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Abstract

Historical paintings form an important aspect of our cultural heritage and their
preservation is vital for honouring our history. Metal carboxylates, particularly
copper and calcium oxalates, pose significant threats to historical oil paintings, and
comprehending them is vital for proper artwork restoration. This work comprises
two main sections.

The main study utilized ToF-SIMS to detect and locate copper oxalate and calcium
oxalate in cross-sections from Southern-Netherlandish oil paintings. The aim was
to establish a reliable method for identifying these compounds, given their frequent
occurrence in damaged paintings. Assessing the reliability and effectiveness of
ToF-SIMS in achieving these objectives can provide insights into its potential for
future similar research.

We also characterized XPS spectra of metal oxalate powders. The XPS analysis
of calcium, copper, lead, and zinc oxalates in historical samples has remained so
far unexplored, making this theoretical investigation crucial for potential future
research and foundational for historical sample examinations.

Our results showed that we could detect CuC,0,4 and CaCy0, in ToF-SIMS. To
confirm the presence of CuOx and CaOx in the samples, we verified consistency with
ATR-pFTIR results, ion localization, and peak definition. Unfortunately, the mass
resolution of ToF-SIMS does not allow us to conclusively confirm whether these
peaks correspond to these ions. Exploring alternative techniques with enhanced
mass resolutions, such as delayed extraction (which showed successful enhancement
in this study), could be beneficial.

The XPS study showed that it is possible to identify distinct characteristics of
CaOx, CuOx, PbOx, and ZnOx, suggesting their potential identification in complex
samples. Considering their limited detectability by ToF-SIMS, employing XPS for
3D analysis, particularly with a GCIB-equipped instrument, could be an intriguing
avenue. However, before applying this to historical cross-sections, a systematic
mock-up procedure is essential due to potential chemical changes and concerns

about representation accuracy.
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Introduction

The preservation of cultural heritage, including paintings, is essential in the context
of a globalized world. It honors roots, nurtures a sense of pride, and fosters a
harmonious coexistence among diverse communities. Safeguarding cultural heritage
ensures that future generations can continue to benefit from its richness and
contribute to its ongoing evolution. Historical paintings, particularly prone to
degradation, require special attention to maintain their original appearance. From
the discoloration of historical paintings to the appearance of thick crusts disfiguring

them, various types of degradation appear and can be very difficult to overcome.

Metal oxalates and soaps are part of the compounds that can form on the surface
of paintings and inside the paint layers, causing damage over time. Researchers
from around the globe are seeking to develop analytical methodologies to better
understand the origin and accumulation of these compounds on and below the paint
surface. Scientists also study the chemical and physical properties of the materials
used in the creation of the painting, such as pigments and binders, as well as the
interactions between them. Several studies have tried techniques such as Raman
and attenuated total reflectance micro-Fourier-transform infrared spectroscopies
(ATR-pFTIR) or scanning electron microscopy (SEM). A better understanding
of how metal carboxylates form in aging oil paint materials will help to preserve
paintings and preventing further damage. Overall, the development and application
of these analytical methods can have significant positive implications for preserving
cultural heritage objects. At the same time, it can shed new light on the materials

and techniques used by artists throughout history.

The first challenge of this work concerns the detection of metal carboxylates,
especially calcium and copper oxalates, in Southern Netherlandish oil paintings
using ToF-SIMS (time-of-flight secondary ion mass spectrometry). Indeed, such
species have already been investigated using ATR-nFTIR spectroscopy and ToF-
SIMS, and this work aims to assess the role of the latter in this field and which

novel pieces of information it could offer. In the perspective of future XPS (X-ray



photoelectron spectroscopy) studies and to obtain information about the physical

properties of common metal oxalates, XPS investigation has also been performed.

This master’s thesis was supervised by Prof. Arnaud Delcorte of the Institute of
Condensed Matter and Nanosciences (IMCN) at UCLouvain, in the Bio- and Soft
Matter (BSMA) research division, as well as Prof. Francicso Mederos-Henry from
the Royal Institute for Cultural Heritage (KIK-IRPA). It is part of the continuation
of Hadelin Le Brun’s master’s thesis, completed in 2021 which focused on metal
oxalates and soaps in oil paintings from the Southern Netherlands using ToF-SIMS
[1]. The latter was made in the scope of the MetOx project, an interdisciplinary
project aiming to enhance our understanding of oil paint material’s aging and
alteration phenomena by uniting conservation scientists, conservators-restorers,

and art historians [2, 3].

This introduction is followed by four main parts. First, the state of the art provides
a literature review presenting the theoretical background necessary to understand
the subject. Different aspects are addressed, starting with knowledge related to
the genre of painting and degradation observed in the studied samples. Then, the
analytical techniques are detailed. This includes the roles and working principles
of ToF-SIMS and XPS.

Secondly, the goals of this research and the associated experiments are thoroughly
outlined.

Thereafter, an experimental section describes the materials and methods used
when working on this equipment. Samples and methodologies are specified for each
experiment performed.

The last part gathers the results obtained during these studies and their interpreta-
tion. Limitations of the work performed are also discussed and future prospects

are suggested.



Part 1

State of the art



Chapter 1

Painting techniques and

components of interest

1.1 Typical composition of a painting

As stated in the introductory section, this work focuses on artworks originating
from the Southern Netherlands and conceived between the 15" and the early
17" centuries. Pictorial art and its techniques did not cease evolving since their
beginnings. Nevertheless, there are certain constants in the art of this time and
place. Their identification is the first step towards a global understanding of how
these objects degrade as they age. This section aims to provide relevant information
necessary to understand the conducted experiments.

Let’s start by investigating the complex layered structure of heterogeneous compo-
sition of a typical historical oil painting. Looking at a cross-section (an example is
shown in Figure 1.1), different layers of different purposes and materials are clearly
distinguishable. It can be divided into four main layers, written on the right of the

picture, which can, in turn, contain several sublayers.

The layering takes place on a support, which is either a wood panel or a textile
canvas. In Southern Europe, from the middle of the 16" Century, and more
accurately from the 17" Century with regard to the Netherlands, canvas stretched

on wooden frames started to take precedence over panels for easel paintings [4-6].

The support must be treated before the paint can be applied. This treatment is
made of several preparation layers, including a ground layer, often chalk-based
in Northern-Europe [7]. If so, its whitish color and the abundance of calcium
carbonate (CaCQj3) allow its identification by diverse analytical methods. Gypsum

(CaSO, - 2H50) [8], an alternative to chalk, was also commonly found in the ground
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— Varnish layer

Green pigment layer

— Paint layer
Dark green glaze

Isolation layer

L>Underdrawing
Ground layer

— Preparation layer

———

Support (not in the cross-section) — Support

—_

Figure 1.1: Example of layering taken from cross-section C17-085 (more information
about this sample in Figure 8.6, section 8.2). The support is not present in this
cross-section, but is supposed to lay underneath the ground layer. (a) Resin
embedding the cross-section. (b) White ground layer. (c¢) Bone-black underdrawing.
(d) Lead white isolation layer. (e) Dark-green glaze containing copper resinate. (f)
Pigment layer containing malachite and lead-tin yellow. (g) Two varnish layers
separated by a dirt layer, indicating that varnish has been applied in two different
moments.

layers of 15™ Century altarpieces in Italy [9]. The chalk, gypsum or equivalent
was combined with a binding medium such as oil or animal-skin glue containing
collagen for instance, sometimes mixed with egg in tempera paintings [4, 10, 11].
On this ground layer can lie an underdrawing, traced for example with black chalk,
charcoal or bone black [12].

These preparation layers can be completed by a primer, also called insulation or
intermediate layer. They typically contain calcium carbonate or phosphates, lead
white, and a lot of binder [11].

The main layer, the one that justifies the presence of the others, is the colored paint
layer. It is sometimes composed of several sublayers, depending on the technique
used by the artist. Pigments are mixed with an organic binder and sometimes
additives such as powdered glass [11, 13]. Among the most commonly found
pigments that are relevant in this work, there are green organo-copper pigment
verdigris and red lake pigments. The composition of verdigris varies depending on
the artwork [11]. Simonsen et al. give it the formula Cu(CH3COO), - HyO [14].

Finally, after the paint had dried for about a year, one or more coats of transparent



varnish were applied. Located at the upper surface, it constitutes the protective
layer between the paint and the air. The objectives of the varnish range from
saturating the colors [12] to shielding them from environmental contaminants [4].
Ideally, it should also be and stay colorless, while some resin-based varnishes happen
to turn yellow over time [15]. Typically, varnishes consist in organic biological

substances made from natural resins like mastic, amber, copal, sandarac or dammar

[6]-

1.2 Degradation knowledge

As the years go by, many chemical reactions occur within these complex substrates,
causing the visual appearance of the painting to deteriorate. This section gathers
key facts on painting degradation and is strongly based on "Harmony in Bright
Colors: Memling’s "God the Father with singing and music-making angels" by
Catherine Higgitt [16].

1.2.1 Degradation-related challenges in historical oil paint-
ings

A very harmful consequence of aging is the appearance of opaque and extremely
insoluble grey or brownish crusts on the surface of easel paintings. This kind of
disfiguring layer is especially problematic on darker areas, where it can obscure the
original illustration completely. When they form, these layers can be extremely
unsightly due to their ability to scatter light and capture dirt particles, cementing
them to the surface. Although these layers are typically thin on easel paintings, the
scattering they induce can cause painted surfaces to appear faded or washed-out,
which can be particularly disconcerting visually, especially in areas with low lighting.

Figure 1.2 shows an example of a degraded oil painting before and after restoration.



Figure 1.2: The Virgin and Child, by Benvenuto di Giovanni, from the National
Gallery, London (tempera on wood).

In addition to deteriorating the appearance of the painting, these layers also pose
a challenge for conservation. Before attempting to remove them, it is important to
carefully evaluate whether removal is necessary and what method should be used.
In fact, permanent alteration of the underlying layers in which the degradation
products develop, as well as the interfaces between these layers, has been noted. Due
to their complex association with internal layers and high insolubility in restoration
solvents, selectively removing such crusts is a complicated task. Informed decision-
making is key in addressing this cleaning challenge.

Furthermore, material characterization may also be affected. Degradation products
and resulting changes settle in the already complex environment of the multilayer
structure of the painting, complicating the interpretation of analytical data and

the identification of the original materials used.

1.2.2 Prevalent species

The most common degradation products are metal oxalates and soaps. They both
are complexes between a carboxylate-containing species and a metal cation. The

oxalate anion is referred to as a bidentate dibasic ligand due to its two negatively



charged oxygen atoms that serve as bonding sites for metal ions. With these two
pairs of electrons, it can form two coordinate covalent bonds in the oxalate anion
[17].

While this work is more focused on oxalates, metal soaps like palmitate and stearate
have often been found in historical oil paintings with various techniques such as
ToF-SIMS [18], ATR-pFTIR, pRaman, and tSR-XRD (micro X-ray diffraction with
synchrotron radiation) [9]. These species and their chemical formulas are displayed
in Figure 1.3. Concerning oxalate, the metal is often calcium, copper, lead or zinc,
of which the corresponding oxalates are respectively abbreviated CaOx, CuOx,
PbOx and ZnOx in this manuscript. In the study of the degradation in Southern-
Netherlandish Memling’s God the Father with Singing and Music-Making Angels,
dating from the end of the 15" century, C. Higgitt revealed the preponderance of
calcium and copper oxalates. In particular, the MetOx project research revealed

that copper oxalates are often associated with the presence of verdigris.

Figure 1.3: Species of interest in painting degradation. (a) Oxalate anion: Cy0,%"
[19]. (b) Palmitate anion: C;4H3;02 [20]. (c) Stearate anion: CigH3502  [21].

Problematic gray layers such as mentioned in subsection 1.2.1, mainly composed
of calcium oxalate and other constituents that correspond to dirt confined to
the surface, have also been found. More precisely, two calcium oxalate species
were identified: calcium oxalate monohydrate (CaCy0O,-HyO) and dihydrate
(CaCy0y4 - 2H50), respectively known as whewellite and weddellite. The MetOx
project demonstrated that they always appear mixed together in degraded historical

paintings, and that whewellite transforms into its dihydrate form over time.
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Figure 1.4: Microphotograph under polarized light (OM-POL) and ATR-pFTIR
results showing copper formates, copper soaps, CuOx and CaOx colocalized in the
verdigris-based paint layer of a fragment of The Virgin Annunciate panel of the
Ghent altarpiece by Jan and Hubert Van Eyck, i.e. cross-section C91-123 [22].

Although the two hydrate forms of calcium oxalate are typically present in most
oxalate-rich surface layers, CuOx have also been found in various historical oil
paintings, as shown in Figure 1.4 [22]. As stated previously, their formation is not
limited to the surface of painted artworks, and CaOx and CuOx have also been
found in depth, at the level of the paint layers. More precisely, infrared spectra
extracted from the CuOx and CaOx ATR-pFTIR mappings at points A, B and
C in Figure 1.4 illustrate a gradual shift in the composition of metal oxalates,
evolving from a mixture of copper and calcium oxalates towards a CaOx phase

within the surface varnish.

1.2.3 Origin

An oxalate salt is formed as a result of a reaction between a metal ion and oxalic

acid, as shown in Figure 1.5.
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Figure 1.5: Oxalic acid and metal cation reacting to form metal oxalate. Adapted
from [16].

Therefore, the formation of metal oxalates requires the presence of both these
species somewhere within or on the paint layers. To this day, the precise sources of
the oxalate anion remain uncertain, but various leads regarding their appearance
have come to light. These causes can be divided in internal factors, coming from
the painting itself (factors 1, 5 and 7 visible at the bottom of Figure 1.6), and
external ones, assimilated to the environment in which it is located (factors 2, 3, 4
and 6 on the upper half of Figure 1.6). It should be noted that, broadly speaking,
the factors outlined are not necessarily independent of each other.

Oxalic acid sources

M™ sources

Environmental factors
(radiation, temperature,
\ \ \ relative humidity, pollutants, Microbial action produces
\ \ P
Oxalcacd f \ etc) promote photo-oxidation oxalic acid—linked to type

xalic mh rom \ +, | orother chemical degradation of organic material(s)
atmospheric i
ph Pe— of organic components present and amount/
deposition M™ (typically Ca roducing oxalic acid iti i
. P! 4 composition of dirt
from atmospheric
deposition), e.g.

3 “n‘ pollutants/dirt 6

\ | /
Surface: v N = BB R EE‘DAEE N
may be air interface

or interface within the
stratigraphy

M™ from pigment, other
original component, or
degradation products may

M™ from pigment,

other original
component or
degradation product,
or ground layers

\\
create an environment that \

encourages microbial action

=5 M 2 Pigment-catalyzed
and oxalic acid formation

chemical degradation
of organic components

7 produces oxalic acid

Figure 1.6: Sources of reactants leading to metal oxalate formation. The painting
and its support are represented by blue rectangles. External factors are located

above the surface of the artwork (upper half of the figure), while internal factors
are located below [16].

Most metal cations originate from either the deposition of calcium-rich particles

such as dirt on the surface, especially for oxalate crusts, (2) or from the paint or
preparation layers (1).
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In this second case, one possible explanation for the formation of metal oxalates is
that they could be produced by a direct reaction between original compounds such
as pigments and driers. If it is the case, the crucial factor would be the material’s
reactivity with acids such as oxalic acid. Another possibility is that the metal ions

may originate from degradation products of original compounds.

As proved by the MetOx project [22], chemical degradation like photo-oxidation of
organic components may also be favored by the environment in which the artwork
is conserved (6). These environmental factors include temperature, high humidity
and light exposure, especially ultraviolet radiation.

Additionally, the project stresses the importance of considering the likelihood of
direct pigment-catalyzed or mediated chemical degradation of organic components,
which can result in the production of oxalic acid (7). This varies with the organic
species present in the components (binding medium, pigments, coatings, etc.)
chosen by the artist(s) or, in some cases, added during conservation treatments. In
particular, it is heavily dependent on the pigment (especially red lakes, ultramarine,
verdigris and smalt) and its interaction with the binder and catalyzed by ultramarine,
verdigris, madder lake and chalk white. Indeed, cadmium oxalate originating from
cadmium sulfide pigments used in treatments may lead to oxalate formation, even
if it is quite unusual in easel paintings. Chemical degradation processes are also

influenced by external factors cited above.

1.2.4 Formation

Oxalate formation phenomena can be classified according to three categories, but

certain situations may entail combinations of these groups.

The first group includes layers that are relatively uniform over the entire surface of
a painting, without apparent correlation with particular pigments. This kind of
crust usually results mostly from environmental factors and is of heterogeneous
composition.

Oxalate-rich crusts may lie directly on the paint layers or over varnish. In the
latter case, metal ions, generally calcium, come mainly from atmospheric sources,
and the crusts also contain various dirt-related compounds and other salts such
as silicates, carbonates, sulfates, and phosphates. Some microorganisms (bacteria,
fungi, lichens) also generate oxalic acid as a byproduct of their metabolism. Chemi-
cal breakdowns like photo-oxidation may also promote the formation of oxalic acid
that can react with calcium from the atmosphere. In easel paintings, oxalates have

been found in the presence of every typical organic compound, whether original or
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brought by restoration, but to various extents. The properties of the materials, the
environment and the organic breakdown mechanisms can influence the formation
of oxalate-containing layers. Therefore, they can also be favored when organic-rich
varnishes or other coatings are exposed on the surface of paintings. Fortunately,
oxalate layers on top of varnish layers are easier to remove.

When there is no resin-containing varnish between the oxalate layer and the paint,
a glue coating can induce oxalic acid. Calcium ions may then arise from the gesso
(mix of chalk and gypsum) preparation layer. As detailed in section 1.1, it can be
chalked-based and thus contain a lot of CaCO3 of which Ca** ions can migrate
to the surface, especially if the paint layers are bound with an aqueous medium,
thin or highly porous. However, when species associated with dirt are present in a
calcium oxalate layer, it is likely that the calcium comes from the environment.
Eventually, oxalate crusts on top of varnish layers may sometimes develop more
in darker areas as a result of the treatments the artwork has undergone in these
regions, rather than because of the underlying original paint layers. More precisely,
an application of additional varnish on these zones or the fact that the removal of
dirt has only been performed on lighter sections could have promoted the formation

of oxalate in the darker passages.

The second category also gathers surface oxalate crusts but those that are localized
rather than uniformly distributed. As a matter of fact, their distribution is directly
correlated with the pigment of the underlying paint layer. Areas containing glass
siccatives or certain pigments, such as copper greens (verdigris for example), red
lake pigments, or other blue pigments, are often associated with more observed
oxalate layers. This correlation may be due to the properties of the pigment
itself, the way it is applied and the compounds with which it tends to be mixed
(the organic binder for instance), or both. For instance, when incorporated into
a glaze, the mixture acquires translucency, which renders it more susceptible to
photochemical degradation. By enabling light to penetrate deeper, the glaze is more
vulnerable to the harmful effects of UV rays. Moreover, supplementary coatings
might have been applied originally on areas containing these pigments, facilitating
the formation of oxalic acid. Again, most of these crusts are calcium-based with
an origin mostly environmental, even though the migration of calcium ions from
other layers should not always be discarded. Indeed, calcium oxalate crusts often
appear above calcium-rich pigment layers like ultramarine or some red lakes.

Glass-containing passages (like cobalt glass pigments or smalt) are also commonly
found underneath these crusts, suggesting that they could be promoted by glass

degradation. In addition to calcium, they also contain other species like potassium

14



sulfate and potassium calcium sulfate. Specifically, the alkali metal ions sodium
and potassium can leach from the glass to its vicinity and react with the binding
medium, forming metal soaps. Potassium may then reach the surface of the painting
and form crusts by reacting with environmental species. Intermediate products

could include metal oxalates with higher solubility, such as potassium oxalate.

Finally, the third and last class focuses on the formation of oxalate inside the paint
layers. It is important to note that some paintings present metal oxalate from their
bulk to their surface, blurring the distinction between this group and the previous
one. The pigment may act as a source of metal ions or as a source of oxalic acid,
facilitating the breakdown of organic materials within the binding medium.

In the case where metal ions come from the pigment, the oxalate is likely to come
from the degradation of organic compounds such as the oil binder in the painting,
even if environmental sources are not totally ruled out either, especially when the
painting is porous or has cracks that favor the penetration of external species.
Verdigris pigment often contains copper oxalate. The high mobility of copper ions
facilitates their migration from the paint or glaze layers to the surface coating,
sometimes up to the varnish. The absence of copper on the paint’s outermost
surface, coupled with the presence of calcium, suggests that the latter primarily
originates from the environment, since even the most mobile ions fail to reach
that surface. There are two main reasons why calcium and copper oxalates are
the most frequent oxalate salts encountered in Old Master paintings. First, it can
be due to their high water-insolubility, which causes them to accumulate, unlike
others that can be removed during restoration or converted into more stable or less
soluble compounds. Secondly, pigments containing calcium and copper are the most
soluble in acid, hence they have the highest reactivity with oxalic acid. Nevertheless,
certain compounds employed in paintings can result in the formation of other metal
oxalates. For example, zinc sulfate-based driers can promote the formation of zinc
oxalate, while lead-tin yellow can contribute to the formation of lead oxalate. More
soluble oxalates like ZnOx or PbOx may also appear at some point and be lost
during cleaning or converted into more stable oxalates. On another note, when
metal ions are in the presence of resin acids or egg yolk-based binders, they may
interact with the fatty acids present and give rise to the formation of other metal
carboxylates such as metal soaps. Correlations have been observed between the
presence of copper and zinc soaps and the occurrence of their respective oxalates.
However, it is noteworthy that while calcium oxalates are commonly found, reports
on calcium soaps are relatively rare. Conversely, lead soaps are more frequently

reported. Unfortunately, the reasons and mechanisms behind these phenomena are
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still unknown to this day.

The severe chemical breakdown of the binding medium can also generate low
molecular weight molecules like oxalic acid. Some pigments and calcium carbonate,
as well as environmental causes such as the ones presented in subsection 1.2.3 may
catalyze and promote this degradation process. This phenomenon is often observed
in the presence of ultramarine, a blue pigment, or other pigments that tend to
whiten over time, such as smalt. Additionally, the presence of zinc white has been
linked to the formation of zinc oxalate or other carboxylates on the surface of

paintings [14].

16



Chapter 2

ToF-SIMS: Role and working

principle

ToF-SIMS is a surface analysis technique used for its remarkable sensitivity, high
spatial resolution, depth profiling capabilities, and molecular information. This
technique offers chemical information by collecting secondary ions emitted when

ion beams impact the sample. Positive and negative ions are collected separately.

2.1 Instrumentation and operation

A typical ToF-SIMS instrument is represented in Figure 2.1. The analysis must
be performed under ultra-high vacuum. The samples are first introduced into a
preparation chamber (loadlock) before going into the analysis chamber, typically

under a vacuum of 1072 mbar [23].

=
Ton gun Reflectron é Ion gun
/ .
(Ar cluster) (Bi cluster)
N\

N ‘Detector 4 i
Pulsing // Extractor N\

Focusing

Electron flood gun

Figure 2.1: Schematic view of a ToF-SIMS instrument. Figure adapted from [24].



Two primary ion sources can be distinguished. The first one, in yellow in Figure 2.1,
is a liquid metal ion gun (LMIG) and is used to analyze the surfaces of samples.
The metal ions are typically gallium (Ga®) or bismuth (Biz™, Bis™™", Bis™). These
beams can be focused with high precision, offering a great spatial resolution.

A second type of source that can be used is a gas cluster ion beam (GCIB),
represented in red in Figure 2.1. Argon is one of the most used elements for this
kind of source, in the form of clusters of up to several thousand atoms (Ar00_5000")-
The important advantage of these clusters is that being composed of many Ar
atoms, the energy per atom is really low (eV/atom). The desorption they cause is
thus softer, and they are less destructive in depth [25]. Therefore, they can etch the
surface of a sample without destroying the underlying layers, allowing molecular
depth profiling.

The energy of these ion sources typically ranges from 1 €V to 50 keV and the shorter

the pulse (~ 1 ns), the better for mass resolution.

The emitted particles are then channeled into the ToF mass analyzer. It has a high
transmission and a resolving power in the 103, as well as a wide mass range [25].

Its working principle is based on the following relation:

2 [2qV
B, = mo_ Vace <= v = 4 (2.1)
2 m

where FEj, is the kinetic energy, m the mass and v the velocity of the ion. ¢ is
the charge and V.. is the constant acceleration voltage applied depending on the

desired kinetic energy. Then, the ToF Zgi,p of an ion can be expressed as

hight = 1[; =L 27;/, (2.2)
where L is its path length in a field-free drift region. Therefore, ions with larger
m/z ratios will have greater ToF. Another notable characteristic of ToF-SIMS is
the monocharged nature of secondary species (z = 1), enabling their differentiation
based on their mass m. This property ensures that secondary ions carry a single
charge, simplifying the process of distinguishing and identifying them in ToF-SIMS
analysis by mass-to-charge ratio.

After being pulsed and focused, the cation beam reaches the target sample. Fol-
lowing its impact on the surface, secondary ions are produced through sputtering
from the topmost surface layers. If the surface is non-conductive, charges will
accumulate on it over time and increase its surface potential, which can deflect and

modify the kinetic energies of the emitted ions. Let’s say that positive ions are
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being collected. When leaving the surface, they will be repelled by its increasing
positive charge, acquiring higher kinetic energies than expected and thus, shorter
ToF. Since the mass resolution is directly correlated with the ToF distribution, this
phenomenon can be heavily detrimental to the quality of the spectrum, broadening
the peaks and sometimes resulting in loss of signal if the kinetic energies become
greater that the ones accepted by the analyzer. A typical way to overcome this
issue is to compensate the charge by bombarding the surface with electrons thanks

to a low energy electron floodgun [26, 27].

Following their extraction and acceleration, the ions enter an ion mirror, also called
reflectron, to enhance again the mass resolution. Initially, different emitted ions
have a distribution of kinetic energies. As explained previously, a particle with a
higher kinetic energy than expected will have a shorter ToF than expected. Thanks
to this device, the higher the kinetic energy of an ion, the further it will travel
through the reflectron before bouncing back (or never bounce back but collides with
the roof of the reflectron if the energy is way too high) and thus extend its ToF,
and vice-versa. This compensates the kinetic energy differences of the different ions
and results in narrower spectral peaks. For insulating materials, the appropriate
voltages must be determined for each analysis, depending on the level of charging

27].

Ultimately, the emitted ions reach the detector and data can be collected [28].

2.2 Physical principles

This section is strongly inspired by the book "ToF-SIMS: Materials Analysis by
Mass Spectrometry" by J. C. Vickerman et al. [26].

2.2.1 Sputtering

When an ion beam reaches the sample, it generates a collision cascade in the
material. Sputtering starts to occur with primary particle energies of about 20 to
40 eV and maximizes within the energy range of 5 to 50 keV. Several models are
used to describe it, while molecular dynamics simulations are the most used these
days.

The sputtering yield corresponds to the ratio between the number of emitted atoms,
neutral or ions, and the number of incident ions. It depends on the incident beam

and the nature of the surface. Its typical value range from 107! to 10.
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2.2.2 Ionization

The ionization mechanisms are complex and still not fully understood to this day.
A fraction of the sputtered particles will be ionized, at or above to the surface,
but the exact location is unknown. A compound M can ionize through several
pathways. First, one of its electrons can be ejected, resulting in an ion M*. Proton
exchange can also occur for acids and bases, which gives (M+H)™ or (M—H)™ ions.
When compounds like Na or K are present in the matrix, cationisations such as
(M+Na)™ are favored.

2.2.3 Signal intensity

Let I, be the primary particle current [C/s], y,, the sputtering yield, a® the
ionization probability to positive/negative ions, 6, the fractional concentration of
species m at the surface, and 7 the transmission of the spectrometer. The secondary
ion current of m is then

Ly = Lyma™0,m [C/s]. (2.3)

a is strongly influenced by matrix effect, i.e. the strong dependence of the

measured ion yields on the molecular environment. Consequently, the signal
intensity for a given compounds does not reflect its exact quantity in the sample,
but is significantly dependant on the ionization process. ToF-SIMS is thus only
semi-quantitative. Proving that a compound is not in a sample can be challenging

since its non-detection could be due to its lack of ionization rather than its absence.

2.3 Analysis modes

One of the advantages of this technique lies in its different modes of analysis, offering
a wide variety of information. The four of them are represented in Figure 2.2 and
detailed hereafter.

When the fluence exceeds 10' ions/cm?, SIMS has the ability to perform more
in-depth investigations. This threshold, referred to as the static limit, serves as a
demarcation point between static SIMS (S-SIMS), which operates below the static
limit, and dynamic SIMS (D-SIMS), which operates above it. S-SIMS is thus useful
to analyse surfaces, while D-SIMS allows depth profiling and 3D analysis, at the

cost of a greater degradation of the sample due to erosion.

Mass spectrometry is the first and most used analysis mode, which allows to

chemically characterize the surface. Mass spectra for positive and negative ions
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Figure 2.2: Schematic view of the four modes available in ToF-SIMS. The sample
is represented in grayscale, the analysis ion beam in yellow, and the sputter ion
beam in red. (a) Mass spectrometry. (b) Chemical imaging. (c¢) Depth profiling.
(d) 3D rendering. Figure adapted from [29].

are provided during two separate analyses with appropriate parameters, following
LMIG or GCIB scans [23]. Mass calibration of the spectrum is required to identify
the detected compounds.

To generate chemical images of a surface, the instrument scans an area and
captures the chemical composition at each point of beam incidence. Images can
then be constructed using selected peaks and their corresponding relative intensities.
Additionally, specific regions of interest (ROI) within an image can be chosen to
obtain spectra specific to those areas.

LMIG and GCIB can be used in concert to provide depth profiles. LMIG analyses
the surface and establishes its chemical composition, then GCIB etches the sample
to reach a lower layer. LMIG performs another analysis on this new depth, and so
on. Since this mode involves an etching GCIB source, it is considered as a D-SIMS
technique.

Finally, volume analysis is possible in D-SIMS by combining the last two techniques.
This mode allows parallel mass detection, as well as high depth and image resolutions
[29]. An image of the surface is taken by the LMIG beam, then GCIB comes into
play and reaches a lower depth on which further images will be taken. However,
combining high lateral resolution images with depth profiling to achieve 3D image

reconstruction is very time-consuming.
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2.3.1 Delayed extraction

Delayed extraction (DE) is a technique used to improve the mass resolution and/or
the lateral resolution of the analysis. It was initially employed in MALDI (matrix-
assisted laser desorption/ionization) and has since been extended to ToF-SIMS. In
ToF-SIMS, the secondary ions are usually accelerated and fly directly into the mass
spectrometer’s detector, having different masses and energies. The wide range of
kinetic energies that they can have induce that while they are all accelerated into
the mass spectrometer’s detector simultaneously, they arrive at different times,
which broadens the peaks.

DE constists of postponing the acceleration voltage, so that the secondary ions
with higher kinetic energies will move further towards the detector during the delay
and the ones with lower energies will remain closer to the surface. They will thus
undergo a greater acceleration, allowing them to catch up with the higher-energy
ions. As a result, the kinetic energy range is compensated, and all ions will reach
the detector at the same time [30].

2.4 Applications

2.4.1 Benefits

This technique offers high lateral (~100 nm) and depth (~5 nm) resolutions, as
well as a high surface sensitivity (~1 nm in the best case scenario) [25]. It also
allows the parallel detection of both organic and inorganic ions, which is very useful

in several fields such as cultural heritage.

2.4.2 Limitations

The first drawback of ToF-SIMS is its inability to provide quantitative information
due to matrix effect. Data treatment can also be complex and tedious, and
fragmentation of molecular ions often occurs, making it even more difficult to
interpret the results. The samples must also be vacuum-compatible and may
undergo vacuum degradation, or micro-damage due to the ion beams. Nonetheless,
the ion beams used in ToF-SIMS typically cause minimal damage to a small portion
of the sample, making it possible to reuse the sample for subsequent analyses,
provided it is of sufficient size. Alternatively, if necessary, polishing the analysed

surface might be adequate to achieve further analysis.
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2.4.3 Utility in cultural heritage

ToF-SIMS has already been used for various cultural-related purposes, including
pigment analysis [31] and chemical characterization and imaging of materials present
in historical paintings [18, 32-38].

H. Lebrun [1] has also used ToF-SIMS to study the formation of oxalates and
metallic soaps in oil paintings from the Southern Netherlands during the XV
to XVII*" centuries. The first part of his study examined pure powders of metal
oxalates and soaps (azelate, palmitate and stearate) for Ca, Cu, Co, K, Pb and Zn,
to serve as reference signatures for analyzing more complex samples. Concerning
the oxalates powders, the detection of PbOx was the more successful, followed by
CuOx and ZnOx, with much less conclusive results for calcium oxalate.

In the next phase, the technique was applied to mixtures of these compounds with
linseed oil in mock-ups. The colocalization of lead and stearic acids, but also of
lead stearates and oxalates, has been clearly observed in certain distinct zones of
mock-ups. It indicates that oxalates are derived from stearates and originate from
pigment-binder interaction.

He also emphasized that the signal intensities in historical cross-sections are notably
lower than those in mock-ups for the compounds of interest. This difference could
be attributed to their reduced concentration within historical samples, where a
more diverse range of compounds is present. Furthermore, this detection of a
greater variety of elements also results in interference within the ToF-SIMS spectra
of the cross-sections. Some of these elements appear at masses similar to those of
the components of interest, leading to complexities in distinguishing their peaks
and affecting the accuracy of their mappings. There were many samples for which
no conclusive observations were obtained, possibly due to the matrix effects of the
binder.

Still, as illustrated in Figure 2.3, the analysis of a sample from the Adoration
of the Mystic Lamb (by Jan and Hubert Van Eyck) confirmed the presence of
copper oxalates in lower layers, as found in ATR-pFTIR, which is promising for

this project.
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Figure 2.3: ToF-SIMS ion images of copper oxalate-related compounds in cross-
section C91-123 obtained in H. Lebrun’s work [1].

Lebrun encouraged extensive analyses of numerous additional historical samples to
enable more comprehensive comparisons and enhance the likelihood of detecting
certain compounds [1], which is one of the objectives of this work.

However, there is no scientific report demonstrating the detection of calcium oxalate
using ToF-SIMS, even when its presence is attested by other techniques such as ATR-
nFTIR or synchrotron radiation X-Ray powder diffraction (SR-XRPD). Usually, it
is deduced by the presence of CaOx fragments in the absence of the detection of

whole molecular ions [18, 38-42].
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Chapter 3
XPS: Role and working principle

X-ray photoelectron spectroscopy (XPS for short, sometimes called ESCA for
electron spectrometry for chemical analysis) is a quantitative and highly surface-
sensitive technique. In this work, XPS was used for a more theoretical study aiming
to characterize the powdered metal oxalates of interest. The objective was to better
understand several of their properties such as the chemical state and the electronic
structure of the atoms. As a matter of fact, reference spectra are needed for future

research on the subject.

3.1 Instrumentation and operation

Figure 3.1 shows an XPS instrument operation scheme. The analysis takes place
under ultra-high vacuum at typically 1078-107!° mbar to ensure a sufficiently high
signal intensity and low background noise level for satisfactory analysis. A higher
pressure would result in too much scattering of ejected low-energy photoelectrons
by the gas molecules, as well as too much contamination of the surface. Nonetheless,
near-ambient pressure XPS is currently feasible, but it is not relevant in this context
as we do not possess the necessary equipment for its implementation. The analysis
chamber must also be magnetically shielded, as even weak magnetic fields such as

that of the Earth can influence the path of the signal electrons [44].

The X-Ray (XR) source consists of a photon beam induced by the impact of high-
energy electrons on a metal anode. Often, and as is the case in this work [45], the
anode is made in aluminium, although magnesium is a commonly used alternative.
When characteristic Al Ka X-rays are emitted, the energy is hv = 1486.6 €V, where
h is Planck’s constant and v the frequency of the photon. Since this energy is

lower than 5 keV, the emission is considered as "soft X-rays". As opposed to hard
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Figure 3.1: Schematic view of an XPS instrument [43].

XR that have higher energies, this kind of X-radiation has a narrower line width
and penetrates less deeply into materials. The natural linewidth of the source
is a limiting factor for achieving high spectral resolution. Due to the spin-orbit
coupling of 2ps/, and 2py /o levels (see subsection 3.3.5), Ko rays actually generate
two spectral lines, called Ka; and Kas. For aluminium, they are separated by
AFE = 0.85 eV, which broadens the resulting peak Ka, since it is the sum of the two.
However, a crystal monochromator can significantly narrow the peak. Therefore,
using a monochromatic source is beneficial in obtaining XPS spectra with improved

spectral resolution, even if it comes at the cost of reduced X-ray intensity [44, 46].

According to the photoelectric effect, electrons are emitted from the surface of the
sample when X-rays strike it. The basic principles behind this phenomenon are
detailed in subsection 3.2.1. XPS can be performed on insulating samples, although

similarly as in ToF-SIMS, charge compensation is required in this case.

These photoelectrons then pass through a retarding field and an extraction lenses
to reach an energy analyzer. In the case of this work, it is a hemispherical analyzer.
It can be a portion of a hemisphere or a complete one. This second option avoids
electric field distortions due to the edges of the hemispheric sector, which improves
electron transmission. As depicted in Figure 3.1, a hemispherical energy analyzer
consists of two concentric hemispherical electrodes to which specific potentials are
applied. The median potential is called the pass energy. The lower this energy, the

better the resolution.
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The electrons enter and exit the analyzer by narrow slits to minimize their angular
dispersion [44, 47].

By recording the number of electrons detected as a function of their kinetic energy
for the different energy intervals, one obtains a complete spectrum. Once the
electrons of desired energies have reached the detector, the spectra will be captured,

making the data available for processing.

3.2 Physical principles

3.2.1 Photoelectric effect

XPS is based on the photoelectric effect, which designates the phenomenon during
which photoelectrons are ejected from a material, following its exposure to photons.
Here, a soft XR photon of energy hv strikes the sample. The atom that absorbs
this photon emits a core electron at a certain kinetic energy. The basic equation

governing the XPS principle is
EBIhV—EK—(I), (31)

where Ep is the binding energy of the emitted photoelectron, Fx its measured
kinetic energy, and ® the work function of the spectrometer. Unlike Ex, Ep is
specific to the atom. Therefore, a binding energy scale is generally used to represent

the spectrum (except for Auger spectra) and perform its analysis [44, 46-48|.

3.2.2 Core-hole relaxation

After the ejection of a core electron by photoelectric effect, two competitive re-
laxation phenomena can occur. The first one is XR fluorescence and the second
consists in the emission of an Auger electron, as depicted in Figure 3.2. Their
relative probabilities depend on the atomic number of the element and the specific
electron shell. The higher this number, the more likely fluorescence and vice versa.
Both processes begin with the neutralization of the core hole by an electron of
a higher level. Their difference lies in the way the energy of this transition is
evacuated from the system. In the case of fluorescence, the atom emits an XR
fluorescence photon. In the other instance, more important in the case of XPS
since photons are not detected, another electron, called Auger electron, is ejected
[49]. These electrons also generate peaks that are sometimes useful to the analysis,

as explained in subsection 3.3.4.
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Figure 3.2: Competition between the two core-hole neutralisation processes. After
the photoionization, either Auger emission or XR fluoresence may happen [49].

3.2.3 Information depth

XPS is a very surface sensitive technique. The intensity of the measured signal
decreases exponentially with the depth from which the photoelectron comes, due
to the inelastic collisions of the electrons inside the material. The deeper the
photoelectron comes from, the more kinetic energy it loses on the way and the less
chance it has to escape from the surface. If it does, its energy is altered and the
photoelectron is counted in the background of the spectrum.

The measured signal of photoelectrons originating from the depth z, noted I(z),

can be computed as follows:

I(z) = lyexp <)\s_irzﬁ>’ (3.2)

where I is the non-attenuated surface signal, A the inelastic mean free path (IMFP),
and 6 the take-off angle of the electrons relative to the surface as they travel toward
the analyzer. A\ designates the average distance traveled between two electronic
inelastic scattering events, which is typically a few nanometers. It is experimentally
determined as a function of the electron kinetic energy Fi, following the empirical

universal curve in Figure 3.3 and the equation

538 1
A= ﬁa + 041G(CLEK) 2, (33)

where a is the atomic size in nm. The IMFP increases as the kinetic energy of the
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photoelectron increases above a minimum located around Ex ~ 50-100 eV.
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Figure 3.3: Universal curve describing the variation of the IMFP in function of the
electron energy [50]. The energy range obtained in XPS is highlighted [25].

One way to assess the surface sensitivity of XPS is to look at the information depth.
It is defined so that 95% of the perceived signal comes from the region between it

and the surface, and is equal to 3\ [51].

3.3 Spectrum characteristics

To perform data processing consciously and apply it to metal oxalates, a thorough

understanding of spectrum characteristics is essential.
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Figure 3.4: (a) Typical aspect of an XPS spectrum. (b) Typical shape of an XPS
core-level peak. Figure adapted from [25].

3.3.1 General shape

The general aspect of an XPS spectrum is shown in Figure 3.4 (a). As indicated

in green, one finds the valence band (VB) spectrum at positive binding energies
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near zero. From then on, when going to higher binding energies, the background is
increasing after each core-level peak. This is caused by electrons of the main peak
that have lost energy through inelastic collisions.

Figure 3.4 (b) is more focused on the typical shape of a peak. Considering the
background of the spectrum, clear peak boundaries must be defined to allow for
decent quantitative analysis. A Shirley-type baseline (red curve on the figure) is
often used for background subtraction, due to its ease of use and satisfying accuracy.
Kinetic energy losses, detailed in subsection 3.3.6, induce structures shifted to the

left with regards to the core-level peak.

3.3.2 Chemical shift

The specific amount of energy required to release a photoelectron is influenced by
the charge localized on the atom, which depends on the ligands it is connected to
(electronegativity effect) [52]. It allows the differentiation of non-equivalent atoms,
i.e. the same chemical element but in other configurations or molecules. Therefore,
the chemical shift provides information about the chemical bonds in addition to
the elements. A higher oxidation state leads to fewer valence electrons and thus,

according to the screening effect, a higher Ep for the core electrons and vice versa.

3.3.3 Valence band

In XPS, it is possible to record the valence spectrum of a sample. Obviously, it is
only visible at very low binding energies, i.e. between 0 and about 30 eV. Given the
very low photoelectric cross-section of valence electrons, valence peaks are much
weaker than the core level peaks, and an excellent resolution is required to get
useful information from it.

Energy distribution of the valence spectrum directly portrays the density of occupied

states in the VB and may provide chemical bonding information [44, 46, 48].

3.3.4 Auger peaks

As explained in subsection 3.2.2, Auger relaxation may occur after the photoelectric
process. When it is the case, Auger structures appear in the XPS spectrum, as
shown in Figure 3.5 (b). These peaks are independent of the photon energy. In
some compounds, the differentiation between different oxidation states is really
tedious because of too small chemical shifts. In these cases, Auger features involving
VB electrons can be useful thanks to their usually larger chemical shifts. Usually,

a kinetic energy scale is used for this task.

30



Multiplet splitting

. of Ni2p3/2 A
Shake-up-satellites —
( Ni 2p1/2 -l l Al 2p A
Al KLL Auger
| Pplasmon
(a)
890 885 880 875 870 865 860 855 100 90 80 70 60
Binding energy (eV) Binding energy (eV)

Figure 3.5: Energy loss in XPS spectra. (a) Intrinsic loss: Ni 2p shake-up satellites
and multiplet splitting in NiO. One can also see the two peaks resulting from
the SOS of Ni 2p;,, and Ni 2p3/,. (b) Extrinsic loss: Al plasmon peak in pure
aluminium. This graph also displays core-hole and Auger peaks. Figure adapted
from [46].

The modified Auger parameter corresponds to the sum of the binding energy of the

core level peak and the kinetic energy of the Auger line and is expressed as o’ [52].

3.3.5 Spin-orbit splitting (SOS)

The coupling between the electron’s intrinsic angular momentum (spin), and the
angular momentum associated with its orbital motion around the nucleus (orbit)
results in a doubling of the associated line. The quantum numbers associated with
these quantities are respectively s = :I:% for positive and negative spins and [ =
0, 1, 2, 3 for s, p, d and f orbitals. Taking into account these two contributions
leads to the total angular momentum quantum number j = |l £ s|. Apart from
s orbitals where [ = 0, there are then two possible j values. m;, the secondary
total angular momentum quantum number that takes all the values by steps of 1
between —j and j, is thus 25 4+ 1 times degenerate. It is noteworthy that the ratio
of the areas of the two peaks resulting from the SOS corresponds to the ratio of
the degenerations. The peak with the lower binding energy and the larger area
is always the one with the higher j value, as shown in Figure 3.5 (a). Figure 3.6

illustrates the different cases according to the orbitals [25, 46].

3.3.6 Energy loss

Among the features induced by intrinsic kinetic energy loss, shake-up satellite peaks

can appear when a photoelectron interacts with a valence electron and excites it to
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Figure 3.6: SOS for s, p, d and f orbitals. The ratio between the two peaks is
shown for each case. For instance, the ratio between the 2p;/, and 2p3/, peak areas
is to 1:2 because 2-1/2+ 1 =2 and 2-3/2+ 1 = 4, which gives a ratio of 2 to 4,
or 1:2 [53].

a higher energy level. Satellite structures appear broad because of the broad and
featureless density of states.

Multiplet splitting of a peak can occur if the analyzed compounds have unpaired
electrons in their VB. Strong interactions between these and unpaired core electrons
left alone after photoemission may lead to more than one final state, inducing
several "sub-peaks", called multiplet structure [46]. This effect is actually used in

XPS spectrum analysis, as it allows to differentiate similar materials.

On the other hand, an important source of extrinsic loss in metals consists in collec-
tive oscillations of conduction electrons, which are called plasmons. Plasmon loss is
generally one of the main sources of energy loss for electrons in metal compounds.
Plasmon-related structures appear as well-defined peaks at precise binding energies,
but are generally featureless and not amenable to analysis. Depending on their

shape and position, they may even disturb the interpretation of other peaks [44].

3.3.7 Quantitative interpretation

XPS is, indeed, a quantitative technique; however, the peak areas cannot be directly
utilized for quantification purposes. The atomic fraction of the element 7 in a

sample must be computed as

A;/S;

X;= 2
=1 Aj/Sj

(3.4)
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The term A,y refers to the area under the elemental peak of interest and S;(;) to

its relative sensitivity factor.

where o;; is the photoionization cross-section of peak j from element ¢ and A is still
the IMFP [47, 51].

3.4 Applications

3.4.1 Benefits

The strength of XPS lies in its low degradation and the information it provides, i.e.
quantitative surface analysis and chemical information. It can also be performed

on insulating samples, which is crucial in the context of this project.

3.4.2 Limitations

The photoionization cross-sections of hydrogen and helium are too small to allow
their detection in XPS. In addition, although this technique is still very surface-
sensitive, this sensitivity is strongly energy-dependent and often on the order
of a small fraction of a percent, which hinders the detection of trace elements.
Furthermore, the spatial resolution is limited by the difficulty of having a highly
focused X-ray beam compared to ions or electrons. Data processing can also
be tedious due to decomposition problems that can occur in complex spectra,

sometimes making it impossible to distinguish between several nearby peaks [25].

3.4.3 Utility in cultural heritage

To date, the place of XPS in historical painting degradation research is less than
that of ToF-SIMS. However, there exist several XPS studies on pure metal oxalates
[54-56]. Transition metals such as cobalt, nickel, iron and copper oxalates have
been frequently studied. However, to the best of our knowledge, there is still no
XPS paper about metal oxalates in cultural heritage. Furthermore, there has been
no systematic investigation conducted to date on CaOx, PbOx, and ZnOx, precisely
the ones of interest in this field.

In particular, Chenakin’s paper [56] studies the binding energies between the

aforementioned transition metal cations and the oxalate anions, but examining the
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binding energies of the MetOx associated with paintings could elucidate certain

puzzling patterns found in historical artworks, as detailed in chapter 5.
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Chapter 4

Goals using ToF-SIMS

The primary objectives of this work were to employ Time-of-Flight Secondary Ion
Mass Spectrometry to detect and localize copper oxalate within historical samples.
The investigation focused on establishing a reliable method for identifying the
presence of CuOx compounds, which are of significant interest due to their common
presence in impaired paintings.

Similarly, the study aimed to identify and localize calcium oxalate species in the
same kind of samples. Understanding the distribution and occurrence of CaOx is
also crucial for gaining a comprehensive understanding of their potential impact on
the paintings.

Ultimately, the study aims to evaluate the significance and implications of the
ToF-SIMS technique. The assessment of its role in achieving the aforementioned
objectives is aimed at determining its reliability and effectiveness in the detection
of these specific compounds. Valuable insights into the strengths and limitations
of ToF-SIMS for future applications in similar research endeavors can be gained

through this evaluation.

36



Chapter 5

Goals using XPS

In the context of potential future XPS studies on historical samples or to gain a
deeper understanding of the nature of common MetOx, the present research aims
to investigate and characterize the XPS spectra of metal oxalate powders.

Unlike the study conducted using ToF-SIMS, which belongs to a relatively common
type of research, there is no literature on metal oxalates within this context when
it comes to XPS analysis. Therefore, conducting a theoretical and fundamental
analysis of pure compounds becomes particularly important. This analysis could

lay the groundwork for future historical sample examinations, for instance.

The data analysis and presentation of the results in chapter 9 heavily rely on the
2020 article by S. Chenakin et al., which focuses on characterizing transition metal
oxalates in XPS [56]. Chenakin and his team conducted a comprehensive study of
the XPS spectra of Mn, Fe, Co, Ni, and Cu oxalates, comparing a large number of
parameters among these five species.

In Chenakin’s study, an investigation was conducted into the binding energies
between metal cations and oxalate anions. However, the metal oxalates analyzed
in their research differ from those encountered in historical paintings.
Consequently, an exploration was undertaken to assess whether an approach to the
binding energies of these painting-related metal oxalates could shed light on certain
perplexing patterns observed in historical paintings. For example, despite hundred
of analyses carried out across numerous cross-sections, the identified metal oxalates
are exclusively limited to CaOx, CuOx, and ZnOx. The presence of PbOx, despite
concentrated efforts to detect it, has never been established.

This problem cannot originate from its limit of detection by ATR-pFTIR, because
the MetOx project demonstrated that CaOx, CuOx and ZnOx have almost the
same limit of detection, from which they deduced that it does not depend on the

oxalate type.
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However, an alternative possibility is that the typical FTIR vibrations related
to PbOx could be masked by those originating from CaOx or other compounds.
Alternatively, it is plausible that PbOx is found in concentrations below the limit
of detection.

Another potential explanation is that the binding energy between cations and
anions in PbOx is too low, thereby facilitating cationic exchange. Over time, this
could lead to the gradual disappearance of PbOx from the paintings, favoring

compounds with higher binding energies such as CaOx, CuOx, or ZnOx.

In this master’s thesis, the aim is to extract as much fundamental information
as possible about the spectra of CaOx, CuOx, PbOx, and ZnOx and deepen the
understanding of this kind of phenomena. However, due to the greater dissimilarity
among these species compared to the transition metals analyzed by Chenakin,
the dimension of comparison is reduced, as these species exhibit distinct spectral

shapes.
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Chapter 6

ToF-SIMS

6.1 Samples

Within the framework of this study, eleven ToF-SIMS analyses were carried out, on
a total of 7 historical cross-sections and one mock-up. All samples were provided
by KIK-IRPA. During the MetOx project, research conducted using ATR-nFTIR
(Bruker pnFTIR Hyperion 3000 with a 150-micron Germanium tip) enabled the

detection and spatial localization of metal oxalates in all of these samples.

Micrometric historical samples were obtained from chosen paintings using a scalpel
and embedded in a resin (Technovit 2000® LC resin, Kulzer, Germany). They were
polished until the desired depth was achieved to obtain analyzable cross-sections. In
total, the analyzed samples originated from six distinct paintings, and one of those
paintings produced two cross-sections (C101-040 A and B come from The Seven
Joys of Our Lady by L. Blondeel). Details of all the cross-sections are provided
in Table 6.1. All of them originate from oil paintings on wood panels from the
Southern Netherlands and date from the fifteenth to the early seventeenth centuries.
The paintings themselves and the collections they come from are presented in
Appendix A.

The mock-up was realized at KIK-IRPA. It consists of a mixture of red lake and
linseed oil (Standoil 73200, Kremer Pigmente, Germany). To produce CaOx, it
was artificially aged in an aging chamber (Weiss Technic, Global UV tester model
UV 200 RB/20DU type BAM) at the University of Antwerp for ten weeks. The
aging conditions were the following: ultraviolet type A (31.5 4+ 2.6 W/m? ) and
visible (1250 + 210 lux) radiations, 40°C and a relative humidity of 80% (dew point:
35.9°C). It was then stored and left to age naturally in the dark, at a temperature
of 20°C and relative humidity of 50% for three years [22]. It is embedded in the
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same resin as the historical cross-sections [1].

Table 6.1: Main information on the historical cross-sections analyzed in ToF-SIMS.

Project Artist Sample
C17-085 Pieta Petrus Christus Dark green, robe
C21-053 The resurrection of Peter Paul Rubens  Green, ground, left
the Christ panel wing
C30-153 Adam and Eve Master of the Mansi ~ Green
Magdalen
C32-038 The Holy Trinity Master of the Holy Green
Blood
C88-145 Deploration of Jacob Jordaens Red, Saint John’s
Christ robe
C101-040 The Seven Joys of Lanceloot Blondeel Dark red, Virgin
Our Lady and Child scene
(center)

Optical microscopy (OM) was performed at KIK-IRPA on each sample using an
Axio Imager M1 optical microscope equipped with a CCD Deltapix camera (Zeiss,
Oberkochen, Germany). This was done under white polarized (POL) light as well
as ultraviolet (UV) radiation with an excitation band-pass filter ranging from 390

to 420 nm and magnification up to 500x.

The ToF-SIMS analyses performed in this work are based on previous results
obtained during the MetOx project using ATR-nuFTIR. This technique has allowed
to produce mappings in which the spatial distribution of CaOx and CuOx is
observed in the different strata. As Lebrun suggested in the perspectives of his
work, a comparison of the mappings of these two techniques would help to certify
the presence of the compounds of interest. An example is displayed in Figure 6.1.
In each mapping, false-colour scale ranges from deep blue to pink white, indicating
the absence or the highest relative intensity of the visualized vibration, respectively

(see Figure 1.4). The red squares show the area analyzed using this technique.
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CuOx CaOx

Figure 6.1: POL and UV microphotographs and ATR-nFTIR mappings showing
the spatial distribution of CuOx (1375-1355 cm™!) CaOx (1336-1296 cm™!) in
cross-section C21-053. The red squares in the OM images represent respectively
the analysis areas in ATR-nFTIR.

ATR-pFTIR analyses were performed on a Bruker Vertex 70 FTIR coupled to
a Bruker Hyperion 3000 FTIR microscope equipped with a 250 pm diameter
germanium ATR tip.

6.2 Experimental parameters and protocol

The ions on which the research was focused were chosen based on Lebrun’s work
[1]. He demonstrated the difficulties of obtaining an oxalate peak (HC20, ) in
historical cross-sections, which had already been deduced from previous studies,
notably within the scope of the MetOx project [22]. He did however detect it in
pure powdered samples, so it will still be consistently examined to see if his results
(i.e. the low intensity and absences of a well-defined oxalate peak and localization
in cross-sections) are confirmed in our work. However, in pure powdered metal
oxalate samples, he successfully detected the metal ions but much less the entire

metal oxalate complex, especially for CaOx. Interestingly, the opposite was true
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when analyzing historical cross-sections, where CuOx was detected more easily
than HC,O, .

Moreover, following his advice, both negative and positive polarity images are
acquired. Even if the main oxalate-related compounds are observed in negative
polarity (anions HC,O, , CuCy0, and CaCy0, ), it is important to correlate
their localizations with the metal cations of interest, which appear in positive ion
mode Cu™, ®Cu™ and Ca™. Copper ions also appear in negative ion mode, but
verifying their counterparts in the positive polarity allows to ensure that it is,
indeed, copper, and to validate the results.

To demonstrate the presence of copper oxalate in a cross-section, the ions presented

in Table 6.2 and their localizations were examined.

Table 6.2: Investigated compounds for the search of copper oxalate.

Negative ion mode Positive ion mode
m/z Formula m/z Formula
63 Cu 63 Cu”
65 Cu- 65 ®Cut
123 CuCOs~
125 ®CuCO;3~
151 CHCQO47
153 ®CuCy04
89 HC,04~

Similarly, the ions presented in Table 6.3 and their localizations were examined to

demonstrate the presence of calcium oxalate in a cross-section.

Table 6.3: Investigated compounds for the search of calcium oxalate.

Negative ion mode Positive ion mode
m/z Formula m/z Formula
128 CaCy0y4 40 Ca™
&9 HC2047 57 C&OH+

Analyses were carried out on an ION-TOF V instrument (IONTOF GmbH, Miinster,
Germany).

In the first place, the surface is briefly cleaned with Arsgp™ at 5 nA. Right after, a
depth profile is conducted to determine the optimal depth at which the signal for
oxalate (more exactly its protonated ion HC;0,4 ) and copper or calcium oxalate
ions (respectively CuCy04 and CaCy0y4 ) is the highest. Given the worth of the
historical samples and the frequent obligation to perform both the profile and the
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analysis on the same area due to their small size, profiles are only performed in
the negative polarity and stopped after a few seconds once the intensity ceases to
increase. This aims to minimize damage to the analysis surface and maximize the
chances of observing these ions. Complete profiles were however conducted in both
polarities on the mock-up, as its larger size enabled the selection of a different area
than the one being analyzed. These profiles are displayed in Appendix E and allow
good visualization of the main species and their relative depth. After that, image
acquisition can begin, alternating GCIB and LMIG.

The parameters used for the depth profiles and the images are listed Table 6.4.

Since the analyses are performed on insulating samples, did not dig very deep and
that there was no need to do rapid analysis, non-interlaced mode [1, 57| was used
in each analysis for prioritizing data quality, as the interlaced mode may lead to
issues such as low signal intensity and compromised mass resolution.

Some parameters such as the primary ion doses, the LMIG currents and the reflector
voltage vary depending on the analysis and the nature of the sample. The values
presented in Table 6.4 give their order of magnitude. The number of scans in a
profile also changes with the depth at which the signal of the desired compounds is
maximal, but remains naturally way shorter than for the images.

Below each ToF-SIMS image, the chemical formulas of the counted ions are provided,
along with their maximal count (MC) and total count (TC). The image color scale
can thus be interpreted as ranging from black (count = 0) through various shades
of red and yellow to white (count = MC). TC represents the sum of the counts of

every pixel for the specified ion(s) [10].

The analysis areas are chosen based on ATR-uFTIR images indicating the presence
of the species of interest. Data treatment was performed on the SurfaceLab analysis
software. The spectra were calibrated using CHs™, CoHs", C3H;' and C,H;™.

Shift correction has been systematically applied to every analysis in both polarities.
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Table 6.4: ToF-SIMS experimental parameters used for each acquisition.

Variable Setting
Primary ion gun for sputtering GCIB Arsgp
GCIB energy 10 keV
GCIB current (profiles) 45 pA
GCIB current (images) 5 pA

Crater size 600 pm x 600 pm
Dose density of GCIB Variable
Primary ion gun for analysis (profiles) LMIG Bis™
Primary ion gun for analysis (images) LMIG Biz*™™"
LMIG energy (profiles) 30 keV
LMIG energy (images) 60 keV

LMIG mode (profiles)
LMIG mode (images)
Analyzed area

Dose density of LMIG
Raster mode

Raster size (profiles)
Raster size (images)

High current bunched
Burst alignment

200 pm x 200 pm
Variable

Random

128 by 128 pixels
1024 by 1024 pixels

Flood gun energy

Reflector voltage

Cycle time (profiles)

Cycle time (images)

Total number of scans (profiles)
Total number of scans (images)

20 eV
200-400 V
200 ps
100 ps
Variable
~40

Delayed extraction has also been tested to improve mass-resolution on the mock-up,

with an extraction delay of 0.89 ps.

45



Chapter 7

XPS

7.1 Samples

Experiments were performed on metal oxalate powders synthesized at KIK-IRPA
using K;Cy04 and metal nitrates. Four different metal oxalates were analyzed:
CaOx, CuOx, PbOx and ZnOx. The powders were pressed uniformly inside cupules

and placed in a carousel for analysis (see Appendix F).

7.2 Experimental parameters

Analyses were carried out on an SSX 100/206 spectrometer from Surface Science
Instruments (USA). The source was a monochromatized and micro-focused Al
Ka X-ray beam used at an operating power of 200 W (width of 800 x 800
pm). The instrument uses a hemispherical analyzer and performs automatic
sample analysis [45]. It has a resolution of 0.1 eV. The core-level, Auger and
VB spectra were acquired using a pass-energy of 50 eV and energy steps of 0.1
eV and the general surveys with a pass-energy of 150 eV and energy steps of 1
eV. A charge neutralization system employing an 8 eV operating flood gun has
been used. Analyses have been performed on CaOx first, then PbOx, and finally
ZnOx. However, since the survey spectrum for CuOx had not been recorded
by the technician during this sequence, CuOx data comes from another analysis
sequence performed a few months before, except for the VB spectra that was
recorded in the other sequence. Spectra were recorded in the following order for
each powder: C 1s, O 1s, Me, Auger lines, survey, VB, C 1s. The second occurrence
of C 1s allows one to assess possible degradation or surface changes that might
have occurred during analysis. They were calibrated using the reference value of
284.8 €V for the C 1s (C-C/C-H) peak [58]. Following the subtraction of a Shirley-
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type background, the core-level spectra were decomposed using a curve-fitting
approach that utilized mixed Gaussian-Lorentzian lines (with a 85% Gaussian and
15% Lorentzian composition). Data analysis was conducted using the CasaXPS

software.
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Chapter 8

Detection of calcium and copper
oxalates using ToF-SIMS

8.1 Copper oxalate

8.1.1 Results

Copper oxalate has been successfully detected in two ToF-SIMS analyses, in cross-
section C21-053 and in the left side of cross-section C30-153. ToF-SIMS ion images
of the other analyses are displayed in Appendix C.

Figure 8.1 displays cross-section C21-053 and the long whitish crack that extends
from its center to its left end. It probably appeared during polishing and let the
resin and/or adjacent layers penetrate. According to the obtained ATR-pFTIR
results, this sample has been used to investigate the presence of both calcium and
copper oxalates using ToF-SIMS.

This figure also shows high and localized intensities for the main copper oxalate-
related compounds Cut, Cu~, CuCO;~ and fortunately CuC,0, ", as well as the
corresponding species with the ®Cu isotope. They are concentrated in the paint
layers, although they appear to be present in all of the cross-section to a lesser
extent. The ATR-pFTIR images indicate a relatively disparate distribution of
small CuOx clusters, which matches the diffuse shape observed in ToF-SIMS.

ToF-SIMS ion images in Figure 8.2 reveal that C30-153 contains a high concentration
of copper ions along the entire length of its paint layer in both polarities. When
examining CuC,0, , a slightly higher intensity than in the rest of the image is
observed in this same zone. It is indeed consistent with the ATR-pFTIR mappings
shown in the same figure, which also indicate the presence of CuOx in the top

layer, especially at the extreme surface of the painting.
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Figure 8.1: POL and UV microphotographs, ATR-pFTIR mappings showing the
spatial distribution of CuOx (1375-1355 cm™!), and ToF-SIMS ion images of CuOx-
related compounds in cross-section C21-053. The red and yellow squares in the OM
images represent respectively the analysis areas in ATR-pFTIR and ToF-SIMS.
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Figure 8.2: POL and UV microphotographs, ATR-pFTIR mappings showing the

spatial distribution of CuOx (1375-1355 cm™1), and ToF-SIMS ion images of CuOx-

related compounds in the left part of cross-section C30-153. The red and yellow
squares in the OM images represent respectively the analysis areas in ATR-pFTIR

and ToF-SIMS.
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8.1.2 Interpretation

The colocalization of various copper-containing ions, including the copper oxalate
ion CuCy04 , suggests the presence of copper oxalate in cross-sections C21-053
and in the left side of C30-153. These satisfactory results are a first proof of the
effectiveness of this analysis technique and method.

Concerning the oxalate ion HC20, ", its non-detection is not surprising given the
results obtained by H. Lebrun [1]. He did not observe it in historical cross-sections,
and barely in the mock-up and pure samples.

The presence of the copper carbonate ion CuCOj " is characteristic of the presence of

malachite, another green pigment used between the XV*® and the XVII*"

centuries,
with the chemical formula CusCO3(OH),. This suggests that malachite was utilized
in cross-section C21-053, either alone or mixed with verdigris. Malachite has also
been observed to produce copper oxalate as a degradation product over time [59],
but to a lesser extent than verdigris. The MetOx project [22] highlighted the fact
that CuOx was found in malachite-containing layers in only ~50% of the historical
cross-sections they analyzed, and always in the presence of other copper-containing
materials such as verdigris, preventing the conclusion of a direct correlation between
malachite and CuOx. The malachite pigment has also been found to exhibit
increased stability of the carbonato and/or hydroxo ligands surrounding the Cu
(IT) cation. Consequently, it displays reduced reactivity towards carboxylate ligand
exchange. However, they observed copper oxalate in malachite-based mock-ups,
which suggests that this pigment may still contribute to the generation of such

metal oxalates under specific circumstances.

8.2 Calcium oxalate

8.2.1 Results

Samples C21-053, C30-153 (left and right), C17-083, and the mock-up showed
traces of calcium oxalate. In every sample, CaOH  and HC,O, intensities are
very low, as shown in Figure 8.3, Figure 8.4, Figure 8.5 and Figure 8.6.

Cross-section C21-053 presents relatively high and localized ion intensities for the

main calcium oxalate-related compounds Ca™, CaOH™, and CaCy0, .
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Figure 8.3: POL and UV microphotographs, ATR-pFTIR mappings showing the
spatial distribution of CaOx (1336-1296 cm™!), and ToF-SIMS ion images of CaOx-
related compounds in cross-section C21-053. The red and yellow squares in the OM
images represent respectively the analysis areas in ATR-pFTIR and ToF-SIMS.

Cross-section C21-053, represented in Figure 8.3, contains Ca®, CaOH" and

CaCs04 ions in the same area. CaOx does not appear to be concentrated
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primarily on the painting’s outer surface. Instead, it is found within the paint
layers, with a notable concentration in the light green layer located just below the

crack. This observation aligns consistently with the ATR-uFTIR image.
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Figure 8.4: POL and UV microphotographs, ATR-pFTIR mappings showing the
spatial distribution of CaOx (1336-1296 cm ™), and ToF-SIMS ion images of CaOx-
related compounds in the left part of cross-section C30-153. The red and yellow
squares in the OM images represent respectively the analysis areas in ATR-pFTIR
and ToF-SIMS.

o4



Figure 8.4 presents the left part of cross-section C30-153. Calcium-containing ions

Ca™ and CaOH™ are found, particularly in the preparation layer. Above, in the

paint layers, calcium oxalate ion CaCy0, is detected at the surface of the painting,
as demonstrated in ATR-nFTIR.
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Figure 8.5: POL and UV microphotographs, ATR-pFTIR mappings showing the
spatial distribution of CaOx (1336-1296 cm ™), and ToF-SIMS ion images of CaOx-
related compounds in the right part of cross-section C30-153. The red and yellow
squares in the OM images represent respectively the analysis areas in ATR-pFTIR
and ToF-SIMS.
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The right side of C30-153 also presents a high concentration of Ca™ and CaOH™
in the preparation layer and CaCy;0O,  in the paint layers, as shown in Figure 8.5.

ATR-~pFTIR results indeed revealed the presence of CaOx in the top layers.
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Figure 8.6: POL and UV microphotographs, ATR-pFTIR mappings showing the
spatial distribution of CaOx (1336-1296 cm™!'), and ToF-SIMS ion images of CaOx-
related compounds in cross-section C17-085. The red and yellow squares in the OM
images represent respectively the analysis areas in ATR-pFTIR and ToF-SIMS.

In Figure 8.6, CaCy0,  ions are found in the paint layers, relatively well colocalized
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with CaOH™ even if the latter’s presence extends to the preparation layer.

Mock-up: delayed extraction

The main obstacle to localizing oxalate, CaOx and CuOx in cross-sections is that
these peaks are too weak to be distinguished from featureless structures that are
very difficult to interpret. The aim of delayed extraction (DE) was to achieve a
higher mass resolution that would enable the oxalate peaks to be discerned. As this
was the first time this methodology had been used, DE was tested on the mock-up
(H1-Ml-br-T6-N1) rather than on historical cross-sections.

It has been proven to efficiently increase the mass resolution by up to more than
double, as illustrated in Figure 8.7. The shape of a peak is also modified, becoming

steeper on its left side with a slight extension to the right.
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Figure 8.7: CN™ peak in the mock-up with (bottom) and without (top) delayed
extraction. Its mass resolution goes from 1809 to 4400 when using DE.

Although the mass resolution is undoubtedly improved to the point of revealing
sub-structures around the oxalate peak, it is not sufficient to observe it distinctly,
as demonstrated in Figure 8.8. In addition to that, spatial resolution is reduced

and the low mass peaks are lost.
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Figure 8.8: HC;04 peak in the mock-up with (bottom) and without (top) delayed
extraction.

Figure 8.9 shows the calcium oxalate-related negative ions for the mock-up with
and without delayed extraction. The area in the top left corner presents a higher
intensity of CaCy0, , and even HC;04 (see subsubsection 8.2.1) in both cases,
although with a slightly more precise localization with DE.

29



ToF-SIMS

u"’ [+ w 10 [ 0 = 0 1] 00
total (negsative ion mode) C204H Calt204-
MC: 350; TC:7.738e+08 MC: 2 TC:1.828e+02 MC: 2 TC: 8040e+02

e 100 1%

totsl (negstive ion mode) C204| CaCz0+-
MC: 175, TC: 4.296e+08 MC: 2 TC:1.567e+03 MC: 2 TC: 5110e+02

Figure 8.9: POL and UV microphotographs, ATR-pFTIR mappings showing the
spatial distribution of CaOx (1336-1296 cm™'), and ToF-SIMS ion images of CaOx-
related compounds in the mock-up H1-Ml-br-T6-N1. The red and yellow squares
in the OM images represent respectively the analysis areas in ATR-uFTIR and
ToF-SIMS.
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8.2.2 Interpretation

The presence of CaCy04  ions in areas consistent with the ATR-pFTIR mappings
confirms the presence of calcium oxalate in these cross-sections. Moreover, CaCy0,4
tends to appear colocalized with CaOH™, rather than Ca®™. Perhaps CaOH"
originates from the dissociation of one carboxylic function of the two in calcium
oxalate molecules, explaining why it is as much observed in areas where CaOx is
detected.

Calcium that appears elsewhere in the samples and that is not correlated with
oxalate, for instance in the preparation layer of C30-153, likely originates from the
calcium carbonate of chalk.

Appendix D displays the CaCy0,4 peaks for these four samples. Remarkably, all of
them seems to be relatively well-defined. However, in view of the results obtained
in the past as part of the MetOx project, including Lebrun’s work, and elsewhere
in the literature, it is crucial to keep a critical eye. The instrument’s resolution is
too low to be able to unequivocally ensure that this is indeed a calcium oxalate
peak. As demonstrated with delayed extraction, the structure between 127.8 and
128.2 is indeed composed of several sub-peaks, and it is possible that an increased
mass resolution would indicate that at the precise m/z where CaOx is supposed to
be, there is in fact no peak. Nevertheless, these results still provide optimism for
potential future applications of this methodology, and it would be interesting to

try it on instruments providing a higher mass resolution.

8.3 Conclusions on ToF-SIMS analyses

As prior studies on the subject have already indicated, the detection of oxalate
in ToF-SIMS poses significant complexity. The ion characterizing oxalate alone,
HC504 , was not precisely observed in any of the samples, confirming what H.
Lebrun stated in his work.

Satisfyingly, CuC,04 appears colocalized with copper cations and anions in C21-
053 and the left side of C30-153, and concerning CaC,0, , it is often colocalized
with Ca®™ and CaOH™ in C17-085, C21-053 and C30-153 (both sides). These results
are a good argument for the presence of CuOx and CaOx, respectively, and the
correlations with ATR-nFTIR results also point in this direction.

However, their intensities remain quite low. The reason why these compounds
are typically observed with very low intensities is likely attributed to their low
ionization probabilities. In fact, H. Lebrun already came to this conclusion in his

work, which is consistent with our results.
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Another main issue of CuOx, CaOx and oxalate in ToF-SIMS is that their m/z ratio
is hidden in a large contamination-induced peak very complex to identify (probably
containing silicon). Furthermore, the ion mappings show minimal improvement
with delayed extraction, and the enhancement in localization is not readily apparent.
Even though it clearly provides an excellent mass resolution, delayed extraction also
causes the loss of low-mass peaks and a slight deformation of the images. While
the conclusive application of DE for locating MetOx in historical cross-sections has
not been fully proved in this work, its promising results suggest that one could

further investigate this technique using reference powders or mock-ups to study
the direct detection of MetOx in ToF-SIMS.

It is also possible that the process of polishing, employed to reach a desired depth
within the embedding resin for visualizing the complete stratigraphy of a cross-
section and to restore a clean surface after analysis, may have adverse effects on
the sample. In fact, sometimes (as in cross-section C21-053) the cross-section
cracks during polishing, allowing materials from other layers or even the resin itself
to penetrate. This type of damage is annoying, but generally easy to spot. A
more insidious concern, yet to be substantiated, would involve the potential global
blending of the different compounds on the surface during polishing, thereby posing
challenges in identifying and locating the various species. In other words, even
if a particular compound is initially localized in a specific area, it will undergo
redistribution across a broader zone or the entire surface with each successive pass
of the polishing wheel. Consequently, KIK-IRPA researchers are currently looking
into alternative techniques to polishing for the analysis of historical cross-sections.
For instance, ion beam milling techniques enable the production of pristine cross-
sections, devoid of contamination, distortion, crumbling, or smearing. It consists
of thinning the sample down by bombarding it with a beam of ions, usually inert
gases like argon, which sputters away material from the surface. This controlled
removal of material results in a fine cross-section that can be analyzed with high

precision [60].
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Chapter 9

Investigation of metal oxalates
XPS spectra

Looking into potential future XPS studies on historical samples and aiming to
better understand common MetOx characteristics, this research explores XPS
spectra of metal oxalate powders. A Chenakin et al’s study characterized transition
metal oxalates (Mn, Fe, Co, Ni, and Cu oxalates) in XPS [56], assessing various
parameters across these species, including binding energies between metal cations
and oxalate anions. However, their studied metal oxalates differ from those in
historical paintings. This thesis aims to extract insights from CaOx, CuOx, PbOx,

and ZnOx spectra, deepening understanding of these phenomena.

9.1 XPS results and interpretations

9.1.1 Me core-level spectra

Figure 9.1 displays high-resolution metal (Me) spectra of Ca 2p, Cu 2p, Pb 4f and
Zn 2p. Their shapes and peak-fitting components differ significantly, making a
meaningful comparison between them challenging. Nonetheless, several noteworthy

points can be observed.

As shown in Figure 9.1, the Ca 2p line shows the two peaks 2ps3/» and 2p; /o emerging
from spin-orbit splitting (SOS) and separated by 3.5 eV. Since calcium has no
unpaired electron in its electronic structure, its spectrum does not present multiplet
splitting. It appears that the Ca 2ps3/; spectrum only features one main line at
347.1 eV, which comes close to observations of this line in CaCO3 at ~347 eV.
Metallic calcium nor CaO do not seem to be present in the sample, given the
absence of any other peak near ~346.6 €V or below [61]. This could be attributed
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to the high reactivity of alkaline earth metals, meaning that if calcium has been
decomplexed from oxalate, it quickly rebinds to form other compounds such as
CaOH  or Ca(OH)s. Hence, it does not rule out the possibility that this peak
could also contain single Ca?* ions or other forms of twice oxidized calcium. As
calcium contains no electrons in its 3d shell and all its other shells are filled, there

is no satellite in the Ca 2p spectrum.
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Figure 9.1: Me core level spectra of the four analyzed oxalate powders. The raw
data is represented in black. The fitted curves and components are (a) in red for
CaOx, (b) in green for CuOx, (c) in yellow for PbOx and (d) in blue for ZnOx.
This color code is maintained throughout the study.

The copper spectrum is the most complex of the four, fitted with five different
components. Starting from the lowest binding energy, one finds a pre-peak (pp)
at 932.9 eV, corresponding to the presence of Cu ions in a lower oxidation state
such as Cu(I), possibly from CuyO (932.2 eV [62]) for instance, as proposed in the
literature [55]. Tt also aligns with the typical BE of metallic Cu® of 932.6 eV [62]).
They might originate from analysis-induced degradation in the sample, causing
oxygen vacancies in nearby sites. In literature, the pp is already described as
intense in CuOx in comparison to other transition metal oxalates (Mn, Fe, Co, Ni)
while representing ~6.5% of the Cu 2pj3/, line, but its intensity is almost three
times greater here, i.e. 18.92%. This suggests a more advanced degradation of the
CuOx powder in our case. Other works [55] have also shown that this pp increases
with XPS irradiation, up to at least 41%.
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Next, the most prominent peak at 935.2 is associated with Cu?* compounds, from
the metal oxalate.

The smaller component at 936.7 eV appears due to multiplet splitting and the two
structures at 940.5 eV and 944.2 eV are satellites, respectively abbreviated S1 and
S2 in Figure 9.1. Copper oxalate is the sample displaying the most intense and
well-resolved satellites.

Table 9.1 shows the adequacy between this work’s data and Chenakin’s with regard
to their positions and areas. ABE(A-B) (in eV) refers to the binding energy shift
between peaks A and B and A /B ratio refers to the ratio of the areas of peaks A and
B. For instance, the binding energy shift between the MS and Cu?* components,
ABE(MS-Me?T), is equal to ~1.6 €V, which closely aligns with the value obtained
by Chenakin’s team of ~1.4 eV.

They state that the nature of the ligand and the type of bonding (more or less
covalent) play a role in the apparition of the satellites and thus, information could
be extracted from them. However, when observing the distribution and proportion
of S1 and S2 in CuOx, it closely resembles what is reported in the literature for
oxide 42, or even for hydroxide. Since the synthesis is carried out from nitrates
that are no longer detected, the copper can only exist in the form of oxalate, oxide
42, oxide +1, hydroxide +2, or reduced 0. The presence of a prepeak indicates
the existence of a portion of copper in either the 0 or +1 oxidation state, and
the positions and shapes of the satellites ultimately do not provide the means to
distinguish between an oxalate, an oxide +2, or a hydroxide +2. It is only by
verifying the ratio between copper and carbon in the oxalate that an assessment of

the compound’s purity can be made.

Table 9.1: Comparison between the experimental results obtained in this work and
the ones obtained by Chenakin et al. [56] relative to Cu 2p satellites in copper
oxalate.

This work Chenakin et al. [56]
ABE(S1-Me) 5.2 5.3
ABE(S1-Me?*) 5.5 5.3
ABE(S2-S1) 3.7 3.9
S1/(Me2t+MS) ratio  0.60 0.59
S1/(Me*T+MS) ratio 0.43 0.43
(S14+52)/Me?* ratio 1.19 1.16

The Pb 4f7/, line contains its main line at 139.0 eV, associated to lead oxalate. The
small component at 136.9 eV is attributed to metal lead, Pb(0) [63], likely due to
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slight degradation or contamination. There is no multiplet splitting. The Pb 4f;
is also visible in Figure 9.1, 4.8eV higher.

Zn 2ps /> does not present MS and takes the form of a single line. Its interpretation
is complicated by the overlap between its components [62]. Its main component,
which is considered to arise from Zn?" in the ZnOx, appears at 1022.7 ¢V and
is enclosed between two small peaks at 1020.8 eV and 1024.3 eV. The former
corresponds to the BE of metallic zinc Zn(0), which again probably originates from
contamination and degradation. The second peak at 1024.3 eV could be a small
satellite, similar to the Cu spectrum. However, given that the 3d shell is filled and
stable, it seems unlikely that a satellite will be observed, or only in a very small
contribution. The widening would then be due to a less-than-optimal proportion of
Gaussian or Lorentzian contribution in the fitting peak, rather than to the actual

presence of two small peaks.

Measured SOS values of the Me spectra for the metal oxalates have been compared
with each other and with their respective oxides and metallic forms. To reproduce
Chenakin’s paper’s methodology, SOS(Me) and SOS(MeO) values have been taken
from the NIST database [64], averaged [56], and gathered in Table 9.2. Whatever
the ligand, the following trend is constant for all four metals: SOS(Ca) < SOS(Pb)
< SOS(Cu) < SOS(Zn). Regarding the analysis of transition metal oxalate powders,
Chenakin et al. report a nearly linear dependence of the SOS of their 2p spectral
lines on the cation effective nuclear charge Z*. This trend is indeed observed when
combining their values for Mn, Fe, Co, and Ni oxalates and ours for Ca, Cu and

Zn oxalates, as shown in Figure 3.6.
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Figure 9.2: Spin-orbit splitting in Me 2p spectra of metal oxalates versus the effective
nuclear charge of the metal cation Z*. The linear dependence is demonstrated by
a linear regression with a coefficient of determination R? of 0.99.

While an increase of SOS with Z* has been observed in this work for calcium,

copper and zinc (although calcium breaks the linear tendency observed in Mn, Fe,
Co, Ni, Cu and Zn), lead does not fit into this trend. This was to be expected
since the valence electron shell observed for this metal is 4f instead of 2p, although
the formula of Z* takes into account this difference of shell (Z* = Z — s where Z

is the atomic number and s the adequate screening constant) [65, 66]. Because of

this shell difference, lead actually must be set aside when interpreting the SOS.

Table 9.2: SOS values (in eV) for each metal oxalate (from analysis), oxide and
metallic Me lines (from literature), along with the corresponding atomic number
Z, screening constant s and effective nuclear charge Z* [65, 66].

Ca 2p1/2-2p3)2

Cu 2p1/2-2P3/2

Pb 4f5/2-4f7/2

Zm 2p1/2-2p3)2

Oxalate  3.55 20.00 4.83 23.00
Oxide 3.45 19.95 4.85 23.07
Metal 3.70 19.83 4.90 23.09
Z 20 29 89 30

s 4.15 4.15 50.55 4.15
z* 15.85 24.85 31.45 25.85

A second observation, concerning the ligand, has been made by Chenakin. He

observed an increase of the SOS from the metals to the metal oxide, and from
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the metal oxide to the metal oxalate in Mn, Fe, Co, and Ni oxalates. As shown
in Table 9.2, this trend is observed here for copper: SOS(Cu) < SOS(CuO) <
SOS(CuC204). The other three metals do not show the same trend. However, the
small variations between the SOS values of the different ligands for the same metal
remain smaller or on the order of 0.1 eV. To remain rigorous and critical, it is wiser
not to draw unfounded conclusions from these trends, even the ones presented
in Chenakin’s paper. Chenakin et al. also assert that the rise in the SOS with
Z* progresses more rapidly for metals and oxides than for oxalates, which could
explain why greater Z* leads to lower SOS(MeCy04) in comparison to SOS(Me)
and SOS(MeO) among Ca, Pb and Zn in this study.

Finally, Chenakin and his team found out that the Me 2p shift between metallic
and oxalate states ABE(Me-Me?") increases when the electronegativity difference
Ax between the metal and the ligand decreases, i.e. when the covalency of the
Me-O bond increases. According to the Allen scale [67], x(Ca) = 1.034, x(Cu) =
1.85, x(Pb) = 1.854, and x(Zn) = 1.59. Given x(Oxalate) = 3.46, the Ay values
for the four metal oxalates under study are: PbOx (Ayx = 1.606) < CuOx (Ayx =
1.61) < ZnOx (Ax = 1.87) < CaOx (Ax = 3.46)). Unfortunately, this tendency is
not replicated here: Zn=(ABE(Me-Me?") =1.01) < Pb(ABE(Me-Me?*™) =2.21) <
Ca(ABE(Me-Me?") =1.29) < Cu(ABE(Me-Me?*) =2.56), probably because the
greater differences among our MetOx samples pose challenges when attempting to

apply these interpretations to their Me spectra.

9.1.2 C 1s and O 1s core-level spectra

Every oxalate powder presents a characteristic two-peak C 1s line as shown in
Figure 9.3, which is typical of metal oxalates [55, 56, 68, 69]. This core-level
spectrum was fitted using four components, similarly to Chenakin’s work. Starting
from the lowest BE, the first one corresponds to the reference peak of C-C/C-H
bonds, set at 284.8 eV. It is followed by the C-O peak at 286.5 + 0.12 eV and the
O-C-0 at 288.7 & 0.15 ¢V, which corresponds to the oxalate anion C50,%  and is,
accordingly, the largest component [58]. C-C/C-H and C-O peaks point out that
the oxalate powders have been contaminated with other carbon-based compounds,
or degraded. The fourth and smaller one is a satellite peak and will be addressed

in subsection 9.1.3.

While the relative positions of the peaks correspond to the literature, the spectra
obtained in this work are, on average, shifted approximately 0.3 eV lower, even after

accounting for the 0.2 eV adjustment due to their reference set at 285 eV instead

68



of 284.8 eV. However, upon examining their C 1s spectra, it appears that their
CC/CH peaks are occasionally very close to the noise level, potentially impacting

their calibration.

Three components were used to fit the O 1s core-level spectrum, visible in the right
part of Figure 9.3. From the lowest to the highest BE, the first ones are attributed
to O from O-Me bonds at 530.1 + 0.4 eV and O-C-O bonds in C,0,% at 532.1
+ 0.4 eV, which significantly dominates the other two. The small component S1 is
discussed in the next section. These values are in agreement with those obtained

by Chenakin with 0.3 eV less.

Several features of both C 1s and O 1s spectra can be evaluated in relation to
cach other. Firstly, the BE shift between the C(OCO) and O(OCQO) components,
abbreviated ABE(OCO), is nearly identical for every oxalate and equals 243.4 +
0.3 eV, as confirmed by Chenakin et al. The tendency of this value to remain
constant within the same carboxylate family has also already been demonstrated
for formates and acetates for instance, that have close ABE(OCO) of ~243.5 and
~243.3, respectively. It can have values further away from these in other types
of components, ranging from 242.1 for carbonates to 246.2 for metal carbonyls,
for example. This confirms the usefulness of ABE(OCO) in the differentiation of
organometallic compounds such as oxalate within a sample, especially given its

independence from any charge-induced BE shift.
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Figure 9.3: XPS C 1s (left) and O 1s (right) core-level spectra of the MetOx. The
dashed line represents the reference value of 284.8 at which the CC/CH peak is set.
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Moreover, as found by Chenakin and shown in Table 9.3, the FWHM of C(OCO)
and O(OCQ) both increase across the four oxalates in the same order: PbOx,
CuOx, ZnOx, CaOx in our case. Furthermore, C(OCQ) line is thinner than the
O(OCO) line within the same oxalate. This can be explained by two main reasons.
Firstly, oxygen is likely present in multiple chemical states. However, due to its
high electronegativity, it is less susceptible to environmental influences, resulting in
minimal shifts, typically in the range of a few tenths of an eV, and its peak appears
broadened. Further decomposition of the peak would be meaningless given the
resolution of the instrument. Secondly, unlike metals in their metallic state, which
exhibit sharp peaks, other elements like oxides possess a more 'flexible’ atomic
arrangement. Unless they feature a highly stable crystalline structure, there exists
a consistent variation in short-scale bond lengths. This variance translates to
increased vibration. During the photoelectric effect, a broader distribution of bond
energies forms around an average value. Consequently, a single component will

display greater width.

Table 9.3: FWHM (in V) of the OCO, OCO and Me** components in the metal
oxalate powders analyzed in XPS.

CaOx CuOx PbOx 7Zn0x
FWHM(OCO) 1.64 1.42 1.39 1.59
FWHM(OCO) 1.85 1.60 1.60 1.82
FWHM(Me2+) 1.85 2.19 1.52 1.86

9.1.3 C 1s and O 1s satellites

Given that the analysis window stops at ~297 eV for carbon and ~540 eV for
oxygen, only the lowest BE satellite of each is observed. This consists of the minor
component at 290.5 + 0.2 eV in the C 1s spectrum and the one at 534.1 + 0.4 eV
in the O 1s spectrum, both labeled S1 in their respective spectra in Figure 9.3.
Literature [55, 56] has however reported other satellites at higher binding energies.
For carbon, two more satellites would have been observed ~7.69 eV and ~10.15 eV
above the OCO peak.

Concerning oxygen, CuOx did not present any other intense satellites but the other
transition metal oxalates had two to three of them at higher binding energies at
~10 eV and higher.

C(S1) could be a shake-up satellite arising because of the excitation of bonding
and antibonding 27*—~Me 3d combinations in the Me—(O—-C—-0) bonding of the
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metal oxalate, and corresponding to an unscreened final state when there is no
charge transfer between the ligand and the metal.

The small component at 534.1 4+ 0.4 eV in the O 1s spectrum may be associated
with the presence of adsorbed water, along with C—OH/COOH, or CO3H [55, 56].

While Chenakin obtained a proportional relationship between S1 and OCO as
well as between S1 and 1/(CC/CH), these findings were not replicated in the
present study. Nevertheless, this information should be carefully evaluated as the
presence of the proposed C(S1) is questionable. In both their and our samples, this
component remains at very low levels and is barely distinguishable from the signal-
to-noise ratio. It is also possible that this extremely faint peak actually corresponds
to the elevation of the baseline due to electrons losing some of their kinetic energy
through inelastic collisions on their path to the surface. This region (energy lost
peak) is quite challenging to analyze since it depends on the contamination and
material density.

The same applies to O(S1). Additionally, the OMe component also remains very
low, and it is possible that these two small peaks are in fact artifacts caused by an

imbalanced Gaussian-Lorentzian curve fitting of the oxygen line.

9.1.4 X-ray induced Auger spectra

XR-induced LMM Auger lines have been recorded for copper and zinc oxalates, and
their modified Auger parameters o’(Me) have been computed. As stated in subsec-
tion 3.3.4, this parameter is calculated as o/(Me) = Ex(Me Auger) + Eg(Me 2p).
The maxima of the CuOx and ZnOx Auger lines, shown in Figure 9.4, being
respectively 916.1 eV and 986.8 €V in kinetic energy, modified Auger parameters
for copper and zinc are o/(Cu) = 1851.26 €V and o/(Zn) = 2009.49 eV. Literature
indeed reports a similar value of 1851.5 €V [56] for the former, and 1851.33 eV
for its corresponding oxide CuO [70]. Zinc oxide has shown a modified Auger
parameter of 2010.14 eV [62]; however, no value for zinc oxalate has been found in

the literature.
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Figure 9.4: XR-induced Auger Me LMM lines in CuOx (top) and ZnOx (bottom).

9.1.5 Valence band

To ensure comprehensive insights and maximize our understanding of these metal

oxalates, an investigation of their valence band was conducted.
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Figure 9.5: VB spectra of the four analyzed metal oxalate powders. The raw data
is represented in the color specific to the MetOx in question.

The VB spectra of the four metal oxalates are displayed in Figure 9.5. They exhibit
diverse shapes due to the distinct binding energies of valence electrons for each
element. The bandgap (BG) is obtained by finding the intersection between the
tangent to the curve at the first inflection point and the baseline of the curve [71].
The BG are 1.35, 1.83, 2.33, 2.85 for CuOx, PbOx, CaOx and ZnOx respectively.
Concerning CuOx, a BG of 1.2-1.5 eV has been found by Chenakin, which is in
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good agreement with this analysis.

9.1.6 Atomic ratios

Taking into account the oxalate-related components of the carbon and oxygen core-
level spectra (respectively O-C-O and O-C-Q), the stoichiometric atomic ratios for
metal oxalates are expected to be O/C=2, O/Me=4 and C/Me=2 [56]. Table 9.4

shows the experimental ratios obtained for each powder.

Table 9.4: Atomic ratios in the metal oxalate powders analyzed in XPS.

CaOx CuOx PbOx ZnOx
0OCO/0CO 2.01 2.07 1.87 1.75
OQO/Me 1.85 1.93 1.73 2.04
OCO/Me 3.72 4.01 3.24 3.58

Copper oxalate presents almost exact stoichiometric ratios. As explained in sec-
tion 7.2, the CuOx data comes from a different analysis and might require separate
consideration within this context, especially if analysis-induced degradation im-
pacts the atomic ratios. The fact that it is the only powder of the four to have
almost exact stoichiometric ratios could be due to its different analysis conditions,

demonstrating the effect of the instrument on the degradation of the samples.

The OCO/OCO ratio also matches the theoretical value in CaOx. TIts slight
difference below the theoretical value of 2 for PbOx and ZnOx could ensue from
the redundancy of C=0 carbonyl groups associated with structural imperfections
or contamination (i.e. remaining solvent from the synthesis), or from the XR-
induced disruption of O—Me bonds leading to loss of oxygen. Apart from CuOx
(and OCO/Me in ZnOx), OCO/Me and OCO/Me are always below the expected
stoichiometric ratios.

On the one hand, this could be explained by an advanced degradation stage of the
metal oxalate, as proposed in the literature [55] (see subsection 9.1.8). Due to its
breakdown, the proportions of oxalate-related components are reduced, and so are
these ratios. Copper oxalate would thus be less degraded than the other three.
On the other hand, the intensities and structures of the C 1s and O 1s lines may
be affected by impurities introduced during synthesis and/or storage, leading to
non-stoichiometric atomic ratios. The surface concentration of CC/CH and CO can
be increased due to contamination by carbon-containing compounds, decreasing at
the same time the relative ratios of OCO and OCO to the metal.
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Chenakin’s findings indicate that the contamination by hydrocarbons decreases in
the series of transition metal oxalates, i.e. with the increase of the covalency of
the Me—O bond. In this case, as shown in subsection 9.1.1, the covalency of this
bond increases along PbOx < ZnOx < CaOx. Therefore, it is expected that PbOx
would exhibit higher susceptibility to contamination, leading to lower OCO/Me and
OCQO/Me ratios. Following this trend, ZnOx is next in line, while CaOx displays

the least contamination. This sequence aligns well with the observed data.

In any case, it is likely that the analysis chamber already contained a certain
quantity of CC/CH-containing compounds from previous analyses because it has
been a long time since it was cleaned (baked-out). This would lead to the indirect
conclusion that there were single Me nanoparticles in the sample that have been
able to capture them, which would not have been the case if they had been bound

to oxalate.

9.1.7 Charging effects

As explained in section 3.1, the insulating properties of the oxalates lead to strong
charging effects after photoelectrons escape from the surface. The magnitude of
these effects can be deduced from the BE shift of the C-C/C-H component in
comparison to its reference value, i.e. 284.8 ¢V in this work. The larger the shift,
the stronger the charging effect and the dielectric properties of the sample. The
widths of these shifts are displayed in Table 9.5. The fact that it is more intense
can be attributed either to lower initial purity or to greater degradation. The
combination of vacuum, XR and flood gun is well known for partially reducing
some of the more sensitive materials, and oxalates can certainly qualify as such.
It is worth noting that for each sample whose composition was analyzed in this
work, the C 1s core spectrum obtained at the end of the sequence does not indicate
any undesirable BE shift with regards to the one recorded at the beginning, given
all the differences of < 0.04 eV between the two while the instrument has a precision
of 0.1 eV. This confirms that the charging has remained constant over the analysis,
which is essential for reliable measurement.

Table 9.5: Surface charging-induced shift (in eV) for the four metal oxalate powders
analyzed in XPS.

CaOx CuOx Zn0x PbOx
CC/CH shift 9.7 9.7 9.8 10.0

The width of the BE shift slightly increases with Z* along CaOx < CuOx < PbOx
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< ZmnOx. Despite the values being very close to each other, the ZnOx and PbOx
shifts slightly surpass the others, which coincides with their sub-stoichiometric
OCO/OCO ratio, which could confirm that surface charging might depend on

imperfections in the composition and/or structure of the compounds [56].

However, this should be approached with caution, as these values are very similar
to each other and the technique used by the Chenakin team is different than the
one used in this work. In fact, they press the powders onto gold foils to better
observe this phenomenon, whereas here they are pressed into cupules and their
surface is negatively saturated with the flood gun, which could obscure the subtle
effects that would differentiate their dielectric properties. They obtain charges
stabilized between +5 and 48 eV, versus ~ —10 eV in this case, which corresponds
to the saturation in electrons of the surface. This value may fluctuate based on
surface composition, typically falling within the range of —9 to —12 eV. However,
in this scenario, all the powders displayed almost the same charging level. This
does not imply the powders are identical (given the varying metals), but it suggests
that this entire group of powders can reach electron saturation at a consistent level
during analysis.

Chenakin and his team likely did not succeed in implementing a comparable system
(or they do not mention it). However, the action of pressing the powder onto a
gold foil, enabling partial stabilization, and the utilization of a non-monochromatic
anode that naturally generates photons and secondary electrons capable of aiding in
neutralization, suggests that employing a flood gun might not have been necessary.
An attempt to reproduce these results was made using indium foil in this work, but
the results were inconclusive. The surface charge was very unstable and reached
excessively high levels of up to several hundred eV, necessitating the utilization of
the flood gun anyway. Consequently, the laboratory did not have the chance to
approach their analysis conditions more closely. It is possible that the technique

was not yet perfected, or that the samples were too insulating.

9.1.8 Metal oxalate degradation during XPS measurements

XPS measurements have been found to be deleterious for metal oxalates. This
section focuses on analysis-induced degradation in this reductive environment under
vacuum (which is, of course, not representative of the actual paint degradation

process).

In 2016 [55], the degradation of transition metal oxalates in XPS, including copper

oxalate, has been investigated. This research indeed deduced that CuOx was
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particularly prone to XR-induced degradation, that damages the oxalate’s polymeric
structure and modifies its surface composition. Me—OCO and C=C bonds are
broken, CO, is produced, especially for low oxalate decomposition temperatures or
high second ionization potentials of the bivalent metal atom Me. X-ray exposure
also favors the desorption of water of crystallization, especially for oxalates with
low temperatures of dehydration. All of this results in an increase in BE shifts and
pp, as well as a decrease in oxalate-related peaks in the carbon, oxygen and metal
spectra. As stated previously, they also note a decrease in oxygen concentration
and atomic ratios C/Me and O/Me, which explains the sub-stoichiometric values

obtained for these ratios in this work.

Our second C 1s spectrum indicates that the relative atomic concentrations of the
different carbon components vary during analysis. As shown in Table 9.6, in all of
the four powders, the OCO component is found to decrease between by the end
of the analysis, while the CC/CH one increases, suggesting a breakdown of the
oxalate.

However, as mentioned in section 7.2, it should be noted that the CuOx data come
from a different analysis batch than the other three and therefore cannot be directly
compared with them. Based on its ~1 final to initial concentrations ratios (0.99
for OCO and 1.01 for CC/CH), CuOx appears to have undergone less degradation

than any of the powders from the other analysis.

Table 9.6: Atomic concentrations ratios of the main C 1s components before and
after analysis for CaOx, PbOx and ZnOx.

CaOx PbOx Zn0x
(OCO)¢/(OCO); 0.94 0.95 0.92
(CC/CH)¢/(CC/CH); 1.09 1.10 1.40

Across the other set of samples (CaOx, PbOx and ZnOx powders), a consistent
pattern emerges between these two C 1s components. While the distinctions
between the values for CaOx and PbOx remain weak, the ZnOx suggest that it
is the most degraded powder. It is likely that the degradation rate shown by this
tendency is strongly influenced by the order of analysis, i.e. CaOx, PbOx, and
lastly ZnOx, with CuOx breaking the trend since its data originates from another

analysis.
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9.2 Conclusions on XPS analyses

This comprehensive XPS study offered valuable insights into the chemical compo-
sition and electronic states of calcium, copper, lead, and zinc oxalates. Notably,
with the exception of CuOx, this study represents the first of its kind for the other

metal oxalates mentioned.

The four Me spectra have been recorded, providing a reliable series of reference
spectra for eventual future analyses. An increase of SOS with Z* is observed in
this study along calcium, copper, and zinc, but lead does not conform to this trend.
This is expected, given that lead’s valence electron shell is 4f instead of 2p.

Each oxalate powder displays a characteristic two-peak C 1s line, typical of metal
oxalates. The O-C-O peak appears at 288.7 + 0.15 eV, representing the oxalate
anion C30,4? . The presence of C-C/C-H and C-O peaks indicates contamination
or degradation of oxalate powders. The main line O 1s core-level spectrum, relative
to O-C-O bonds in C20427, appears at 532.1 + 0.4 eV. The BE shift between
C(0OCO) and O(OCQO) components, denoted as ABE(OCO), is consistent across
oxalates at 243.4 4+ 0.3 eV. This value’s stability within the same carboxylate family
can be useful in distinguishing organometallic compounds like oxalates within a
sample, independent of charge-induced BE shifts.

Additionally, Cu and Zn Me 2p Auger lines were recorded, and the band gaps of
the four investigated MetOx increase along CuOx < PbOx < CaOx < ZnOx.
Then, the expected atomic ratios in metal oxalates are addressed. The theoretical
stoichiometric ratios are O/C=2, O/Me=4, and C/Me=2. Experimental ratios
show deviations due to structural imperfections, contamination, or XR-induced
disruption of O—-Me bonds. Impurities from synthesis or storage could affect C
1s and O 1s line intensities and structures, impacting atomic ratios. The study
suggests that the analysis chamber’s residual compounds might have influenced
the results, indicating the presence of single Me nanoparticles in the sample.
Strong charging effects were observed in the MetOx powders during XPS analysis,
testifying to their highly insulating nature.

Finally, the negative impact of XPS measurements on metal oxalates has been
highlighted, especially during lengthy analyses. The oxalate can breakdown and
Me—OCO and C=C bonds break, producing CO,, and altering surface composition.
X-ray exposure also can also lead to water of crystallization loss and changes in

binding energies.

The Me—ligand affinity, or covalency of the Me—O bond, decreases along PbOx

79



(Axy = 1.606) > CuOx (Ax = 1.61) > ZnOx (Ax = 1.87) > CaOx (Ax = 3.46)).
The more ionic nature of the CaOx Me—O bond makes it harder to break than
the others. For further investigation of the strength of this bond in relation to
the XPS spectra, it would be interesting to study the satellites of the Me and O
1s lines. Indeed, Chenakin found out that the intensity of the primary satellite
demonstrates a reverse correlation with Ay. This suggests that the emission of
photoelectrons constituting the satellite is influenced by the strength of the Me-O
bond. The problem is that the larger differences between our MetOx make these
investigations difficult to apply in the Me spectra.

In the event of a future XPS analysis, it would be interesting to record the oxygen
Auger spectra and the higher-BE satellites in C 1s and O 1s lines to draw more
conclusions concerning the Me—O bond. With a view to a rigorous comparison
with the Chenakin et al. paper, the analysis technique using indium or gold foil
could also be perfected. However, it is important to step back from the usefulness
of such measurements in the context of cultural heritage metal oxalates and to

assess their usability before starting them.

The multiple distinctive features found in metallic oxalates during this study instill
hope for the possibility of identifying them in more complex samples. Since they
are scarcely observable using ToF-SIMS, especially calcium oxalate, considering the
analysis of 3D mock-ups (at least) through XPS could prove intriguing. Of course,
it would be necessary for the relevant oxalates to be present in sufficient quantities
within the sample to obtain conclusive results, considering the lower sensitivity
of this technique compared to ToF-SIMS. Furthermore, special attention should
be given to the duration of the analysis, aiming to keep it as brief as possible to
avert any degradation that might lead to a decrease in the concentration of metal
oxalate beneath its XPS detection threshold. Before attempting this on historical
cross-sections, a methodology should be established on mock-ups. Especially as
chemical changes may occur, and the results may not be representative of the

actual materiality of the artwork.
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Part V

Conclusion

81



Chapter 10
Conclusions and future prospects

In the first part of this work, we have investigated copper and calcium oxalates in
six historical cross-sections and one mock-up in ToF-SIMS. Three main parameters
were taken into account to assess their presence.

The first one was the consistency with ATR-uFTIR results. The areas analyzed in
ToF-SIMS were chosen based on the areas presenting these oxalates in ATR-pFTIR.
The latter having a higher depth of information than ToF-SIMS, a first possible
explanation for the inconclusiveness of ToF-SIMS analyses on C32-038, C88-145
and C101-040 is that the oxalates detected in ATR-nFTIR were to deep to be
observed in ToF-SIMS.

Secondly, their localization and colocalization with their corresponding fragment
ions was checked. If the intensity for one of these compounds was homogeneous
over all the image, or dispersed in some locations without any evident connection
to these ions, the compounds were considered absent of the sample. For CuOx, the
main fragments observed correlated with CuC,04  were the metallic ions ©5)Cut
and ”Cu~. For CaOx, it was Ca™ and, interestingly, CaOH™*. Maybe the latter
originated from the dissociation of one carboxylic function of the two in calcium
oxalate molecules. As mentioned in the XPS study, the Ca—O bond is relatively
strong and this bond might have remained intact after becoming detached from
the rest of the metal oxalate.

Thirdly, the definition of the CuCy0O4 and CaCy0O4 peaks. Again, this is a
frequent issue faced in historical cross-sections, as there are a lot of different
compounds that interfere with the signal of the peaks of interest, already of low
intensities in the spectra. The reason why these compounds are typically observed
with very low intensities is likely attributed to their low ionization probabilities.
It may be worthwhile to investigate the feasibility of using matrices to increase

these ionization probabilities in future research (on mock-ups small enough, and it
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would be quite a complex research to find the adequate matrices). While CuOx
had been detected by H. Lebrun, CaOx was even more hard to detect. In this
work however, cross-sections C21-053, C30-153 and C17-085 interestingly showed
relatively well defined peaks where the CaCy0O4 peak should appear, reviving
hopes of its detection in ToF-SIMS. It is important to remain critical, however,
as the resolution of the instrument does not allow us to be certain that this is
indeed an oxalate peak, and not a superposition of contamination peaks that would
appear by coincidence at this m/z value. An attempt was made to address this
need for higher mass resolution by testing delayed extraction on the modck-up. As
a matter of fact, DE allowed the visualization of several sub-peaks rather than
a featureless structure for oxalate and calcium oxalate. However, no oxalate nor
calcium peak per se was observed, and the ion mappings corresponding to these
ions were not much more precise. Moreover, the low-mass peaks are lost when
using DE and it appeared that the mock-up were slightly deformed after the use
of DE. Nevertheless, it could be interesting to pursue the development of this
technique in other mock-ups, or to analyse cross-sections in ToF-SIMS with higher
mass-resolutions, such as 3D OrbiSIMS for instance [72].

The process of polishing could also have caused sample damage, including cracks
and blending of the compounds at the surface of the sample, making species
identification challenging. Researchers are exploring alternative techniques such
as ion beam milling to create clean cross-sections for analysis, involving thinning
samples through ion bombardment to avoid contamination and distortion. This
method promises accurate analysis without the drawbacks of traditional polishing.
In a more general way, ToF-SIMS did confirm its usefulness of observing metal and

organic ions together, although difficulties in interpreting results persist.

The discovery of distinct characteristics in CaOx, CuOx, PbOx and ZnOx during
the XPS research also raised optimism for their potential identification in more
intricate samples. Due to their low detections using ToF-SIMS, exploring the use
of XPS for 3D analyses appears intriguing. In particular, an XPS instrument
equipped with a GCIB would be less destructive. Of course, the presence of these
relevant oxalates in sufficient quantities within the sample would be essential to
derive conclusive outcomes, given the lower sensitivity of this method compared to
ToF-SIMS.

Attention must also be given to the analysis duration to prevent extensive degrada-
tion that could result in the metal oxalate’s concentration falling below the XPS
detection threshold. Before applying this approach to historical cross-sections,

a systematic procedure should be established on mock-ups. This is especially
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important as chemical alterations might occur, and the findings may not accurately
represent the actual material composition of the artwork. The samples might also

have a low and known roughness.

Ultimately, this master’s thesis has furthered our knowledge of metal oxalates as
degradation products in historical oil paintings. Despite the persistent challenges in
obtaining consistent ToF-SIMS results, there are still numerous pathways to explore
for advancing this comprehension. Obstacles have not only prompted innovative
thinking but also provided a foundation for XPS studies, fostering the continued

advancement of research within this domain.
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Appendix A

Paintings from which the analyzed

cross-sections originate

Figure A.1: Lamentation over the dead Christ by Jacob Jordaens (cross-section
(C88-145), belonging to the Maagdenhuis Museum.
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Figure A.2: The Seven Joys of Our Lady by L. Blondeel (cross-sections C101-040
A and B), belonging to Cathedral of Our Lady in Tournai, Belgium.
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Figure A.3: Holy Trinity by the Master of the Holy Blood (cross-section C32-038),
belonging to the Royal Museums of Fine Arts of Belgium (MRBAB-KMSKB).
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Figure A.4: Adam and Eve by the Master of the Mansi Magdalen (cross-section
C30-153), belonging to the Royal Museums of Fine Arts of Belgium (MRBAB-
KMSKB).
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Figure A.5: The Resurrection of Christ by Peter Paul Rubens (cross-section C21-
053), belonging to the Cathedral of Our Lady in Antwerp, Belgium.

Figure A.6: Pieta by Petrus Christus (cross-section C17-085), belonging to the
Royal Museums of Fine Arts of Belgium (MRBAB-KMSKB).
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Appendix B

Presentation of historical
cross-section 101-040 A

The first cross-sections analyzed were two fragments of a single artwork described
in Table 6.1 and shown in Appendix A. ATR-pFTIR indicates the presence of
calcium oxalate in fragment A, shown in Figure B.1, that is the only one of the two
presented in this work because the protocol was not yet perfected when analyzing
fragment B, which showed no conclusive results.

Fragment A was mainly used to study the detection of CaOx, located in the upper

part of the cross-section.

CaOx Proteins (Amide | band)
C-O stretching Carbonyl Amide stretching
1330-1305(2=0.1) 1700-1610

Figure B.1: Presentation of historical cross-section 101-040 A.
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Appendix C

ToF-SIMS ion images of
cross-sections in which no
oxalate/CaOx/CuOx was detected
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Figure C.1: POL and UV microphotographs, ATR-nFTIR mappings showing the
spatial distribution of CaOx (1336-1296 cm™!), and ToF-SIMS ion images of CaOx-
related compounds in the left part of cross-section C88-145.
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Figure C.2: POL and UV microphotographs, ATR-nFTIR mappings showing the
spatial distribution of CaOx (1336-1296 cm™!) and CuOx (1375-1355 cm™!), and
ToF-SIMS ion images of CaOx-related compounds in the left part of cross-section
C32-038.
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Appendix D

ToF-SIMS calcium oxalate peaks
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Figure D.1: ToF-SIMS CaCy,0,4 peaks in C21-053, C30-153 and C17-085.
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Appendix E

Depth profiles on Mock-up
H1-Ml-br-T6-N1
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Figure E.1: Depth profiles of negative ions in mock-up H1-Ml-br-T6-N1.
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Figure E.2: Depth profiles of positive ions in mock-up H1-MIl-br-T6-N1.
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Appendix F

XPS sample preparation

Figure F.1: XPS sample preparation. (a) Analyzed CaOx, CuOx, PbOx and ZnOx
powders (from left to right). (b) Press. (c¢) Carousel. The powders visible in this
particular image are the four metal oxalates and palmitates.
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