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APPENDIX B
Foreword
The following appendix (published as a research article in the Journal of
Physical Chemistry C) was initially planned to be included in this thesis as a full
chapter. However, only three months before the end of the PhD research,
data was collected that definitively falsified much of the interpretation and
conclusions postulated in the original manuscript. Recognizing that the
primary purpose of a PhD thesis is to demonstrate scientific ability, the choice
was made to maintain the original text of this manuscript and include it here
as an appendix.
This original manuscript describes experiments performed in late 2018 at the
HERMES beamline of the SOLEIL synchrotron facility. As inspired by observed
differences in the extent of degradation of different zinc white paints, the
purpose of these experiments was to study the intrinsic defect chemistry of
zinc white and establish a possible relationship with its production process
and its catalytic activity in oil paint. Using scanning transmission X-ray
microscopy (STXM) to obtain X-ray absorption near-edge structure (XANES)
on the nanoscale, distinct contrast was observed between the individual ZnO
crystallites. An interpretation was proposed as to how this distinct contrast is
related to populations of certain intrinsic crystal defects and their effect on
the density of electronically anisotropic Zn 3d-derived states. Since the
contrast was visualized in such a way that it appeared binary in nature, this
chemical interpretation would have meant that zinc whites contain two
chemically distinct classes of crystallites, each having vastly different
populations of intrinsic crystal defects.
Due to the seemingly binary nature of this effect, an alternative explanation
in terms of the angle-dependent absorption of linearly polarized X-rays by
transitions involving anisotropic orbitals was already disregarded early on. It
was argued that such an angle-dependency could not have showed up in a
binary manner, but would rather have produced data in which the XANES
properties of individual ZnO crystallites can take any value on a spectrum.
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However, it was not until the second round of STXM experiments in June 2020
that an experiment was conducted that could definitively falsify this
alternative interpretation in terms of a polarization effect. This experiment
simply consisted of recording X-ray transmission images of an agglomerate of
ZnO crystallites at two energies found to be diagnostic for the distinct X-ray
absorption contrast and repeating this series for linear vertical, linear
horizontal and circular polarization. It was found that the contrast flipped
when changing the polarization from linear vertical to linear horizontal, but
disappeared completely when changing to circular polarization. This
experiment revealed that all previously described XANES contrast was in fact
a manifestation of the X-ray linear dichroism (XLD) properties of ZnO and
represent no actual chemical contrast among the individual ZnO crystallites.
Although a major part of the following manuscript therefore consists of
interpretations of the X-ray absorption contrast in ZnO powders that are now
disproven, some parts of the discussion remain of interest for the
interpretation of the photoluminescence behavior of zinc whites. As is
discussed in the manuscript, the photoluminescence of zinc white on the scale
of single crystallites is highly heterogeneous and sometimes even approaches
the binary behavior that was thought to be observed in terms of X-ray
absorption. The visible photoluminescence of ZnO—as opposed to XANES—is
widely accepted to originate from certain intrinsic crystal defects. Therefore,
the hypothesis postulated in section 4.3 that links certain aspects of the metal
vapor oxidation synthesis of zinc white to the strong uneven distribution of
certain intrinsic crystal defects may still hold true. Furthermore, the
manuscript reports on the finding and identification of hydrozincite in three
out of six zinc white samples. Of course, as this observation concerns a
different chemical compound, it holds irrespective of the origin of the
seemingly binary chemical properties of the ZnO crystallites.
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ABSTRACT Besides its many applications in electronics, photonics, and
catalysis, ZnO has also been extensively used as the pigment zinc white ever
since its introduction in the first half of the 19th century. It is shown here that
zinc whites (ZnO formed through zinc vapor oxidation) form a chemically
binary system, with each of the submicrometric crystallites belonging to
either of two distinct classes. The observation of the two classes is done based
on X-ray absorption nanospectroscopy and was determined to be caused by
differences in the populations of anisotropic crystal defects. A theoretical
assessment of the vapor oxidation synthesis method is formulated which
predicts that the binary distinction in crystal defect populations is caused by
local variations in synthesis parameters. As the crystal defect population in
ZnO has been shown to be related to its catalytic properties, these results
provide fundamental insights on the link between the intrinsic properties of
zinc white and its degradation issues in oil paint.

1

Introduction

Zinc white has been a popular choice of white pigment since it was
commercially introduced as a less toxic alternative to lead white in the first
half of the 19th century.1 Its use in oil paints is widespread among well-known
artists such as Vincent van Gogh, Paul Cézanne, and Piet Mondrian. However,
it has been known—or at least strongly suspected—since the early 20th
century that zinc white reacts with the fatty acids released through hydrolysis
of the drying oil binding medium to form zinc soaps. Although experimental
evidence of soap formation was already reported in 1941 by A. E. Jacobsen,2
extensive research into this phenomenon did not start until the early 2000s.
Current studies on metal soaps in oil paint cover a broad range of aspects,
including their description in historical works of art,3,4 formation and
migration properties,5,6 and methods of characterization.7,8 The extent of zinc
white-related degradation found in different paintings varies widely: whereas
Rogala et al.3 report on some severe cases of paint delamination, most
paintings that contain zinc white are in much better condition. A recent study
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into the zinc soap formation in a 1917 painting by Piet Mondrian even shows
variability in the extent of degradation between adjacent paint layers with
highly similar composition.9 In general, two groups of factors are thought to
have an effect on the rate of degradation of zinc white: environmental factors
(e.g. humidity, temperature, light, cleaning agents, and air pollutants)10,11 and
compositional factors (e.g. stratigraphy, metal carboxylate driers, and other
pigments).11,12,13
Despite the plethora of studies that explore the effect of environmental and
compositional factors, the effects of the intrinsic properties of zinc white on
its own degradation have been discussed to a much lesser degree. The main
argument for involving the intrinsic properties of zinc white in the study of oil
paint degradation is the widely studied catalytic activity of ZnO, which is
generally thought to be caused by intrinsic surface defects. This link has been
established both through theoretical and experimental studies.14-18 In this
context, it is of specific interest to note the high catalytic activity of ZnO that
has been shown for the transesterification of vegetable oils with
methanol.17,18 This reaction is highly similar to the hydrolysis of vegetable oil—
the only difference being that instead of water (H-OH), methanol (CH3-OH)
substitutes the glycerol backbone. As discussed earlier, it is precisely this
hydrolysis of vegetable oil that causes the formation of problematic zinc soaps
in zinc white oil paints. Although it remains unclear how the catalytic activity
of ZnO in transesterification reactions under extreme industrial conditions
translates to its catalytic activity in the hydrolysis of oil paints, these studies
do support the potential interest of studying the intrinsic defect chemistry of
zinc whites.
By making use of the photoluminescence emission associated with certain
crystal defects, it has been verified that there is variation among the defect
chemistry of different batches of zinc white.19-23 Considering the history of zinc
white production, the observation of some variability is actually in line with
expectation. It is for instance well-known that the production of zinc white
has historically occurred by means of two distinct processes: the French (or
indirect) process, in which metallic zinc is vaporized and subsequently
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oxidized, and the American (or direct) process, in which zinc ore is used
instead of metallic zinc.1 Further variability in the characteristics of zinc white
is expected as a result of variations in synthesis conditions and design of the
production furnaces.
In Bertrand et al.19 it was shown that—based on photoluminescence
characteristics—it is not only possible to discriminate between different
batches of zinc white, there are also pronounced differences between the
individual ZnO crystallites. In order to fully understand how the intrinsic defect
populations in zinc white affect its chemical activity in an oil paint, it is
therefore of high interest to study its defect chemistry on the scale of the
individual submicrometric (∼200 nm) zinc white crystallites. Since the
catalytic activity of ZnO takes place on its surface, it is also highly preferable
to be able to resolve the crystallite size and morphology.
The aim of this study was therefore to develop a methodology that is able to
simultaneously characterize the defect chemistry and morphology of the
submicrometric ZnO crystallites that constitute the zinc white pigment. The
approach taken here is based on scanning transmission X-ray microscopy in
the soft X-ray regime. In the energy range, a Fresnel zone plate (FZP) enables
lateral resolutions of less than 10 nm.24 Recording the X-ray absorption nearedge structure (XANES) at the Zn L-edge (∼1030 eV) is anticipated to provide
information about the average coordination environment of individual
particles, which is thought to be affected by (intrinsic) crystal defect
populations.25-28 Besides clear implications for the study and conservation of
oil paint, the material properties reported here are also critical for the
extensively studied applications of ZnO in catalysis, photonics and electronics.

2

Methods

2.1

Sample preparation

Samples of six different batches of zinc white were analyzed. Five of these
were reportedly produced using the indirect (French) vapor oxidation process
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and one was produced using the direct (American) vapor oxidation process.
The direct process sample, as well as two of the indirect process samples,
were acquired from historical collections, whereas the three remaining
indirect process samples were obtained from modern pigment
manufacturers. Reference codes were used that list the production process
(FR, AM), whether the sample was obtained from a historical collection or
from a modern manufacturer (Hist, Mod), and an indexing number. In
addition, a high-purity, lab-synthesized ZnO was studied as a reference.
The high-purity, lab-synthesized ZnO was synthesized by using the vapor
oxidation process, combusting Zn-foil (high purity: 99.99%, 0.125 mm
thickness, Advent Research Materials Ltd) in a glove box made of stainless
steel and designed to be put under vacuum. After three alternating cycles
(outgassing and purging with Ar), a mixture of Ar/O2=80/20 (Air Liquide, purity
Ar > 99.99 % and O2 > 99.995 %) was introduced into the glove box up to P =
1 bar and the pure ZnO powder was collected in the inert atmosphere on a
glass plate. X-ray photoelectron spectroscopy (XPS) analysis of the labsynthesized batch showed no detectable impurities.
All seven ZnO samples were prepared for STXM analysis by suspending ∼300
μg of powder in ∼1 mL of isopropanol, sonicating the suspension for several
minutes and then casting a ∼5 μL droplet of the suspension onto a 100 nm
thick silicon nitride window heated to 100 °C. Within several seconds all
isopropanol evaporated, leaving small amounts of powder dispersed over the
surface of the silicon nitride window.

2.2

STXM analysis

STXM experiments were conducted at the HERMES soft X-ray beamline of the
SOLEIL synchrotron (Saint-Aubin, France). During these experiments the
microscope (Research Instruments GmbH) was equipped with a 30 nm outer
ring width FZP lens and a 50 μm order sorting aperture to focus the
monochromatized beam down to a size of approximately 40 nm. Experiments
were conducted in a vacuum chamber pumped to 10-3 mbar. Silicon nitride
windows supporting the various zinc white samples were fixed to an XYZ
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scanning stage, Z being the direction colinear with the X-ray beam
propagation and used to bring the sample onto the FZP focal plane. A STXM
image is obtained in raster mode as a function of the XY position, each pixel
intensity following the Beer-Lambert absorption law. Transmitted photons are
measured using a photomultiplier tube (PMT) and the X-ray energy is tuned
to yield hyperspectral images (energy stacks) of clusters of 20-200 mostly
unstacked ZnO crystallites. Typical X-ray energy range used to measure the Zn
L-edge was 1015-1050 eV, with 0.15 – 0.3 eV spectral resolution. All dropcasted ZnO samples present thicknesses permitting sufficient signal for lownoise data to be recorded with a 3 ms per-pixel dwell time. The single-energy
images making up the energy stacks were recorded by continuously scanning
the XY translation stage (constant velocity mode), recording the integrated
signal every 50-70 nm over a ∼5x5 μm scanning range. For each sample,
additional images were recorded at 20-30 nm step size at 1010 and 1035 eV
(before and after the Zn L-edge).

2.3

STXM data processing

The STXM energy stacks were preprocessed and analyzed using the simplex
volume maximization (SiVM) endmember selection algorithm.29 Endmembers
obtained through SiVM are spectra that are mathematically determined to be
the set of basis spectra that produce linear combination fits of the remaining
data with the smallest sum of squared errors. Due to this property,
endmember spectra are generally considered to represent the pure
compounds or phases. In the absence of other compounds or crystalline
phases, endmember spectra selected from XANES analyses of pure zinc whites
are expected to reflect heterogeneities in average coordination chemistry—
with an anticipated link to intrinsic defect populations. An SiVM
implementation in Python was based on the DataHandlerP software and used
to produce spectral endmembers that are passed as input factors for NNLS
fitting. A more detailed description of this approach is provided in Supporting
Information.
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2.4

X-ray diffraction

X-ray diffractograms (XRD) of the zinc white samples were recorded using a
Rigaku MiniFlex II desktop diffractometer with a Cu Kα radiation source.
Samples were analyzed in a 2θ = 10-75° angular range at a 5°/min scan velocity
and 0.05° resolution.

Figure 1. OD STXM images of the six studied zinc whites, each recorded with a photon energy
of 1035 eV (a-f) and the corresponding average Zn L-edge XANES spectra (g). The inset in (g)
shows a magnification of the pre-edge absorption features. All scale bars have a length of 1 μm.

3

Results

High-resolution optical density (OD) STXM images were recorded on each
sample at photon energies of 1035 and 1010 eV (right after and right before
Zn L-edge) to determine particle size and morphology, reveal possible
contaminations, and verify whether the sample preparation yielded
sufficiently dense particle dispersions without excessive stacking. Multienergy stacks were recorded at lower lateral resolutions to retrieve full Zn Ledge XANES spectra on each of the particles in view. The images recorded at
1035 eV are shown in figure 1a-f. Particle size and morphology differ from
sample to sample, but generally speaking the batches consist of nodular or
rod-like grains with sizes of about 200 nm—in line with what is typically
reported for zinc white.1 Images are dominated by particles exhibiting a
uniformly low OD, with only a few highly absorbing clusters. Subtracting
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images recorded at 1010 eV (before Zn L-edge) from those recorded at 1035
eV (at Zn L-edge) revealed a large increase in OD for all observed particles.
These observations suggest that the drop-casting sample preparation method
(see Methods) yields well-dispersed particles, all consisting of zinc
compounds. Figure 1g shows the average XANES spectrum per sample,
calculated from the corresponding multi-energy stack. The inset on the
bottom right shows the 1024–1027.5 eV spectral region in more detail. All
samples show comparable absorption spectra, with the exception of samples
FrHist1 and FrHist2. FrHist1 exhibits a significant pre-edge at 1027 eV and a
nearly 1:1 ratio of the 1031 and 1036 eV absorption features, whereas FrHist2
exhibits an even stronger absorption at 1027 eV and a radically different
spectrum in the 1029-1040 eV energy range. Still, it is evident that at least
four batches of zinc white cannot readily be discriminated solely on the basis
of average X-ray absorption properties.
To determine how the differences and similarities between the different
batches of zinc white present themselves on the nanoscale, the multi-energy
stacks were factorized into four endmember spectra using SiVM and modelled
and subsequently modelled using non-negative least squares (NNLS). Figure
2a-f shows false color images, with the NNLS weight matrices of endmembers
2, 3, and 4 used as the red, green, and blue channel respectively. The specific
choice for endmembers 2-4 was made based on the very low covariance
between their three weight matrices, indicating that each maps a different,
spatially uncorrelated chemical species. Plots of spectral endmembers 1-4 are
shown in figure 2g. Each set of four weight matrices was normalized to a
common maximum, so as to maintain proportionality and enable qualitative
comparison among samples. In figure 2a-f a clear variation in the X-ray
absorbing properties among different ZnO particles can be observed. This
variation is most apparent in the three FrMod samples (figure 2b-d), where
particles can be binarily classified as having properties similar to either
endmember 2 (red) or endmember 4 (blue). This distinction can also be
observed in samples FrHist1 and AmHist, although here—besides the red and
blue grains—a considerable number of particles appear with a distinct green
color, indicating X-ray absorption similar to endmember 3 (figure 2a, e).
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Sample FrHist2 even seems to fully consist of grains with a green signature
(figure 2f).

Figure 2. False color images based on NNLS weight matrices for spectral endmembers 2-4 (a-f)
and a plot of endmembers 1-4 (g), with the colors of endmembers 2-4 corresponding to their
mappings in a-f. All scale bars have a length of 1 μm.

X-ray diffractograms of the six zinc white samples are shown in figure 3. The
diffractograms suggest that the major phase in five out of six samples is
wurtzite ZnO. The only exception here is sample FrHist2, which exhibits an
entirely different diffractogram. This particular compound can also be
observed as a minor phase in samples AmHist (inset) and FrHist1. These
particular diffractograms were found to match with hydrozincite
(Zn5(OH)6(CO3)2): a basic zinc carbonate.30 This observation allows to
unambiguously identify the grains with the green signature in figures 2a, e &
f as hydrozincite.
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Figure 3. XRD diffractograms of the six zinc white samples. The inset in the upper right of the
figure shows a zoom of the AmHist diffractogram in which the minor phase can clearly be
distinguished.

4

Discussion

The consistent appearance of all ZnO particles in the false color images as
either red, blue, or green, but rarely a mix of colors, raises questions about
the chemical origin of the observed contrast and its relation to the production
process. Since this phenomenon has not been previously described in
literature, the following discussion aims to propose an interpretation based
on previously established knowledge of the origin of Zn L-edge XANES
absorption features, their symmetries, and the theoretical literature on
crystal defects in ZnO.

4.1

Identification of absorption features

The intensities of XANES absorption features are directly related to the
unoccupied DOS. In case of Zn L-edge XANES—in accord with the dipoletransition selection rule—the unoccupied DOS being probed is that of the Zn
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4s and Zn 4d derived states, with the Zn 2p orbitals as the lower energy levels
of the transitions. Large (∼15 eV) spin-orbit coupling effects of the 2p5 core
hole cause the spectrum to be split up in an L3- and L2-edge, corresponding to
J = 3/2 and J = 1/2 final states respectively. In this discussion, we will focus on
the Zn L3-edge, which spans roughly from 1025 to 1040 eV.
From the previously reported low anisotropic response of the small
absorption feature at 1025 eV (most clearly visible in figure 1g), it was
concluded that this feature can be attributed to a transition to mostly
isotropic Zn 4s derived states.26 The same study found a stronger anisotropic
response of the features between 1029 and 1037 eV, supporting their
attribution to transitions to directional Zn 4d derived states. Theoretical
orbital-specific Zn L-edge XANES obtained through the FEFF software support
the assignment of the 1025 eV absorption feature, but also assign the
transition of 1029 eV to a Zn 4s derived state.31 The anisotropic nature of this
absorption feature—as demonstrated by Chiou et al.26—could then simply be
interpreted as being due to strong overlap with the broad tails of the nearby
transitions to Zn 4d derived states. From the splitting in d-orbital energy levels
predicted by crystal field theory for tetrahedrally coordinated compounds, at
least two main absorption features are expected, corresponding to transitions
to the eg and t2g Zn 4d orbital groups. Electron-electron repulsion and spinorbit coupling further split up the possible transitions into a more complex
spectrum,32 explaining the observation of at least three visually discernible
absorption features: 1031, 1032.5 (shoulder), and 1036 eV. Finally, the sharp
1027 eV absorption feature that is only visible in endmember 3 can be
ascribed to hydrozincite. It most likely corresponds to a transition to Zn 4s
derived states and is indicative of octahedral Zn coordination.33,34

4.2
Assessment of STXM contrast in terms of lattice defects and
degradation products
In order to now fully interpret the contrast shown in figure 2, average
normalized Zn L-edge XANES spectra of the red, green, and blue ZnO particles
are shown in figure 4. These average spectra represent most accurately what
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the X-ray absorption behavior is of particles that score high on either
endmember 2, 3, or 4 (red, green, and blue respectively). Interpretation was
not done directly from the spectral features of the endmembers themselves,
because these endmembers are the purest representation of each phase, and
the typical particles with red, green, and blue signatures may in fact exist as
mixtures of the pure phases with certain preferential mixing ratios. As the
particles with a green signature have already been identified as hydrozincite,
the following discussion will focus on the as of yet unexplained blue-red
contrast.

Figure 4. Average normalized Zn L-edge spectra of the ZnO crystallites determined from the
data shown in figure 2 to have a predominantly red, green, or blue signature. The colors of the
spectra correspond to the color coding used in figure 2. For the datasets where predominantly
green ZnO particles are absent, a spectrum is not shown.

For all samples it is clear that ZnO particles with a red and a blue signature are
distinguished by deviations in the absorption between 1031 and 1036 eV. To
be precise, particles with a blue signature can be distinguished from those
with a red signature by a more intense absorption feature at 1031 eV, and a
less pronounced shoulder at 1032.5 eV. On the other hand, features below
1030 eV—related to transitions to Zn 4s derived states—seem unaffected.
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Considering the peak interpretation discussed earlier, this means that red and
blue fractions have a highly similar density of unoccupied Zn 4s derived states,
but exhibit differences in the densities of certain symmetrically distinct
unoccupied Zn 4d derived states.

Figure 5. STXM analysis of the ultrapure lab-synthesized ZnO sample. High-resolution
transmission image (a), SiVM-NNLS false color image (b), and the average normalized Zn L-edge
spectra of the ZnO particles determined to have a predominantly red and blue contribution.

To exclude impurities as the leading cause for this distinction in electronic
properties, figure 5 shows the false color image of an ultrapure ZnO sample.
The observation that a clear binary distinction is maintained between a red
and a blue fraction strongly suggests that impurities—with the exception of
hydrogen—cannot be related to the existence of two separate ZnO fractions.
Likewise, the fact that the two fractions have an identical density of Zn 4s
derived states (i.e. the states laying in the lowest part of the conduction band)
suggests that the electron donating properties of some defects (e.g. Hi, Zni,
ZnO)35-37 do not play a direct role either. Rather, the distinction is expected to
be related to distortions in the crystal lattice with a strongly anisotropic
character. This can be inferred from the previously made observation that the
differences between ZnO particles with red and blue signatures only show up
in Zn L-edge XANES features that are themselves anisotropic (i.e. the Zn 2p to
Zn 4d transitions). This excludes lattice distortion by oxygen vacancies (VO),
zinc vacancies (VZn), and zinc interstitials (Zni) as the direct source of this
distinction, as these point defects have spherical (a1) symmetry in all charge
states.38-40 Oxygen interstitials (Oi), on the other hand, have been shown both
theoretically and experimentally to exist in a number of configurations—all of
which are electronically anisotropic.39-42 Zinc antisites (zinc atom on oxygen
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lattice site, denoted ZnO) are another type of intrinsic crystal defects for which
DFT calculations suggest that the energetically most favorable configuration
is anisotropic.42 A similar effect was found for oxygen antisites (oxygen atom
on zinc lattice site, denoted OZn), for which an energetically favorable
displacement of over 0.7 Å along the [0001] direction is predicted.42
Besides electronically anisotropic point defects, complexes of two or more
intrinsic point defects may also induce anisotropic lattice distortions—granted
they exhibit a preferential configuration. Little is known about such
complexes; the reason for which may either be the unfavorable energetics of
bringing point defects close together, or the relatively low energy barriers for
defect migration.37,43 Only the VO–Zni complex has been described in more
detail and has been associated with the intrinsic n-type character of ZnO.43,44
Calculations show a lower formation energy of the VO–Zni complex than of the
two separate point defects and an increased migration energy barrier for Zni
when brought within 3.6 Å of VO.43 Especially high-temperature, oxygen
deficient synthesis conditions may favor the formation of such defect
complexes.
From this comprehensive assessment of the symmetries of the most
commonly reported crystal defects in ZnO, one must conclude that, based on
the interpretation of the XANES absorption features alone, no specific species
can be appointed as the cause for the observed binary distinction between
ZnO particles. Rather, it can be narrowed down to those that have an
anisotropic electronic structure: Oi, OZn, ZnO, and the VO-Zni complex. The
question that remains now is: how can these anisotropic defects lead to the
stark red-blue binary distinction between particles as is shown in figures 2 &
3?

4.3

The relation between STXM contrast and ZnO production

In order to postulate a viable answer to this question, it is worth considering
that different defects have different formation energies that depend on the
Fermi level and on the chemical potential of Zn and O during synthesis.37,39,40,42
Several studies show that the defect formation energy 𝐸 typically depends
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on the Fermi level 𝐸 with a slope

in the order of 2. 37,39,40,42 The slope

of 𝐸 relative to the chemical potentials μ of Zn and O is a bit harder to
express, but between their theoretical lower and upper bounds, values for 𝐸
have been calculated to typically lie 3-4 eV apart. 37,39,40,42 Under the
assumption of thermodynamic equilibrium, the concentration of defects is a
function of 𝐸 following a Boltzmann distribution.45 Due to this exponential
relationship, relatively small changes in the Fermi level or chemical potentials
can have a large effect on the crystal defect populations of a ZnO crystallite.
This can be illustrated by calculating the ratio 𝑅 , between concentrations of
the same type of crystal defect, for crystallites 𝑖 and 𝑗 synthesized under
different conditions:
𝑅, = 𝑒

=𝑒

∆

𝐸𝑞. 1

𝑒

Here, 𝑘 is the Boltzmann constant, 𝑇 is the temperature, and ∆𝐸 is the
difference in formation energy 𝐸 − 𝐸 , resulting from the difference in
synthesis conditions. For a typical synthesis temperature of 1200 K, a ratio 𝑅 ,
of 10 is found for a ∆𝐸 of just 0.24 eV. Given the previously mentioned
estimates of

and

, such an increase could typically be realized by as

little as a 0.12 eV change in 𝐸 or a 6-8% shift in 𝜇 or 𝜇 . Moreover, the
relations 𝐸 𝐸 , 𝜇 , 𝜇 ) for different crystal defects exhibit a large
variation—with positive, negative and (partially) negligible slopes, meaning
that the ratios between defect populations can differ as much as two orders
of magnitude for the listed shifts in 𝐸 , 𝜇 , and 𝜇 . Although the Boltzmann
distribution predicts no upper limit to the concentrations of crystal defects, it
is expected that a saturation effect dominates towards very high defect
concentrations. Considering the trivial lower limit in defect concentrations of
0, one may then expect that even small differences in 𝐸 , 𝜇 and 𝜇 during
synthesis yield ZnO crystallites of which the vast majority has either of two
distinct defect populations. As there are therefore also two distinct
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populations of low-symmetry defects, the ZnO crystallites can be predicted to
exhibit a mostly binary distinction in the Zn L-edge XANES. Alternatively, one
may expect a saturation effect in the extent to which large populations of lowsymmetry crystal defects map onto the unoccupied DOS of the Zn 4d derived
states. This yields a similar result; with two distinct DOS of Zn 4d derived states
producing a binary distinction in the Zn L-edge XANES. Both hypotheses
predict S-shaped curves for the defect concentration as a function of 𝐸 , 𝜇
and 𝜇 , of which the position of the inflection point depend on the type of
defect.
Given the typical vapor oxidation fabrication processes of zinc white, in which
either metallic zinc or zinc ore is vaporized and subsequently oxidized,1 it is to
be expected that the chemical potentials of Zn and O vary as a function of the
distance from the zinc source. As the zinc vapor moves farther away from the
source, the local partial pressure of Zn and therefore 𝜇 decreases. It is
therefore expected that somewhere along the way from the zinc source
towards the end of the oxidation chamber, the slowly changing formation
energies will cause a tipping point (S-curve inflection point) for the
concentrations of certain crystal defects. Before and after this tipping point,
two distinct types of ZnO will precipitate, together forming a batch with a
binary chemical distinction. As different defects can be predicted to have
different tipping points, there is likely only one defect or defect complex
responsible for this binary behavior.

4.4

From ZnO to hydrozincite

Having determined the chemical nature and origin of the grains with a blue
and red signature, this still leaves the hydrozincite phase largely undiscussed.
Although the finding of (basic) zinc carbonates1,10,46 in samples of zinc white is
not entirely new, their nomenclature is ambiguous and often inconsistent.47
Here, for the first time, the dominant carbonate phase could be identified
explicitly as hydrozincite. As hydrozincite can be synthesized from ZnO
through exposure to CO2/H2O atmospheres,48 it is hypothesized that this
phase is in fact a degradation product of zinc white, resulting from prolonged
atmospheric exposure during its storage. This is mostly in line with the age of

253

the analyzed zinc white batches and the hydrozincite fraction found using
XRD. Samples FrHist1 and FrHist2 come from historical collections and either
exhibit complete conversion, or the presence of a significant minor phase, the
AmHist sample comes from a much younger museum collection and also has
relatively low concentration of hydrozincite, whereas the three modern
pigments (FrMod1-3) contain no observed fraction of hydrozincite.
Besides identifying for the first time the dominant carbonate degradation
phase of zinc white, STXM analysis of samples FrHist1, FrHist2, and AmHist
also directly shows its nanometric spatial distribution. Contrary to what would
be expected from a degradation product formed under influence of
atmospheric compounds, the hydrozincite phase is not observed as partially
converted ZnO crystallites, but rather exists as separate crystallites without a
well-defined dominant morphology. From this observation, it can be
hypothesized that either partial conversion does occur, but the two phases
are mechanically insufficiently stable to remain attached during the STXM
sample preparation, or that certain ZnO crystallites are more reactive towards
CO2 and water than others, causing some to be completely transformed to
hydrozincite, while others remain unaffected. Whether or not the second
hypothesis is reflected in the STXM data can be tested by considering the false
color image of sample FrHist1 shown in figure 2. This is the only sample with
a hydrozincite concentration that allows to see an effect on the binary
populations of crystallites with blue and red signatures. Although the number
of particles of sample FrHist1 captured in the field of view is insufficient for
sound statistical analysis, it appears to be the case that the fraction of ZnO
crystallites with a blue signature is lower than in samples FrMod1 and
FrMod2. This does suggest that a difference exists in the tendency of the two
different types of ZnO crystallites to react with CO2 and water and form
hydrozincite. This tendency would be in line with an earlier study in which it
was shown that ZnO from different batches of zinc white exhibit different
reactivity towards atmospheric sulfur compounds.11
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4.5

Comparison of STXM contrast to PL contrast

At this point, it is worth recalling the comments made in the introduction with
regards to the differences in photoluminescence behavior among different
batches of zinc white and between the individual ZnO crystallites within a
batch.19 As there is broad consensus that the relative intensities of these
emission bands are related to intrinsic defect populations, this final section
aims to explore briefly the parallels with the binary contrast in X-ray
absorption behavior that is described in this paper. First, it must be noted that
the two most widely described trap state emissions (violet and green, mapped
out in Bertrand et al.19) are typically ascribed to Zni and VO respectively,23
which—due to their a1 symmetry—are not thought to have a direct
relationship to the binary X-ray absorption contrast.38-40 Moreover, contrary
to X-ray absorption, photoluminescence emission exhibits an extraordinarily
large dynamic range, with fiftyfold differences in integrated
photoluminescence intensity demonstrated between batches.19 This
variability in emission intensity is thought to be tightly related to the deexcitation pathways related to band gap emission and various non-radiative
processes. All such de-excitation pathways are affected by the overall
crystallinity and are in direct competition with each other. Thus, the intensity
of one emission band is to some extent related to the intensities of all others.
As such competition is not expected to significantly influence the relative
intensities of X-ray absorption features, quantitative relationships between
intrinsic defect concentrations and spectral feature intensities are thought to
be completely different for photoluminescence and XANES.
Despite these undeniable dissimilarities, there may be two ways in which
photoluminescence and X-ray absorption contrast are related. One way would
be if the binary distinction in X-ray absorption behavior is caused by a crystal
defect that has a PL-active trap state. The VO-Zni complex itself may act as a
PL-active trap state, although no consensus exists about the exact nature of
this trap state. Some calculations propose that VO-Zni could act as a shallow
donor that explains observations of n-type conductivity in ZnO,43,44 whereas
another calculation predicts the VO-Zni complex to be a deep donor.50 The
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electronically anisotropic Oi defect has been associated with yellow emission
(∼2 eV), but this band is was only demonstrated under very specific conditions
that strongly favor the formation of Oi.23,49
The second way considers possible statistical correlations between the defect
that causes the binary distinction in X-ray absorption behavior, and the
population of PL-active defects. For instance, even if the VO-Zni complex itself
is not PL-active, its concentration is still likely to be tightly correlated to the
concentrations of the separate, PL-active VO and Zni point defects. A general
statistical relationship between electronically anisotropic and PL-active
defects can also be hypothesized based on the previously discussed
relationship between chemical potentials 𝜇 and 𝜇 , defect formation
energies, and defect concentrations. In essence, the two classes of ZnO
crystallites—as distinguished based on Zn L-edge XANES—reflect the local
chemical potentials during synthesis. These local chemical potentials also
affect the populations of PL-active defects, but their concentration tipping
points do not necessarily coincide with the tipping point that causes the binary
distinction in X-ray absorption. The existence of such tipping points predict
that ZnO crystallites can also be subdivided into certain classes according to
photoluminescence behavior, as was also experimentally shown by Bertrand
et al.19 As both classifications depend on the same variables (i.e. 𝜇 and 𝜇 ),
class membership in X-ray absorption will be a predictor for class membership
in photoluminescence behavior. The extent to which one membership can
predict the other then reflects how close the tipping points are on the
chemical potential axis.

4.6

Implications for oil paint degradation

As was set forth in the introduction of this paper, the prime motivation of this
study was the hypothesis that intrinsic crystal defects in ZnO may act as
catalytically active sites in the hydrolysis of oil binding media. The results
shown in this paper reveal that zinc whites form a distinctly binary chemical
system. This chemical contrast could be ascribed to differences in the
populations of electronically anisotropic intrinsic crystal defects. These
differences are postulated to be caused by spatial variation of the chemical
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synthesis parameters. With respect to catalytic activity, the electronically
isotropic oxygen vacancies are typically identified as the active sites in ZnO.1416
As was discussed in the previous section of this paper, these defects may
not directly affect the X-ray absorption behavior, but they are still expected
to be distributed over the ZnO crystallites in a comparable binary manner. The
STXM-XANES method discussed here does not seem to be able to observe this
catalytically relevant binary system, but—due to a shared thermodynamic
origin—it is expected to be tightly related to populations in the observable
binary system.
The question now is whether STXM-XANES could indeed allow to characterize
the reactivity of a pigment as a whole. The answer relies primarily on whether
ZnO does indeed acts as catalyst in the hydrolysis of oil binders and whether
oxygen vacancies indeed act as the catalytically active sites. Although previous
studies do point in this direction,14-18 further investigations will be necessary
to establish this relationship. Under the assumption that these hypotheses are
accurate, it is possible to postulate a metric that allows to characterize a batch
of ZnO by means of STXM-XANES in terms of its reactivity in oil binders. This
metric 𝐴 measures the oxygen vacancy-rich surface area per unit weight of
a zinc white sample. The possible accuracy of this measure heavily relies on
the extent to which the STXM-XANES signature of a crystallite predicts its
signature in the unobservable catalytically relevant binary system. Under the
assumption that the signature in the observable binary system perfectly
predicts the signature in the unobservable binary system, a STXM-XANES map
covering a large number (i.e. hundreds) of ZnO crystallites would provide
sufficient data to calculate 𝐴 . When this assumption doesn’t hold, the
accuracy of the metric 𝐴 will be lower, but may still prove useful as a means
to rank zinc whites in terms of catalytic activity.

5

Conclusion

Intrinsic crystal defects in ZnO are thought to be catalytically active in the
degradation of the drying oil binding medium of oil paints and could hereby
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foster the subsequent formation of zinc soaps. The ability to characterize ZnO
in terms of crystal defects is therefore deemed vital to obtain a
comprehensive understanding of the problematic nature of the zinc white
pigment. Scanning transmission X-ray microscopy (STXM) has been shown for
the first time to allow clear chemical differentiation between individual ZnO
crystallites produced using the vapor oxidation synthesis method. Through a
factorization by means of simplex volume maximization (SiVM) and
subsequent fitting using non-negative least squares (NNLS), it was
demonstrated that batches of zinc white exhibit stark binary or ternary X-ray
absorption behavior at the Zn L-edge. Based on a fundamental investigation
of the XANES absorption features and the symmetries of defects in the ZnO
lattice, it was hypothesized that the dominant binary distinction between ZnO
crystallites is related to differences in populations of low-symmetry intrinsic
crystal defects. The chemically distinct third group of crystallites was
identified as hydrozincite: the product of long-term exposure of ZnO to
atmospheric CO2 and water vapor. The observation of a binary distinction
throughout all analyzed ZnO samples strongly suggest that the presence of
two distinct fractions of ZnO particles within a batch is inherently linked to the
vapor oxidation synthesis method and its spatially variable synthesis
parameters. The observation of hydrozincite and its nanometric spatial
distribution suggests that some ZnO crystallites are more reactive towards
CO2 and water vapor than others and that this may be related to the binary
distinction revealed in the X-ray absorption behavior.
Overall, the results presented in this paper provide important new pieces of
information to help us understand the link between the intrinsic properties of
zinc white and its reactivity in oil paint. Moreover, the discussed link between
intrinsic crystal defect populations and synthesis parameters may prove
valuable for the applications of ZnO in catalysis, photonics and electronics,
where the defect population crucially affects performance.
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SUMMARY
Oil paints are complex and heterogeneous systems that undergo various
chemical transformations. Some of these transformations—such as the
oxidative cross-linking of unsaturated triglycerides—help in creating a dry and
stable paint film, whereas others can have detrimental effects on the original
color or adhesion to underlaying paint layers. Understanding these chemical
processes is of crucial importance for conservation scientists to make wellinformed decisions on ways in which to address and possibly prevent these
degradation phenomena. One of the primary means to gain new knowledge
on oil paint degradation processes is to study the distributions of degradation
products and reactive paint components across and within paint layers. Due
to the microscopic thickness of oil paint layers, the micrometric (or even
submicrometric) dimensions of pigment particles, and the slow formation and
migration of degradation products, the informative aspects of such
distributions primarily reveal themselves on the micro- and nanoscale.
The analysis of degraded oil paints on the micro- and nanoscale requires the
use of microchemical imaging methods. All having evolved from the first
optical microscopes, modern microchemical imaging methods now make use
of a wide range of light sources and physical principles—ranging from the
absorption of mid-infrared radiation to the inelastic scattering of electrons—
and can reveal distributions and features in a chemically specific manner from
the millimeter to the nanometer scale. The state-of-the-art of microchemical
imaging as it is currently applied to studies of oil paint degradation is first
reviewed in Chapter 2. From this review, it has become clear that
conservation scientists—due to the challenging nature of degraded oil paint
samples—are eager to adapt newly developed technologies and imaging
methods and methodologies. Still, the wide variety of pigments, additives, and
degradation products found in oil paints and the different length scales at
which relevant information can be retrieved means that even the most
modern microchemical imaging method has some inherent limitations. Often,
this means that multiple techniques need to be applied consecutively, but
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sometimes it calls for new developments, such as the implementation of a
new measurement modality or new detector technology.
One notable example of an inherent limitation to an existing microchemical
imaging method is the micrometric spatial resolution of FTIR
microspectroscopy. The technique is commonly used for the microscopic
analysis of zinc soap distributions, but is not capable of resolving features
smaller than about 5-10 μm, even when operated in ATR geometry. Chapter
3 presents an alternative approach that utilizes a synchrotron-generated
deep-UV beam to induce luminescence in crystalline zinc soaps. Based on
analysis of several reference compounds, it could be concluded that the nearUV emission of the zinc soaps (∼340 nm) is likely the result of a metal-toligand charge transfer (MLCT) that is analogous to the bandgap transition in
ZnO. Using a multispectral full-field microscope, equipped with a 100× deepUV transmitting objective, it is possible to resolve distributions of crystalline
zinc soaps in a cross-section of an early 20th century painting by Piet Mondrian.
Due to the use of a much shorter wavelength of light to probe the degradation
products, this method achieves a spatial resolution that is estimated to be
over one order of magnitude better than what can be obtained using μ-ATRFTIR. From the multispectral photoluminescence images recorded on the
Mondrian sample, it could be concluded that the micrometric fissures
observed using SEM are not formed due to local formation and/or
accumulation of zinc soaps, but are rather the result of an overall expansion
of the paint layer caused by excessive saponification.
Using the same multispectral deep-UV photoluminescence microimaging
technique, chapter 4 then describes a study of the use of zinc white (ZnO) in
the oil painting The Woodcutters by Dutch De Stijl painter Bart van der Leck.
This study was motivated by the observation of three distinct intensities of
green luminescence on the background of the painting when illuminated
under UV light—suggesting that Van der Leck used three different types of
zinc white in his composition. In order to test this hypothesis, and find out
whether the use of different zinc whites has implication for the painting’s
degradation, deep-UV-excited multispectral photoluminescence microimages
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were recorded on three cross-sections, taken from each of the three
differently luminescing background regions. With the multispectral imaging
approach allowing to resolve individual pigment crystallites and selectively
image three different ZnO emission bands, it is possible to distinguish the
different zinc white paint layers and calculate metrics for their emission
properties. By statistically comparing these metrics, it was possible to
conclude that the middle and high intensities of green luminescence observed
on the painting’s background were the result of applying the same type of zinc
white in different thicknesses, while the lowest intensity was observed due to
a third type of zinc white. A thin ZnS degradation layer was observed wherever
the first type of zinc white had been exposed to air, whereas this layer was
found to be absent in the sample where the second type of zinc white was
applied in the top layer. Given the established relationship between the
luminescence properties of zinc white and its intrinsic crystal defect
populations, this observation suggests a link between the defect chemistry of
zinc white and its reactivity in oil paint.
Recognizing the value of photoluminescence-based techniques for the study
of pigments and degradation products in oil paintings, a third study is
presented in chapter 5 that explores the capabilities of hyperspectral deepUV photoluminescence microimaging to determine the chemical composition
of the different lead whites used in Leonardo da Vinci’s The Virgin and Child
with Saint Anne. For this study, one sample and two small fragments were
obtained from the foothills in the background of the painting. The two
fragments were found to consist almost entirely of either of two lead white
paint layers, whereas the sample represented the entire local stratigraphy.
XRD analysis and subsequent Rietveld analysis was first performed on the two
fragments to obtain a reference measurement of the cerussite and
hydrocerussite content of the two main lead white paint layers. Hyperspectral
deep-UV photoluminescence microimaging was then performed on the larger
embedded sample, recording several hundreds of full photoluminescence
emission spectra on the two main lead white layers and a thin third upper
layer. Due to the high chemical complexity of the 500-year-old paint sample,
it was found impossible to obtain accurate measures of lead white
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composition solely based on emission band integration. Instead, a tailored
spectral unfolding approach is described that estimates a baseline, locates the
main emission bands, and fits linear combinations of Gaussian profiles to the
raw photoluminescence data. From these fits, semi-quantitative measures of
the lead white composition could be calculated that were found to match the
Rietveld refinement results. Providing evidence for two different types of lead
white, these findings, in combination with hints left in his manuscripts, point
to a conscious choice made by Da Vinci to use a postsynthesis treatment for
the pigment used in the upper paint layers.
Following (among other things) the observations on zinc white reactivity
described in chapter 4, experiments were set up to map out defect
populations in zinc white (see Appendix A). However, as the result of a
falsification experiment, the initial hypothesis that binary defect populations
in zinc white can be revealed using X-ray nanospectroscopy was shown to be
untrue. A refined interpretation of the data in terms of ZnO’s X-ray natural
linear dichroism (XNLD) properties was proposed in chapter 6. The method is
based on the recording of hyperspectral or multispectral scanning
transmission X-ray microscopy (STXM) images at the Zn L-edge on ZnO
powders. Intensity distributions of two diagnostic absorption features were
taken to represent the dichroic properties of the analyzed powder, with wider
distributions pointing to a stronger dichroic effect. To quantify the XNLD
properties of some different zinc whites, intensity distributions were
modelled following a theoretical description of the XNLD effect. By repeating
the modeling step many times for the experimental and synthetic data sets,
uncertainties in the model parameters could be calculated. Having estimates
and uncertainties of the dichroic model parameters for different data sets, it
could be concluded that high radiation doses significantly decrease the
dichroic properties of ZnO, likely by introducing a certain degree of
amorphism into the crystal structure. Being able to resolve and analyze many
randomly oriented crystallites at once, this STXM-based approach is the first
demonstrated method for quantifying X-ray linear dichroism on powders.
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With the original intent of correlating the (now falsified) binary defect
populations among individual crystallites in zinc white to their
photoluminescence behavior, a new method was developed that is capable of
recording hyperspectral X-ray absorption (XAS) and X-ray excited optical
luminescence (XEOL) images at the nanoscale. The experimental set-up and
first results were discussed in chapter 7. In short, the method works by
equipping a STXM with a wavelength-dispersed optical detection system,
capable of recording emission spectra in the near-UV, visible, and near-IR for
extremely low levels of light. Using the tunable ∼40 nm diameter soft X-ray
probe of the STXM, it is possible to induce XEOL in a highly localized manner,
while simultaneously recording X-ray absorption data. As a proof of principle,
a zinc white powder and a lab-synthesized ultrapure ZnO were analyzed using
the XAS-XEOL nanoimaging set-up. It was shown that both the XNLD
orientation contrast and photoluminescence properties could readily be
analyzed on individual ZnO crystallites—showing clear differences in the
intensities and central wavelengths of trap state emission bands, both within
and among the two batches of ZnO. When samples were exposed to high
doses of radiation, a strong photobleaching effect could be observed that is
negatively correlated to the initial intensity of green trap state emission.
Considering the results from chapter 6, this suggests that a higher degree of
amorphism in ZnO leads to a decrease in luminescent intensity, but that
crystallinity can apparently be maintained in crystallites that exhibit a high
concentration of (surface) defects.
Considering the state-of-the-art of microchemical imaging applied to oil paint
degradation studies and the various findings and challenges encountered
during the studies reviewed and described in this thesis, chapter 8 discusses
the prospects for the field in terms of new methodological developments.
Both instrumental and computational methods are introduced that are for
instance aimed at performing analysis at a higher spatial resolution, increasing
the speed of analysis, improving the chemical specificity of microchemical
imaging techniques, or being able to perform depth-resolved analysis on
objects as a whole, without the need for invasive sampling. Although some of
the discussed methods have already been scarcely applied for the study of
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paints, pigments, or other heritage materials, their implementation for the
study of degradation processes has often not yet been demonstrated. Other
methods are currently primarily applied in other fields of study—such as
catalysis, paleontology, and biology—where complex and heterogeneous
samples are of similar interest. Finally, some methods—such as total
synchronous semi-hyperspectral photoluminescence microimaging—are
here postulated for the first time and have not been developed in practice
yet.
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SAMENVATTING
Olieverf is een complex en heterogeen materiaal dat verscheidene chemische
transformaties ondergaat. Sommige van deze transformaties—zoals de
oxidatieve polymerisatie van onverzadigde triglycerides—zorgen voor een
droge en stabiele verf, terwijl andere zeer nadelige gevolgen kunnen hebben
voor de kleur van de verf of adhesie aan onderliggende verflagen. Het
begrijpen van deze chemische processen is van cruciaal belang voor
conserveringsdeskundigen om weloverwogen beslissingen te nemen over het
beperken of voorkomen van deze degradatiefenomenen. Eén van de
belangrijkste manieren om nieuwe kennis te vergaren over olieverfdegradatie
is het bestuderen van distributies van degradatieproducten en reactieve
verfcomponenten tussen en binnen verschillende verflagen. Door de
microscopische dikte van olieverflagen, de nog veel kleinere pigmentdeeltjes
en de langzame vorming en migratie van degradatieproducten openbaren de
informatieve aspecten van zulke distributies zich hoofdzakelijk op de microen nanoschaal.
De analyse van gedegradeerde olieverf op de micro- en nanoschaal vereist het
gebruik van chemisch-microscopische technieken. Allemaal afstammend van
de eerste optische microscopen gebruiken moderne chemischmicroscopische technieken tegenwoordig een breed scala aan lichtbronnen
en fysische principes—variërend van de absorptie van infraroodlicht tot de
inelastische verstrooiing van elektronen—en kunnen ze distributies en details
op een chemisch specifieke manier in kaart brengen van de millimeter- tot de
nanometerschaal. De huidige status van de toepassing van chemischmicroscopische technieken voor het bestuderen van olieverfdegradatie staat
eerst beschreven in hoofdstuk 2. Door een overzicht te maken van de huidige
literatuur in dit veld is het duidelijk dat conserveringsdeskundigen—geleid
door de complexiteit van gedegradeerde olieverf—gedreven zijn om gebruik
te maken van nieuw ontwikkelde microscopische methodes en
methodologieën. Echter, door de grote verscheidenheid in de pigmenten,
additieven en degradatieproducten die men kan aantreffen in olieverf en de
verschillende lengteschalen waarop relevante informatie gevonden kan
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worden hebben zelfs de modernste chemisch-microscopische methodes nog
bepaalde inherente beperkingen. Dit leidt ertoe dat typisch meerdere
technieken na elkaar op hetzelfde verfmonster toegepast worden. In
sommige gevallen vraagt het zelfs om compleet nieuwe ontwikkelingen, zoals
de implementatie van een nieuwe meetmodaliteit of het gebruik van nieuwe
detectortechnologie.
Een prominent voorbeeld van een inherente beperking aan een bestaande
chemisch-microscopische techniek is de micrometrische plaatsresolutie van
FTIR-microspectroscopie. Deze techniek wordt vaak gebruikt voor de
microscopische analyse van zinkzeepdistributies, maar is niet in staat om
details in kaart te brengen kleiner dan 5-10 μm, zelfs wanneer de microscoop
gebruik maakt van een ATR-geometrie. Hoofdstuk 3 laat een alternatieve
aanpak zien die gebruik maakt van synchrotron-gegenereerde uv C-straling
om luminescentie te induceren in kristallijne zinkzepen. Gebaseerd op de
analyse van verscheidene referentiematerialen kon worden geconcludeerd
dat de uv A-emissie van de zinkzepen (∼340 nm) waarschijnlijk het resultaat
is van een transitie die analoog is aan de bandgaptransitie in ZnO. Door
gebruik te maken van een multispectrale microscoop, uitgerust met een 100×
uv C-doorlatend objectief, was het mogelijk om distributies van kristallijne
zinkzepen in kaart te brengen in een dwarsdoorsnede van een
vroegtwintigste-eeuws schilderij van Piet Mondriaan. Aangezien deze
techniek gebruik maakt van veel kortere golflengtes kan een plaatsresolutie
bereikt worden die minstens één ordegrootte beter is dan wat haalbaar is
middels
μ-ATR-FTIR.
Uit
analyse
van
de
multispectrale
fotoluminescentieafbeeldingen verkregen op de dwarsdoorsnede van de
Mondriaan blijkt dat de microscopische scheuren in de zinkwitverf niet het
gevolg zijn van lokale vorming en/of ophoping van zinkzepen, maar eerder het
resultaat zijn van een algehele expansie van de verflaag veroorzaakt door
overmatige zeepvorming.
Hoofdstuk 4 beschrijft de bestudering van het schilderij De Houthakkers van
De Stijl schilder Bart der Leck middels dezelfde microscopische techniek die
ook wordt beschreven in hoofdstuk 3. De motivatie voor deze studie was de
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observatie van luminescentie in drie verschillende tinten groen op de
achtergrond van het schilderij wanneer deze wordt beschenen met een uvlamp. In een eerdere technische studie van het schilderij werd geconcludeerd
dat deze drie tinten groen een indicatie zijn voor het gebruik van drie
verschillen types zinkwit (ZnO). Om deze hypothese te testen en om uit te
vinden of het gebruik van verschillende types zinkwit implicaties heeft voor
de degradatie van het schilderij, is een microscopische studie uitgevoerd op
drie dwarsdoorsnedes, verkregen van drie regio’s die ieder luminesceren in
een andere tint groen. De hier beschreven microscopische techniek biedt de
unieke mogelijkheid om individuele zinkwit pigmentdeeltjes in kaart te
brengen, waarbij selectief gekeken kan worden naar zeker drie verschillende
emissiegebieden. Hierdoor is het mogelijk om verschillende zinkwit verflagen
te onderscheiden en hun luminescentiegedrag kwantitatief uit te drukken en
statistisch te vergelijken. Uit deze statistische vergelijking blijkt dat de
middelste en meest intense tinten groen veroorzaakt worden door het
gebruik van één en hetzelfde type zinkwit en de minst intense tint groen door
het gebruik van een ander type zinkwit. Een dun degradatielaagje bestaande
uit zinksulfide kon worden waargenomen op de dwarsdoorsnedes waar het
eerste type zinkwit aan de lucht was blootgesteld. Dit degradatielaagje was
echter niet te zien op de dwarsdoorsnede waar het tweede type zinkwit in de
bovenste verflaag was gebruikt. Het is algemeen bekend dat er een relatie
bestaat tussen de luminescentie-eigenschappen van zinkwit en populaties van
intrinsieke kristaldefecten. Deze relatie en de eerdergenoemde observaties
suggereren een mogelijk verband tussen de defectchemie van zinkwit en de
reactiviteit van het pigment in olieverf.
Verder bouwend op de mogelijkheden die luminescentiemicroscopie biedt
voor het bestuderen van pigmenten en degradatieproducten, wordt er in
hoofdstuk 5 aandacht besteed aan de hyperspectrale variant op deze
techniek. Middels een studie van een drietal unieke monsters van Leonardo
da Vinci’s Maria met Kind en Sint-Anna wordt onderzocht of luminescentie
gebruikt kan worden om de chemische samenstelling van loodwit vast te
stellen in complexe, eeuwenoude olieverf. De drie monsters zijn verkregen
van de achtergrond van het schilderij en bestaan uit twee kleine fragmenten
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(ieder afkomstig van één loodwit verflaag) en één groter monster dat de
complete stratigrafie lijkt te omvatten. XRD-analyse en daaropvolgende
profielverfijning was eerst toegepast op de twee kleine fragmenten, om zo
een referentiewaarde te verkrijgen voor de samenstelling van het loodwit in
termen van de twee hoofdcomponenten cerussiet en hydrocerussiet.
Hyperspectrale uv C-fotoluminescentie microscopie is vervolgens toegepast
op het grotere monster om zo enkele honderden luminescentiespectra te
verkrijgen op de twee eerdergenoemde loodwit verflagen en een derde,
daarboven gelegen verflaag. Door de hoge mate van chemische complexiteit
van het eeuwenoude verfmonster, bleek het niet mogelijk om middels
simpele piekintegratie de samenstelling van het loodwit te bepalen. In plaats
daarvan is een wiskundige methode ontwikkelt om het achtergrondsignaal te
bepalen, de verschillende emissiepieken te lokaliseren en de ruwe data te
fitten met lineaire combinaties van Gaussische profielen. Door te kijken naar
de bijdrage van de verschillende Gaussische profielen in ieder spectrum kan
vervolgens een semikwantitatieve maat worden berekend voor de
samenstelling van loodwit in de verschillende verflagen. Deze samenstellingen
komen overeen met de resultaten verkregen middels XRD-analyse van de
twee fragmenten. De bevinding dat Da Vinci twee verschillende types loodwit
gebruikte voor het schilderen van dit werk, in combinatie met aanwijzingen
uit zijn eigen manuscripten, wijst erop dat hij bewust de keuze maakte om
chemisch behandeld loodwit pigment te gebruiken in de bovenste verflagen.
Naar aanleiding van (onder andere) de in hoofdstuk 4 beschreven observaties
gemaakt op het schilderij van Bart van der Leck, is de keuze gemaakt om een
serie experimenten te wijden aan de defectchemie van zinkwit. De
belangrijkste bevinding uit deze experimenten was dat de defectpopulaties in
zinkwit binair verdeeld zijn. Echter, deze bevinding bleek na een falsificatieexperiment onjuist te zijn (zie Appendix A). In hoofdstuk 6 wordt opnieuw
gekeken naar deze resultaten om zo een verfijnde interpretatie te kunnen
formuleren in termen van X-ray natural linear dichroism (XNLD). Naast deze
verfijnde interpretatie wordt laten zien hoe de originele data gebruikt kan
worden om de XNLD-eigenschappen van ZnO te kwantificeren op monsters in
poedervorm. Deze originele data is verkregen door gebruik te maken van een
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scanning transmission X-ray microscope (STXM), die in staat is multispectrale
en hyperspectrale röntgenabsorptieafbeeldingen op te nemen met een
plaatsresolutie van om en nabij de 40 nm. Door afbeeldingen op te nemen op
zinkwit poeders en specifiek te kijken naar de intensiteitsdistributies van twee
diagnostische absorptiepieken, is het mogelijk om een maat vast te stellen
voor de XNLD-eigenschappen van verschillende soorten zinkwit. Deze maat
kan worden gekwantificeerd middels het modeleren van de
intensiteitsdistributies volgens een theoretische beschrijving van het XNLDeffect. Door deze modeleringsstap meermaals te herhalen op zowel de
experimentele als synthetische data, kunnen onzekerheden in de
modelparameters worden berekend. Uit een vergelijking tussen de
modelparameters en onzekerheden van verschillende datasets kan worden
geconcludeerd dat een hoge stralingsdosis zorgt voor een significante afname
in de XNLD-eigenschappen van ZnO—mogelijk door het introduceren van een
zekere mate van amorfisme in de kristalstructuur.
In hoofdstuk 7 wordt de werking van een nieuw ontwikkelde methode
gedemonstreerd die het oorspronkelijke doel had om de (nu gefalsificeerde)
binaire
defectpopulaties
in
ZnO
te
correleren
aan
hun
fotoluminescentiegedrag. Deze methode is in staat om tegelijkertijd
hyperspectrale afbeeldingen op te nemen op de nanoschaal op basis van
zowel röntgenabsorptie (XAS) als X-ray excited optical luminescence (XEOL).
Het principe van deze nieuwe microscopische methode is gebaseerd op een
STXM die is uitgerust met een zeer gevoelig optisch detectiesysteem dat in
staat is emissiespectra op te nemen van het nabij-infrarood tot het uv A. Om
de werking van deze methode aan te tonen zijn twee verschillend
geproduceerde ZnO-poeders geanalyseerd. De resultaten laten zien dat zowel
het XNLD-oriëntatiecontrast als luminescentie-eigenschappen van individuele
ZnO-deeltjes in kaart kunnen worden gebracht, waarbij duidelijke verschillen
zichtbaar zijn in de intensiteit en centrale golflengte van verschillende trap
state emissiepieken—zowel binnen als tussen de twee ZnO-poeders. Echter,
wanneer de poeders langer dan enkele honderden milliseconden aan de
röntgenstraling worden blootgesteld treedt er een sterk photobleaching
effect op dat negatief gecorreleerd is aan de initiële intensiteit van de groene
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trap state emissie. De resultaten uit hoofdstuk 6 in ogenschouw genomen,
wijst dit erop dat een hogere mate van amorfisme in ZnO ervoor zorgt dat de
fotoluminescentie-intensiteit afneemt, maar dat de kristalliniteit
ogenschijnlijk in stand kan worden gehouden in deeltjes met een hoge
concentratie (oppervlakte-) defecten.
Hoofdstuk 8 sluit deze scriptie af door te reflecteren op de huidige staat van
de toepassing van chemisch-microscopische methodes in studies naar
olieverfdegradatie en de verscheidene bevindingen en uitdagingen waarop is
gestuit in de hier beschreven studies en in de studies besproken in hoofdstuk
2. In het hoofdstuk worden verschillende vooruitzichten gepresenteerd voor
het veld, in termen van nieuwe methodologische ontwikkelingen. Zowel
instrumentele als computationele methodes worden geïntroduceerd, die
bijvoorbeeld als doel hebben om analyse uit te voeren op een hogere
plaatsresolutie, de chemische specificiteit te verbeteren van bepaalde
microscopische technieken, of om het mogelijk te maken om chemischmicroscopische analyse uit te voeren onder het verfoppervlak, op intacte
objecten zonder de noodzaak om monsters te nemen. Sommige van deze
methodes zijn al schaars toegepast voor het bestuderen van verf, pigmenten
of andere erfgoedmaterialen, maar hun specifieke implementatie voor de
studie van degradatieprocessen is tot dusverre nog niet gerapporteerd.
Andere methodes worden momenteel hoofdzakelijk toegepast in andere
onderzoeksgebieden—zoals katalyse, paleontologie, en biologie—waar
complexe en heterogene materialen ook onderwerp van studie zijn. Ten slot
zijn er nog enkele methodes—zoals total synchronous semi-hyperspectral
photoluminescence microimaging—die hier voor de eerste keer zijn
voorgesteld, maar nog niet in de praktijk zijn gebracht.
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