch COO- band from 1538 to 1590 cm-1 suggests a
difference in coordination structure between ionomeric and crystalline zinc
carboxylates. This difference in structure of the Zn-O coordination shell may
cause a major shift in energy levels, similar to the Stokes shift induced in
Zn4O(CH3COO)6 by the population of a bonding orbital.57 Second, the ionic
clusters in linseed oil-based zinc ionomers are known to have a subnanometric diameter.31 Analogous to the inverse relationship between the
radius of a ZnO nanoparticle and the energy of its first excited state,59 the
transition energy in ionomeric zinc carboxylates may be significantly higher
than in in crystalline zinc soaps, and exceed the used excitation energy.
Given the attribution of the 327-353 nm luminescence signal to crystalline
zinc soaps, it can be confirmed that deep-UV multispectral
photoluminescence microimaging is capable of spatial analysis of the
saponification of zinc white paint at the submicron scale. In this study, an
important objective was to better understand the delamination that affects
this, and many other paintings. The SEM backscatter image, shown in figure
1c, suggests that zinc white degradation has caused the formation of microfissures in layer 4a. μ-ATR-FTIR confirms the presence of significant
concentrations of crystalline zinc soaps throughout this layer, but is unable to
resolve the individual fissures, due to its limited spatial resolution. The deep-
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UV photoluminescence image of the 327-353 nm spectral range (figure 3a)
shows that the zinc soaps do not exhibit any fissure-like structures, but are
rather homogeneously distributed throughout degraded paint layer 4a. This
is further exemplified by considering the photoluminescence microimages
that have dominant contribution from ZnO (i.e. figure 3b, d-h). Here, the
micro-fissures are visible as dark, pigment-poor bands, forming a structure
that is completely unrelated to the spatial distribution of the soaps as seen in
figure 3a. These observations imply that fissures result from an overall
expansion of the degraded paint layer which occurs as a result of excessive
formation of zinc soaps, and not due to accumulation of the soaps in (possibly
pre-existing) micro-fissures. If micro-fissures do indeed constitute the starting
points for delamination, this directly links the mechanical failure of the paint
system to the paint’s expansion that accompanies its saponification.

3.4

CONCLUSION

It is shown that weakly luminescing zinc white degradation products can be
imaged on the submicron scale within a historical paint system dominated by
much brighter ZnO luminescence. The synchrotron-based photoluminescence
microimaging set-up relies on excitation in the deep-UV (275 nm, 4.51 eV),
and the selective detection of luminescence in the near-UV (327-353 nm,
∼3.65 eV) at energies higher than the ZnO bandgap (∼375 nm, 3.3 eV). The
broad emission features allow a multispectral, rather than hyperspectral
acquisition approach to be used, thus enabling full-field imaging at submicron
lateral resolution. High spatial correlation with a μ-ATR-FTIR map of zinc soaps
and semi-quantitative analysis of the photoluminescence behavior of zinc
palmitate and other aged paint components provide evidence that the
photoluminescence signal measured on the historical zinc white paint sample
in the 327-353 nm emission range originates from crystalline zinc soaps. It is
proposed that the observed photoluminescence is the result of LMCT 
MLCT transitions with an intermediate molecular rearrangement.
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As the use of ZnO in organic media is certainly not unique to oil paint, it is
anticipated that the methodology described in this chapter can have a
multitude of applications outside of the study of paint degradation. ZnO is
used in pharmaceuticals, cosmetics, lubricants, and the production of rubber,
where, just like in oil paint, an ionomeric network is formed.60 Zinc stearate –
a zinc soap commonly found in aged zinc white oil paint – is also used as an
additive in rubber production to alter curing kinetics.61 Furthermore, the
photoluminescence properties of ZnO, which are here shown on the scale of
single particles, are a very active subject of study due to its applications in
optoelectronic devices such as photodiodes and solid-state lasers.62,63 In fact,
recent developments in this very field have led to the commercial availability
of low-cost deep-UV LEDs, which negate the necessity of a synchrotron, and
pave the way towards a lab-based instrument.
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APPENDIX A
Deep-UV photoluminescence spectrum showing width of
emission bands
The average of the deep-UV-induced photoluminescence spectra recorded on
the Mondrian cross-section is shown in figure S1 together with the width of
some of the used emission filters. By providing a general idea of the width of
the emission bands, it can be deduced from this spectrum that a major
compromise in spectral resolution can be made while maintaining the
essential spectral information.

Figure 1: Average photoluminescence spectrum recorded on layers 4a, 4b, & 5 of the Mondrian
cross-section. Spectrum obtained with a 275 nm excitation wavelength. Grey rectangles
indicate the bandwidth of four emission filters in the 300-530 nm spectral range used in the
multispectral acquisition approach.

Spatial correlation 327-353/412-438 nm emission images
From figures 3a & 3c it is apparent that the degraded paint layer 4a exhibits
luminescence in both the 327-353 and 412-438 nm emission ranges. The
emission in the first range could be shown to most likely originate from
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crystalline zinc soaps, whereas the origin of the 412-438 nm emission remains
unclear. Based on the scale-space filtered images of layer 4a recorded through
both emission filters (figures S2a & S2b), it is possible to verify that both
luminescence emissions are poorly spatially correlated on the microscale, and
therefore have—for the most part—a different chemical origin.

Figure 2: Structural comparison of regions of interest in the a) 327-353 and b) 412-438 nm
scale-space filtered photoluminescence microimages as defined by the black rectangle in
figures 3a & 3c. of chapter 3. c) shows the corresponding correlation plot with Pearson
correlation coefficient ρx,y = 0.39.

ATR-FTIR depth profiles to exclude lead white as the main
source of 327-353 and 412-438 nm luminescence
The photoluminescence behavior of lead white is known to vary, depending
for instance on the widely variable hydrocerrusite/cerussite ratio.1 The scaled
profiles of the sharp O-H stretching vibration at 3530 cm-1 (unique to
hydrocerrusite) and the asymmetric C-O stretching vibration of carbonate at
1395 cm-1 (generic lead white absorption) are plotted as a function of sample
depth in figure S3. The corresponding layer numbers are indicated at the top
of the figure. The hydrocerrusite/cerussite ratio inferred from figure S3 does
not change between layer 4a and 4b implying that the same lead white was
used in both layers. This excludes lead white as a possible candidate for
producing the observed emission in the 327-353 and 412-438 nm spectral
ranges, because the observed luminescence is stronger in layer 4a, even
though the lead white concentration here is lower.
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Figure 3: Integrated absorption features of lead white as function of sample depth. Values for
the asymmetric C-O stretching vibration at 1395 cm-1 are shown in the red curve and represent
the relative quantity of lead white in general (hydrocerrusite + cerrusite). Values for the OH
stretch vibration at 3530 cm-1 are shown in the green curve and represent the relative quantity
of hydrocerrusite. The dip in absorption is due to a surface scratch, indicated in figures 2 and 4
of chapter 3 by a blue dashed line.
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