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Abstract of thesis

During this work of thesis, the features of low energy ion beam analysis technique were exploited
to perform the chemical characterization of samples belonging to the cultural heritage field.

The research was focused on the study of the chemical interactions between metals and organic
compounds, which often coexist side by side in artifacts. Thanks to the high mass resolution,
selectivity and the excellent lateral resolution of secondary ion mass spectrometry technique is
possible the identification and the interpretation of mass spectral data, and localize of these
characteristic fragments in the samples studied.

In particular, the research has developed the case of reaction of metallic foils and/or inorganic
metallic pigments in contact with oil-resinous compounds, commonly present in pictorial binders.
One of the most diffused examples of metallic-organic compound interaction in cultural heritage
studies is represented by the gilding decoration technique, transversely applied to wall paintings,
sculpture, paintings on wood metallic objects, and widely practiced over the centuries.

In general, the application of a metallic leaf (gold or silver) on a support by means of an adhesive
compound is the practice defined as gilding technique. In some cases, the noble leaf is deposited
on other metallic foil less noble, as a tin lamina, usually used to smooth the surface of the artwork
to decorate. This last case, called composite lamina, was investigated through an experimental
design in which ad hoc samples were performed and artificially aged with the aim to simulate the
real state of conservation conditions. The study of the interactions between metallic foil and
organic compounds has reveled the production of tin metal soaps due to the interaction among tin
leaf with fatty acid presence in adhesive mixture.

At the same time, mass fraction and chemometric studies of the major terpenic molecules that
characterize the resinous part of the adhesive mixture in Art and Archaeology, were also
performed. Successively, the SIMS analytical technique was adopted for real case studies in order
to validate the previous results. Wall paintings cross sections of Giotto and a Giotto’s apprentice,
characterized by the presence of composite lamina technigue, were investigated. Moreover, the
investigation was extended to the study of a silvered and painted leather artifact and an Etruscan
cinerary urn decorated with gold lamina. Their investigation has made possible the knowledge of
the various metal foils decoration techniques on different types of artefacts through the centuries.
In addition, cross sections belonging to a wooden triptych painted by the Flemish painter
Jheronymous Bosch were also analyzed in order to identify and localize the chemical interaction
and degradation products occurred among different materials, paying particular attention on the
reactivity of metal-based pigments in the layers of paints.

The use of secondary ion mass spectrometry and imaging were used to detected and map
characteristics fragments of oil-resinous medium, metal leave, metal-based pigments, varnishes
and their interactions products, with high spatial resolution. Furthermore, all the other materials
composing the samples were also characterized, providing a complete overview of artworks.
Finally, the ToF-SIMS dynamic operation mode was exploited to the investigation of metallic gilded
artifact, obtaining a tridimensional distribution and localizing diffusion effects from the surface to
the bulk of the sample.The ToF-SIMS results were supported by and in agreement with the results
obtained with, FTIR in the experimental section and with optical microscopy, SEM-EDS, FTIR and
XPS in all case studies investigated.

ToF-SIMS ability coupled to the analytical data obtained with the traditional complementary
techniques may constitute a new means for the diagnostics of conservation science, and to extend
the knowledge of materials and the state of conservation of the artworks.
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1 Introduction
1.1 Mass spectrometry techniques in cultural heritage field

Early applications of chemical and physical analytical methods in studies on art materials and
archaeological objects demonstrated that scientific investigation is an essential tool for acquiring
information on the materials that make up an artwork and for assessing their decay, in order to
plan restoration approaches. Chemical diagnosis, together with the investigation carried out by
historians, archaeologists and art experts, are valuable contribution to help identify the materials in
paintings and ancient artefacts, as well as their state of conservation. The development of scientific
procedures that are able to use few micrograms of samples together with the increased availability
of advanced analytical instrumentation, have led to great interest in the chemical study of materials
used in cultural heritage. This has given rise to a sharp increase in research studies at the
interface between art, archaeology, chemistry, and the material science. Especially challenging is
the study of organic compounds in artworks that can be identified both as the main constituents of
artistic object, and as secondary components, mixed with inorganic compounds. Organic materials
can be found in the finish or decoration of the surfaces, or as residues of commodities, such as in
ceramic or glass vessels. Moreover, the majority of restoration products applied as consolidants,
adhesives, restoration paints, and varnishes are of organic nature. Investigation into this wide
range of substances is crucial for conservation since organic constituents are more prone to
degradation due to the effects of light, temperature, moisture, biological agents, and environmental
oxidizing conditions. Their degradation pathways are thus often crucial in determining the overall
decay of an object. Furthermore, the aging effect can origin the degradation of the all compounds
linked with the organic species. In the perspective of conservation science, fundamental research
is required specifically for understanding the behaviour under natural ageing of new synthetic
materials used both for restoration and for art purposes [1].

Over the past decade, particular attention has been focused on the characterization of organic
materials occurring, for example, as the residues of food [2-4], medicines and balms in
archaeology [5-7], as adhesives [8-11] and as binders in paints [12-15]. The mixture of many
materials in ancient recipes and technologies, and the chemical changes induced by ageing make
it even more difficult to study these samples [16-18]. In this respect, research relies heavily on
structural information at a molecular level, and thus the application of mass spectrometry plays a
prominent role. This is mainly due to its ability to obtain detailed compositional information of
complex mixtures. In addition, the possibility of coupling mass spectrometry with chromatographic
techniques, such as gas chromatography and high-performance liquid chromatography, has made
mass spectrometry one of most powerful tool to investigate the complex and aged mixtures of
organic molecules that are currently encountered as constituents of artistic, historic and
archaeological objects [16,19-20].

The wide variety of features offered by mass spectrometry makes the range of organic materials
that can be studied very broad: it includes small volatile molecules such as monoterpenes in
essential oils as well as macromolecules and proteins [21-22]. Mass spectrometric based
techniques are used for the accurate quantitative analysis of specific, well known species, and also
for the identification of unknown, unexpected compounds such as degradation products on the
basis of the mass spectra. Furthermore, mass spectrometry studies have recognized specific
markers for material identification, and degradation mechanisms, giving an identification of natural
and synthetic resins [23-26], proteinaceous binders [27-28], plant gums [29-30], organic dyes [31-
33], vegetable oils and waxes [34-37]. Most materials from cultural heritage are composed of
complex mixtures of different molecules having a wide range of chemo-physical properties. Most of
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them are at trace level, while others are in high amounts. The study and characterization of these
molecules can yield information on the use and function of the material, as well as on the customs
of the people who used it, their way of life and other useful information invaluable to reconstruct the
historical, cultural and social background of a given period in a given geographical area. To obtain
reliable information it is necessary to identify and characterize each component in the material. To
fulfil this aim, methodologies characterized by high selectivity, specificity and sensitivity are
required. Mass spectrometry (MS) is one of the most powerful methodologies for identifying,
structurally characterizing, and quantitating wide classes of molecules, ranging from small to very
big species. Traditional MS techniques are based on the production of gas phase ions and on their
separation according to their mass-to-charge (m/z) ratios. Owing to technological innovation and
advances in instrumentation, mass spectrometers became more and more sophisticated and
versatile tools for different applications in chemistry. The introduction of soft ionization techniques,
such as plasma desorption (PD) [38], field desorption (FD) [39], and fast atom bombardment (FAB)
[40], marked the beginning of a new era for MS. The growing interest for the identification and
characterization of polar and large compounds caused the development and the introduction of
new ionization techniques, such as electrospray ionization (ESI) [41], and matrix assisted laser
desorption ionization (MALDI) [42], and their more recent improvements, thus establishing new MS
based approaches for studying large molecules, polymers and biopolymers, such as proteins and
carbohydrates. Parallel to the development of mass spectrometric instrumentation and
methodologies, the improvements of separation techniques, such as gas chromatography (GC),
high performance liquid chromatography (HPLC) and of their coupling with MS allowed the study of
complex mixtures, that are generally encountered in most studies. Nowadays, MS plays an
important role in many fields of scientific and technological research for identification, structural
characterization and quantitative determination of wide classes of compounds. Its unique
capabilities, such as high sensitivity, high selectivity, accuracy in molecular weight determination,
and ability to analyse complex mixtures, give this methodology great importance in the solution of
problems not easily handled by other techniques. The above-mentioned techniques provide
dissolution, derivatization and phase transformation of the sample, involving the total loss of the
sample during the analysis, even if only a few micrograms of samples are needed for the analytes
identification (the scrapings are usually of 10-100 mg) [43-48]. This could represent a limitation for
the analysis of cultural heritage samples. Furthermore, the disadvantage of analysing a scraping is
the loss of the information concerning the spatial distribution of the organic constituents in the
multi-layered paint systems, as well as the inevitable sacrifice of a valuable paint sample.

In the conservation science view, all the chemical-physical investigations carried out on the
artworks should preserve matter and not cause further destruction or degradation. Even when
sampling is permitted, is preferable to study the fragments collected with non-destructive analyses,
so that to preserve their integrity and allow the investigation of the same samples with others
complementary analytical technique. The development of MS technique offers the opportunity to
overcome this problem. Thanks to the innovative applications in this field, techniques with high
surface sensitivity such as secondary ion mass spectrometry (SIMS) allow the mapping of organic
and inorganic compounds in cross-sections and as it is samples during a single run analysis,
preserving the entire of the sample. The chemical-physical principles of the ToF-SIMS technique in
the cultural heritage field are explained below.



1.2 Time-of-flight mass secondary ion mass spectrometry
(ToF-SIMS)

Secondary ion mass spectrometry (SIMS) is a widespread analytical technique for the study of
surfaces in materials science. This technique allows investigating of the first monolayers of the
sample. Mostly used for elemental, molecular analyses and depth profiling, it is particularly relevant
for many different fields of research including cultural heritage studies. At the begins the SIMS
studies on cultural heritage samples were focused on the investigation of ancient glasses or metal
artefacts [49-54] but as only elemental information was obtained, these studies are limited to
inorganic materials. Nevertheless, the introduction of time-of-flight (ToF) analysers for SIMS
analyses, as well as the continue development of liquid ion sources delivering cluster projectiles
permit the analysis of organic materials with high sensitivity and selectivity. Moreover, thanks to its
excellent lateral resolution (in the order of micro-metres), and its minimal sample preparation, ToF-
SIMS has become the reference technique for chemical imaging by mass spectrometry. Beside
numerous applications for biological samples [55], studies of organic materials from cultural
heritage artefacts have been developed, thanks also the application of new acquisition modality in
the ion extraction.

1.2.1 Physical principle and apparatus

SIMS experiments involve bombarding a material surface with a primary ion beam, with an energy
in order of keV range. The ion impact with the surface induces the so-called ‘collision cascade’
sputtering process, where the energy of the primary ions is transferred to the surface through
nuclear collisions. The direct collisions between the primary ions and the atoms in the sample are
highly energetic compared to bond energies [56]. This energy produces the desorption of neutral
molecules, positive or negative ions and atoms from the surface when the energy is sufficient to
overcome the binding energy [57]. Close to the impact point, the transferred energy is higher than
the bond energy of the molecules, leading to bond breaking near the collision site, producing
essentially only the emission of atomic particles. In contrast, far from the collision site, this energy
decreases, leading to desorption of larger molecular fragments and even of complete molecular
species. As the collision cascade moves away from the collision site, the collisions become less
energetic. This results in less fragmentation and bond breaking, producing the emission of
molecular fragments. Particles produced in approximately the top 2—3 monolayers of the sample
have sufficient energy to overcome the surface binding energy and leave the sample. These
sputtered particles are ejected as neutral atoms and molecules, electrons, and ions. Only a small
fraction of them are charged and their positive or negative state depends on their electron
configuration. The entities desorbed are called secondary ions and are charged positively or
negatively (Fig.1.1). The mass to charge ratio (m/z) of the species are analyzed and yield positive
and negative secondary ion mass spectra consisting of the ion m/z versus the number of ions
detected at each m/z.

Fig. 1.2 shows the schematic representation of a typical ToF-SIMS device. All the system is placed
under ultra-high vacuum (UHV typically 10®° Torr) to avoid interactions between ions and air
molecules. Primary ions are produced by a liquid metal ion gun and then focused on the sample to
a spot with a typical size of less than 1 mm. After they impinge the surface, secondary ions are
extracted and analysed by the Time of Flight (ToF) analyzer [58].
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Figure 1.1. A schematic drawing of the secondary ion emission process initiated by the impact of a primary ion.
Extensive fragmentation occurs near the collision site producing mainly atomic particles. Away from the point of impact
collisions become less energetic resulting in the emission of larger molecular fragments
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Figure 1.2. Schematic drawing of a SIMS instrument with a TOF analyzer. The primary ion source, sample, and flight
tube are kept under UHV. The mass of the detected ions is determined by the flight time of the ion between the extractor
and the detector. The reflectron helps compensate for energy and angular dispersion that can occur during the emission
process.

ToF analyzer is favorite to the others analyzers for its high transmission and parallel detection of
ions of all masses, facilitating analysis of the small yield of ions inherent in the SIMS method (Fig.
1.3). Excellent mass resolution (defined as m/Am) can also be achieved (often-exceeding 10,000)
with the TOF analyzer that separates secondary ions according to m/z (mass/charge). The mass
(m), of the ions is determined according to the time it takes them to travel through the length (L), of
the field-free flight tube, after they have been accelerated in an extraction field to a common
energy (E).

The relationship between E and flight time (t), is straightforward (where v is velocity):

E =mv? /2 = mL? =2zt°



Since flight time is proportional to the square root of the mass of the secondary ion, the lighter ions
travel at a faster velocity and arrive at the detector earlier than the heavier ions:

t = L(m/2zE) *

The best separation of ions, or mass resolution, is obtained when ion energy is constant. The
primary ion source must be pulsed with short pulse widths (sub nanosecond) to yield secondary
ions with minimal time dispersion, and there by minimal energy spread. A fixed voltage then
accelerates the secondary ions into the ToF analyzer, with its polarity determining whether positive
or negative secondary ions are analyzed. After separation in the ToF analyzer, the secondary ions
are focused onto the detector by an ion lens. A post-acceleration voltage of up to 15 kV is applied
to the ions to improve the detection efficiency of the high-mass ions because they travel at slower
velocities. The ions strike the detection unit, which is typically composed of a photo converter
electrode, channel plate, scintillator, photomultiplier and a counter, in series [58].
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Figure 1.3. Schematic representation of time of flight (ToF) analyzer. The accelerated molecular ions leave the sample
holder with the same kinetic energy and travel along the linear flight tube with different velocities according to their m/z .
In a reflectron TOF analyzer the ion separation resolution is improved. The spread of flight times of the ions with the
same m/z, caused by spread in kinetic energy of these ions, is diminished.

To synchronize the ToF analyser, the primary ion beam must be in pulsed mode. One of the
specificities of ToF-SIMS is the possibility to switch easily from positive to negative ion mode by
reversing the extraction potential. This feature allows to analyze species that ionize in different
polarity. As far as preparation for the sample is concerned, ToF-SIMS is one of the only mass
spectrometric techniques that allow solid samples to be analysed without any extraction of
compounds or matrix addition. Generally, no specific preparation technique is required, and solid
samples can directly be analysed if they are small enough to be fixed on the sample holder. In
most cases, this means that the sample size must not be more than 1 cm. Very flat samples are
required to avoid problems of depth of field. Even if this is common to every imaging technique, it is
in this case coupled with surface pollution problems. Sample preparation must then lead to flat
surfaces without surface pollution.

Part of the samples analysed with ToF-SIMS are composed by organic and insulator materials and
they can accumulate charge on their surface during the analysis. This charge build-up can lead to
reduce or totally eliminate the secondary ion signal. Sample charging occurs during the sputtering
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process, from bombardment of the surface by the positively charged primary ions and the
simultaneous loss of secondary electrons. Unless the sample has sufficient electrical conductivity
to transport electrons to the sputtered region, this region acquires a net positive charge. To
neutralize the charge build-up during ToF-SIMS analysis, the surface is flooded with pulses of low
energy electrons between pulses of the primary ions, by a so-called ‘flood gun’ in pulsed mode.
From the spectra acquired in a ToF-SIMS experiment, information about the chemical structure
and composition of the surface can be obtained. Typical mass spectra contain an immense
number of peaks. By evaluating the masses of the signals, peaks often can be identified from the
molecular ion of the analyte, fragments of the molecular ion, and ions of any other components that
maybe in the samples.

The molecular structure can often be identified through the fragmentation pattern and knowledge of
the fragmentation pathway. Fragmentation rules that apply for electron impact mass spectrometry
(alpha and beta cleavages, rearrangement processes) are useful in elucidating fragmentation
processes [59]. ToF-SIMS mass spectra are generally obtained for m/z ratio from 1 to 1000 or
2000 m/z. However, due to a high fragmentation process, ToF-SIMS mass spectra are generally
very complex and the ionization processes are very different compared with other mass
spectrometric techniques. Mass spectra interpretation can be very difficult, especially in the case of
a complex sample, so the possibility of chemical imaging can help reduce the complexity of the
technique. Indeed, instead of using the spectra of the whole sample, specific mass spectra can be
recalculated from a precise area giving more specific information. From the global spectrum, peaks
that seem interesting are selected and their spatial distribution is drawn. If some of these peaks
give a specific spatial distribution with areas of important concentration, spectra from these areas
are recalculated [60]. As the primary ion beam can be focused to less than 1 mm, ToF-SIMS is well
suited to chemical imaging. For this purpose, the beam is rastered by electrostatic fields all over
the surface, and a spectrum is recorded for each point, in a mode referred to as microprobe
imaging. This allows the distribution of a specific ion all over the analysed surface to be mapped,
and also to access a mass spectrum characteristic of an area by summing the spectra of each
pixel of this region (Fig.1.4).
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Figure 1.4. Principles and schematic representation of Time-of-Flight Secondary lon Mass Spectrometry.



Using a liquid metal ion gun, the primary beam can be focused to 100 nm, allowing images to be
generated with the same lateral resolution. The small beam diameter reduces the amount of
substance available per pixel (image point) in the uppermost monolayer. This limits the number of
secondary ions that can be generated and lessens the sensitivity and dynamic range for each
point. After data acquisition, a specific ion or a combination of ions can be selected and their
surface distribution mapped. Also with SIMS imaging, a region of interest from the total ion image
can be identified and the mass spectra from the pixels in that region can be summed, allowing
spectral evaluation with restored sensitivity and dynamic range. To generate a topographic map of
the surface, the ion induced secondary electrons (similar to scanning electron microscopy) or the
total secondary ion emission can be used [60].

1.2.2 Static SIMS and Dynamic SIMS

SIMS can be divided into two different techniques: static SIMS (SSIMS), which is a surface specific
mass spectrometry tool offering organic and inorganic fingerprinting as well as atomic
compositional analysis in a bidimensional system (area decrypted by X, y axises), and dynamic
SIMS that is capable to offer the same features in depth profiling and bulk analysis. Dynamic SIMS
is a useful tool for the study of those objects in which micro-destruction is permitted, obtained as
well a profile of chemical characterization long the z axis. In Dynamic SIMS, a sputter gun
(generally Cs*, Ga* Bi*, Ar") erodes the surface of the sample, and simultaneously the secondary
ions generate from the sample surface are analyzed by the primary gun. By digitally scanning the
primary ion analysis beam, high spatial resolution ion images of all secondary ions from the sample
surface are produced. By sputtering the sample surface simultaneously images from increasing
depth are obtained and hence three-dimensional data are collected. The raw data file contains
each point of analysis of the digitally scanned beam with its X, Y, and Z coordinates and a mass
spectrum, allowing the creation of 3D images (Fig. 1.5).

Both branches of the technique are capable of trace analysis below 0.1% atomic. In the case of
static SIMS this is combined with virtually non-destructive sampling of the top one or two atomic
layers only. In some publications, ToF-SIMS is also called Static-SIMS (S-SIMS) because ToF-
SIMS analyses are performed in static conditions. In this mode, the damage of the surface is very
low and is nominally defined as non-invasive operation mode. Indeed, the primary ion flux is set so
that the collisions sites do not overlap with each other. A limit of 10" atoms cm™ is generally
allowed [55]. Under these conditions, secondary ions are emitted from the very extreme surface,
from the first few nanometres, and therefore ToF-SIMS is truly a technique for the study of the
ultrasurface. The secondary ion yield depends both on the energy and the nature of the primary
ions. It has been demonstrated that the use of clusters instead of monoatomic ions improves the
secondary yield [61]. Classical primary ions, like Ga® and Cs’, are increasingly replaced by
Au;*,Bis" or C60" until the new generation of Ar* and H,O guns which has permitted great progress
in organic ToF-SIMS studies [62- 63].

For dynamic SIMS, typically ppm sensitivities can be achieved across the periodic table for the
consumption of <10™*® cm® of sample per data point. Both static and dynamic SIMS can be used to
generate chemical images with lateral resolution approaching 10 nm using a liquid metal ion gun.
Primarily because of the low sampled volume per pixel in the image at the extreme resolution in
the former case, sensitivity will be reduced to ~10% atomic at best.
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Figure 1.5. Example of reconstruction possibilities from raw data. The sample is a GaAs/AlGaAs superlattice. A volume
of 60 x 60 pm? (surface area) x 400 nm (depth) was analysed. The 2D section and the 3D image are reconstructed from
depths of 130 nm to 340 nm (www.iontof.com).

At the energies used in most SIMS experiments, the area of surface damaged by each ion impact
has linear dimensions ~10 nm. The criterion for static SIMS is that the probability of sputtering from
a pre-existing impact site must be low. This constrains the total primary ion dose per experiment to
«10™ ions cm?. For dynamic SIMS it is necessary for the primary beam to create average steady
state conditions at the sample surface. The regime of dynamic SIMS lies beyond ion doses of
10%°-10"" ions cm™ therefore. Such steady state conditions may, however, be impossible to
achieve, especially if the sample surface is rough, or becomes rough under ion bombardment, or if
the bulk sample chemistry changes significantly on a depth scale comparable with the SIMS depth
resolution. Under these circumstances, changes in secondary ion intensity may be wholly or
partially unconnected with changes in concentration of the analyte. In S-SIMS primary species
such as inert gas ions (general purpose) and metal ions Ga®, In" are used. Recently, there has
been much interest in the use of cluster ions, Bi," Au,*, Cg", to promote cluster ion emission for
high molecular weight fingerprinting. In dynamic SIMS, inert and metal ion species are used too,
but the most common primary ions in use are O,", O" and Cs". These reactive species are used
primarily to control the chemical properties of the altered layer which forms at the surface of the
sample if and when equilibrium bombardment conditions are achieved. Caesium promotes
negative ion emission both through its effect on reducing the work function and in the increased
electron availability in a caesiated surface. It is also useful in positive ion analysis when using
MCs" and MCs," secondary ions can greatly reduce the matrix effect in analysing for atomic
species [64-65].
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1.3 Chemometrics applied to ToF-SIMS mass spectra and
imaging

Chemometric pattern recognition techniques have been widely used in other mass spectrometry
techniques and can be equally useful in ToF-SIMS analysis. Chemometric pattern recognition
methods involve clustering the samples into groups that are related based on their locations in
multivariate space [66].

A typical ToF-SIMS spectrum can contain hundreds of peaks, the intensity of which can vary due
to the composition, structure, order, and orientation of the surface species [67]. ToOF-SIMS data are
inherently multivariate since the relative intensities of many of the peaks within a given spectrum
are related, due to the fact that they often originate from the same surface species [68]. The
challenge is to determine which peaks are related to each other, and how they relate to the
chemical differences present on the surface. This problem is then exacerbated by the fact that a
given data set typically contains multiple spectra from multiple samples, which can result in a large
data matrix to be analyzed. This data overload is even more prominent in ToF-SIMS imaging
where a single 256 x 256 pixel image contains 65536 spectra. This complexity, combined with the
enormous amount of data produced in a ToF-SIMS experiment, has led to a marked increase in
the use of multivariate analysis (MVA) methods in the processing of ToF-SIMS images and spectra
[69]. These methods include, but are not limited to principal components analysis (PCA),
discriminant analysis (DA), partial least squares (PLS), multivariate curve resolution (MCR), and
maximum autocorrelation factors (MAF). These MVA methods are one of many tools available that
can aid in the interpretation of ToF-SIMS images and spectra. These methods are statistically
based, and to be used properly require good experimental plans and controls. The use of MVA
does not preclude the need for a sound understanding of ToF-SIMS, or for using complementary
surface analysis methods in order to interpret the data and understand the surfaces being.

The method that remains preferred for the ToF-SIMS data processing is certainly PCA. Principal
component analysis tries to find the directions of greatest variation in the multivariate space
defined by the data set. These directions define a new set of axes that explain how the samples
and variables relate to each other. Herein a data set is defined as a matrix where the rows contain
samples and the columns contain variables. For ToF-SIMS data the samples are spectra and the
variables are measured intensities of individual mass channels or integrated peak areas from
selected or binned regions. PCA is calculated from the covariance matrix of this original data set
[70]. Geometrically, PCA is an axis rotation that aligns a new set of axes, called principal
components (PC), with the maximal directions of variance within a data set. PCA generates three
new matrices containing the scores, the loadings, and the residuals. The scores show the
relationship between the samples (spectra) and are a projection of the original data points onto a
given PC axis. The loadings show which variables (peaks) are responsible for the separation seen
in the scores plot. The loadings are the direction cosines between the original axes and the new
PC axes [71]. Samples that are widely separated along these new axes are not as similar as
samples that are grouped close together along these axes. The residuals represent random noise
that is presumed to not contain any useful information about the samples [72]. Together the scores
and loadings represent a concise summary of the original data that in most cases can aid in
interpreting the data being analyzed. The scores and loadings must be interpreted together and
have little meaning alone. In general peaks with high loadings on one side of a given PC axis will
show a higher relative intensity for samples with high scores on the same side of the given PC
axis.

Since all MVA methods are statistically based, it is important to make sure that one collects

sufficient data to have statistically relevant results. Care should also be taken to minimize, and
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ideally avoid, detector saturation during data collection. Saturated peaks can result in the
production of extra factors that describe the non-linear intensity variations of saturated peaks.
Furthermore, since ToF-SIMS is so surface sensitive one must be especially careful to avoid the
presence of surface contaminants since they can compromise the PCA results. This can be
partially remedied through preprocessing of the data before carrying out the multivariate analysis.
Due to the large number of peaks typically seen at each nominal mass in ToF-SIMS spectra from
organic and inorganic surfaces, manual peak selection is recommended. Data binning is quick, but
it loses the high mass resolution information present in the original spectra. Manual peak selection
is time consuming, but allows the user to utilize all of the spectral peaks and to check the peak
integration limits to assure they are placed properly across all samples. The assumptions made
when selecting peaks for ToF-SIMS MVA have been reviewed previously [70]. Before selecting
peaks it is important to make sure that all of the spectra are properly mass calibrated, and that the
same calibration set is used for all spectra within a given sample set. The same peak list must be
used for all samples within a given set.

The results produced by many MVA methods depend strongly on the data matrix preprocessing.
Data preprocessing includes normalization, mean centering, scaling and transformation. Spectral
pre-processing has not been standardized for ToF-SIMS analysis, but is necessary to remove
variations in the instrument over time and the presence of contaminants [73]. One must then
decide on a scaling method to use. For multivariate analysis, the most typical choice is between
mean centering and autoscaling of the data. In mean centering, the data in each column is
centered around a mean of zero. This removes the effects of scale from the data. Autoscaling first
mean centers the data and then scales it to unit variance. This gives equal weight to all variables in
the matrix. For ToF-SIMS data it is most common to mean center the data. Autoscaling tends to
give too much weight to high-mass peaks that typically are of low intensity and contain more
random noise [74].

The goal of data preprocessing is to remove variance from the matrix that is not due to chemical
differences between the samples. This could include variation due to the instrumentation,
differences in the absolute intensity of peaks within a spectrum, differences due to topography or
other factors. Normalization is done by dividing each variable (peak) in the matrix by a scalar
value. Normalization is necessary to remove variance in the data that is due to differences such as
sample charging, instrumental conditions or topography. There are many different ways to scale
and transform a data set. It is recommended that one selects a scaling and transformation method
based on the experimental uncertainty of each peak. Regardless of the preprocessing methods
used, one should understand the assumptions made [70] when applying a given method and
choose a method based on what they are trying to learn from the data and not what gives the best
looking results.

Once the data set has been processed using MVA the user must interpret what, if anything, the
results mean. This is particularly important when using scale dependent methods such as PCA
since the results obtained will be affected by the assumptions made when preprocessing the data.
Though there are no quantitative measures of the validity for a given result. Multivariate analysis is
simply a tool available to help understand large data sets. As with any results, one should always
ask if the results obtained make sense. When MVA is used one should also ask if the assumptions
made during data pre-processing make sense, and are based off of valid assumptions about the
data. Also, since no one surface analytical method can provide all the information needed to
understand a surface, it is important to collect complementary data on the samples within a given
set. The user can then validate the ToF-SIMS data with respect to the information obtained from
the other methods. Another important aspect to keep in mind is that unsupervised MVA methods
such as PCA are designed to find the greatest directions of variance within a data set regardless of
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their source. That means that if one sample within a data set is contaminated, the first few PCs will
most likely separate out the contaminated sample from the other samples. Thus, any variance that
is due to the designed surface chemistry may be suppressed by the large variance due to the
contamination. However, it is important to note that being able to discover contamination within a
sample set can be a valuable piece of information that can help troubleshoot sample preparation
and handling protocols. This information can then be fed back into the sample procedures and
experimental design so differences in the surface chemistry of interest can be studied [69].

1.4 ToF-SIMS in cultural heritage

ToF-SIMS technigue was applied to study many artworks made with different materials, mainly
focused on the detection of organic molecules. Moreover, as ToF-SIMS is a surface analytical
technique, it is well suited to the study of surface interaction between a material and its
environment or between a material and products applied to it. The surface modifications can then
be studied, making it possible to establish links with degradation processes inherent in cultural
heritage objects. Moreover, the chemical imaging feature of SIMS allowed to localized exactly
where these reactions have come. The fields of application of this technique in art field include the
large example of materials, from textiles to the cross-sections of paintings were investigated along
with other analytical techniques, in order to chemical characterize and understanding the
sequential events on the materials of art.

Different studies were conducted for the analyses of tapestry fibres. The main aim was to study the
surface evolution of these fibres, wool and silk, during light ageing or cleaning procedures. Carr et
al. studied the incidence of different cleaning procedures on wool. ToF-SIMS analyses performed
on the commercially scoured wool showed the presence of 18-methyleicosanoic acid thioester
species, attributed to the presence of 18-methyleicosanoic acid (18-MEA) which is normally the
predominant compound of the surface layer of wool. After artificial sunlight exposure, analyses
showed that 18-MEA was disappeared from the surface. Different cleaning procedures were tested
and the results were compared with the ageing tests. Has been observed that the amount of
remaining surfactant was greater after artificial ageing [75]. A similar study was performed on silk
[76]. The ToF-SIMS positive ions fingerprint of silk exhibits the presence of different amino acid
fragments. In contrast to wool, the effect of artificial ageing was not obvious and no modification
appears in the ToF-SIMS spectra. Nevertheless, the study of the cleaning procedures leaded to
the same conclusion as that in the case of wool. The amount of remaining surfactant increased
with artificial ageing.

Batcheller et al. also discussed the influence of the dyeing process on the composition of the
fiber's surface. They noted that high alkalinity/acidity and extended processing time result in loss of
surface lipid [77]. Nevertheless, the dyeing process was limited influence on the ageing process
due to light exposure.

The identification of dyes is of great interest in textile studies. The classical procedure requires a
hydrolysis step and other extraction techniques, followed by identification of the individual
compounds present after separation by a chromatographic technique, e.g. high- performance liquid
chromatography [78-79]. However, ToF-SIMS could be an alternative method, avoiding the phase
of extraction which is always a time consuming and delicate step because of the possible
destruction of the molecular structure of the sample [80]. A specific study of anthraquinone dye
(alizarin, purpurin and quinizarin) and their respective lakes (manufactured with aluminium sulfate)

was performed. For the lakes, aluminium clusters were also observed in the case of alizarin and
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quinizarin. For the alizarin complex, [(A-H),Al] © (m/z 505) was detected in positive ion mode and
[A,Al]” (m/z 503) in negative ion mode. These ions derived from the complexation of aluminium
ions. Complexation sites were ceto-phenolates in positive ion mode and ceto-phenolates or
diphenolates for negative ions. In the case of quinizarin, only ceto-phenolate complexes were
observed [81].

In another study, Lee et al. [82] demonstrated the possibility of identifying dyes on textile fibres.
The different studied dyes were curcumin (tumeric), crocin (gardenia), carthamin (safflower),
purpurin (madder), alizarin (madder), brazilin (sapponwood), shikonin (gromwell) and indigo.
Analyses in positive ion mode of pure pigments showed that molecular ions were detected.
Moreover, in each case specific fragments were identified. Lee et al. then proved that this detection
is also possible in the case of dyed textile. The different dyes were applied on silk and samples
were analysed by ToF-SIMS. Metal ions from mordants (aluminium, tin or copper) could be also
detected in the low mass region of spectra. Finally, two ancient textiles of the sixteenth and
seventeenth century were studied. The presence of molecular ion at m/z 263 and fragment ions at
m/z 235 and m/z 247 demonstrated that indigo was used. No mordant-related peaks were
detected. The author explained that indigo has naturally affinity with the fibres that it could be used
without mordant.

In the studies described above, organic matter was the main, and most of the time, the only
component of the samples. However, in a lot of cases, analyses must be performed on complex
samples, composed of both organic and mineral materials. For this reason, organic compounds
are often extracted from samples to be analysed with the ordinary analytical methods. ToF-SIMS
allows samples to be worked on without extraction, allowing the simultaneous study of organic and
inorganic compounds and the characterization of their interactions. It is especially useful in the
characterization of paintings. In the study of painting layers, the identification of both pigments and
binding media is advantageous. Keune and Boon [83] presented the application of ToF-SIMS
analysis to a paint cross-section. The sample studied was from the panel painting ‘The Descent
from the Cross’ (Museo del Prado, Madrid) by the early Flemish painter Rogier van der Weyden
(1399/1400-1464). Scanning electron microscopy with energy dispersive X-ray analysis (SEM-
EDX) and infrared microscopy were also used to complete and confirm the results. The aim of the
study was to reveal whether or not egg tempera was mixed with oil as binding media. The cross-
section was studied in both positive and negative ion modes. Lead white with linseed oil,
tripalmitin, stearic acid and lead white with egg tempera were studied as reference samples. In
positive ion mode, the characteristic peaks representative of the binding media were fatty acids
from lead soaps (of palmitic acid at m/z 461-463 and of stearic acid at m/z 489-491). Other peaks
corresponding to mono- and diacylglycerol cations, protonated stearic acid or its acylium ions could
be found in the spectra of the reference products but not in the paint sample. The spectrum of lead
white egg tempera paint exhibits peaks of phosphocholine (m/z 184) and protonated
ketocholesterol (m/z 401). These peaks were not found in the spectrum from the cross-section. In
negative ion mode, the spectrum of the oil paint mainly showed deprotonated palmitic and stearic
acids. In addition, other peaks attributed to short chain fatty acids (8-, 9- and 10-hydrocarbon chain
length) were detected. The presence of characteristic peaks from palmitic and stearic acids was
consistent with the hypothesis of the use of oil as binding media. The lack of any characteristic ions
issued from egg tempera meant that ToF-SIMS did not allow detection of egg tempera in this
sample. However, it could be present but was not detected due to high degradation occurring in
very old egg tempera. The presence of short chain fatty acids, which were not detected in the new
reference sample, was attributed to oil ageing. The distribution of fatty acid ions in the cross-
section was well correlated with the distribution of lead (Fig. 1.6). In addition to these numerous
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results, two other points were discussed by the authors: fatty acid speciation and oil identification.
These two aspects were developed in another publication written by the same authors [84].

m/z 255, FAlé6

120 pm 120 pm

Figure 1.6. Microscopic image and ToF-SIMS images of the cross-section from the painting ‘The Descent from the
Cross’ (Museo del Prado, Madrid) by van der Weyden. Images of lead, calcium and lead soaps (m/z 461-463 and 489—
491) were acquired in positive ion mode (image size 250x250 mmz). Images of palmitic (m/z 255) and stearic (m/z 283)
acids were acquired in negative ion mode (image size 300 x300 mmz). Yellow represents high intensity and black
represents low yields. The numbers on the images refer to the different layers. [Keune et al,. 2004]

The fatty acid speciation was based on the positive ion ToF-SIMS analysis and aims to prove if the
fatty acids detected existed as free fatty acids, ester bound fatty acids or metal soaps. On account
of the study of different standards, it was shown that when free fatty acids were present, the
protonated molecular ion and its acylium ([M-OH]") ion were detected. In cases of ester-bound fatty
acid only the acylium ion was detected. Finally, for metal soap, spectra exhibited a peak for the
molecular ion of clusters of metal ions and carboxylic fatty acid, and a small peak for the
protonated fatty acid whereas the acylium ion was absent. Application of this to the sample of van
der Weyden’s painting showed that fatty acids were mainly present as metal soaps, which were, in
this case, lead soaps because of the use of lead white as chemical drier. This explained the
correlation between lead and fatty acids observed previously, even if caution had to be taken when
interpreting ToF-SIMS imaging of paint layers containing binders and pigments because the
ionization yield of organic species could be influenced by the presence of metals [85]. To identify
the kind of oil, Keune et al. used the classical approach based on the palmitic acid/stearic acid
(P/S) ratio usually obtained from GC/MS data [84]. Ratios less than 2 corresponded to linseed oll,
whereas ratios higher than 5 corresponded to poppy seed oil. Intermediate values can be
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attributed to walnut, poppy seed oil or mixtures [86]. The research has shown that ionization
efficiency is the same for the two fatty acids in negative ion mode permitting the use of ToF-SIMS
for the calculation of the P/S ratio. A test on the oil-paint model system has shown a ratio of 2.0 for
linseed oil and 3.6 for poppy seed oil, which could allow the two oils to be differentiated.
Nevertheless, it was important to note that the ratio is not constant all over the cross-section.

The same approach was applied to identify the oil used as binding media in the painting ‘Plaster
Figure of a Female Torso’ by Van Gogh [87]. Here the P/S ratios obtained were inconclusive with
respect to the type of oil used. To conclude these studies about oil binding media, was
demonstrated that an ultrathin gold coating of the painting cross-sections enhanced positive and
negative secondary ion yields of lipids [85]. By coating the samples with a 2-nm thick gold layer,
the negative secondary ion yield is multiplied by three whereas in positive ion mode factors of two
to four were found. They also showed that the fragmentation of the fatty acid was not affected,
whereas the dissociation of mineral clusters seems to be reduced.

In literature, was reported another interesting study regarding the chemical characterization of a
Rembrandt painting cross-section. Sanjova et. al. presented a work based on the study of painting
materials, using high resolution cluster-TOF-SIMS imaging [88]. In the first step, a moderate spatial
resolution (2 um) was used to characterize the layer structure and the chemical composition of
each layer on account of a high mass resolution. Then, in the second step, and despite a low mass
resolution, the cluster primary ion beam was focused well below 1 ym in order to reveal smaller
structures in the painting sample. The study confirmed the presence of starch in the second ground
layer, which is quite surprising and, at least for Rembrandt paintings, was never reported before.
TOF-SIMS indicated the presence of proteins, which, added to the size and shape of lake patrticles,
suggests that it was manufactured from shearing of dyed wool, used as the source of the dyestuff.
The analyses also showed various lead carboxylates, being the products of the interaction
between lead white and the oil of the binding medium. These findings have considerably
contributed to the understanding of Rembrandt’s studio practice and thus have demonstrated the
importance and potential of cluster-TOF-SIMS imaging in the characterization on a sub-micrometer
scale of artist painting materials.

Exploiting possible to acquire sub-micrometer spatial resolution mass spectrometry images at the
surface of the sample combine with high mass resolution, ToF-SIMS imaging studies have become
more focused on new methodologies for data acquisition and setting of the instrumentation, thanks
to the use of a delayed extraction of secondary ions that allows to obtained the best quality of
chemical mapping. First example for this new methodology of investigation was the study
conducted by Noun et. Al. on a Nicolas Poussin painting cross section [89]. In the study the new
potential of delayed extraction were shown, through the obtaining of small regions that identified
pigment grains and the drawing of the each painting layers limit.

In general, TOF-SIMS has contributed significantly to the field of analytical techniques for cultural
heritage, to carry out analysis directly on the painting section, revealing the contemporary
presence of different kind of materials. The ability of TOF—SIMS to simultaneously image inorganic
and organic species within a paint cross section at micrometer-level spatial resolution makes it a
uniquely qualified analytical technique to aid in further understanding the processes of pigment and
binder alteration, as well as pigment binder interactions.

Keune et. al, applied Imaging secondary ion mass spectrometry for the first time to paint cross
sections with degraded vermilion (red mercury sulfide) paint to cast new light on the well-known
problem of its light-induced darkening [90]. The SIMS data were combined with light microscopic,
electron microscopic studies and energy-dispersive X-ray analysis to identify and localize the
various reaction products. The research leaded of a new hypothesis on the reaction mechanism of
the photodegradation of vermilion where two black and white reaction products were formed
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sequentially, thanks to the detection of the spatial distribution of atomic and molecular species in
paint cross sections of the native vermilion and its reaction products. Under the influence of light,
they observed that some of the vermilion (HgS) was converted into Hg(0) and S(0). In this process,
the chlorine ions, presented in the native vermilion, act as a catalyst. Their hypothesis was that the
Hg(0) was deposited on the surface of the remaining HgS as elementary mercury nanopatrticles,
which turned the vermilion black. Chloride, derived from an external source, was accumulating in
the black phase. The metallic mercury and the remaining HgS reacted away with the excess of
chloride. At the end, they described also the formation of two intermediate products and a white
end product, mercuric chloride (HgCl,) (Fig. 1.7).

Bottom of
HTBS M2

(HgS)(SCI)-Cl

(HgCl,)-Ci (HgCl),-ClI

=

Figure 1.7. Distribution of sulfide and chloride and the molecular distribution in a partially degraded vermilion paint. The
arrow in the light microscopic image (A) and UV light image (B), which represents the scanned SIMS area, indicates the
direction of the line scan (C). The negative SIMS image of mercury-halogen cluster ions elucidates the position of S (D),
CI' (E), (HgS)CI" (F), (HgCIl,)CI (G), (HgS)(SCIHCI" (H), and (HgCI).CI" () in the partially degraded vermilion paint. A
contour, based on the light microscopic image and total negative ion image, outlines four red vermilion particles and the
boundary between the intact and degraded paint.[Keune et. Al., 2005]
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Voras et al., used ToF-SIMS to detect and image both molecular and elemental species related to
Cds pigment and binding medium alteration on the painting Le Bonheur de vivre (1905-1906, The
Barnes Foundation) by Henri Matisse [91]. Three categories of inorganic and organic components
were found throughout Le Bonheur de vivre and co-localized in cross-sectional samples using high
spatial resolution ToF-SIMS analysis: (1) species relating to the preparation and photo-induced
oxidation of CdS yellow pigments (2) varying amounts of long-chain fatty acids present in both the
paint and primary ground layer and (3) specific amino acid fragments, possibly relating to the
painting complex restoration history. ToF-SIMS ability to discern both organic and inorganic
species via cross-sectional imaging was used to compare samples collected from Le Bonheur de
vivre to artificially aged reference paints in an effort to gather mechanistic information relating to
alteration processes. The relatively high sensitivity offered by ToF-SIMS imaging coupled to the
high spatial resolution has allowed the identification of degradation products. The problem of
interaction between binding media and inorganic ions has already been mentioned in the previous
case studies. Boon et al., treated the well-known smalt discoloration issue [92]. This blue pigment,
which is a ground cobalt glass and was used as a substitute for azurite or ultramarine, is known to
undergo discoloration when used with oil binding media. The work was concerned the study of a
cross-sections of paint layers with partially or totally discoloured smalt particles. The distribution of
different ions in these cross-sections indicated the presence of palmitic acid around smalt particles
and levels of potassium were much higher in coloured areas than in discoloured ones (Fig. 1.8).
The presence of potassium in the binding media was interpreted as leaching of potassium out of
the smalt particle due to the influence of oil organic compounds. This interaction would then be
responsible for smalt discolouring.
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Another example of interactions between inorganic ions and the oil component was given the
extended study on lead soap formation. Development of such compounds is mainly due to the use
of lead white as a drier of oil media but is associated with the ageing process of the paint layer
[93]. This phenomenon is also responsible of the development of round protruding masses and
white efflorescence crust [94]. The ToF-SIMS study of the cross-section affected by this
phenomenon showed that monocarboxylic lead soaps were concentrated in the core, while diacids
were detected in the rim of the aggregate (Fig. 1.9). This separation could be related to the
formation process of the crystalline lead soap structure. A more detailed description of these
phenomena can be found in Boon et al. [95], that treated also the problem of the zinc soaps
formation in the painting pigments zinc based.

Zinc soap aggregates were observed in a late 19th century painting by R. Godfrey Rivers by
Osmond et. Al. [96] Fourier Transform Infrared Spectroscopy (FTIR) was used to confirm the
presence of zinc carboxylates together with ToF-SIMS technique. Moreover, Scanning Electron
Microscopy Energy Dispersive X-ray (SEM- EDX) maps and spot analyses were used to examine
aggregates in detail. The authors discussed on the variety of factors were likely to influence the
formation of soap aggregates in paint films and their potential to cause defects. These include the
inherent reactivity of zinc in oil, the quality and source of the zinc, the type and preparation of all,
the combination of components in the paint, and the environmental conditions and treatment
interventions the painting might have experienced. The cause of the zinc soaps formation has
been related to the high mobility oil molecules used in the painting and the preparation of the
pigments themselves, together with the high environmental moisture present in contact with
painting. Furthermore, others causes, as additives and modern formulation were decrypted.

100 p

Figure 1.9. Cross-section of a sample from a painting from the Hudson River School presenting a round protruding

mass. (A) SEM image and EDX images of (B) lead, (C) lead soaps, (D) azelaic acid and (E) stearic acid. [Boon et al.,
2005]
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Though paintings represent the most varied cases in the field of cultural heritage samples, the
potentialities of ToF-SIMS technique were employed in the investigation of Archaeological findings.
The main problem with organic analyses from archaeological remains is their state of conservation.
Many authors have proven that in certain conditions, preservation is possible [97-98]. In the case
of preservation of organic materials, ToF-SIMS is well suited for such a study, because samples
are very small and precious, and no sample preparation is required and it is a nondestructive
technique for the sample. In the study of the bones of an exceptionally well-preserved
Tyrannosaurus rex, Schweitzer et al. try to determine the remains of original tissues through the
presence of preserved proteins from the original collagen [99]. Demineralized samples were
submitted to ToF-SIMS analyses. Analysis of proteins by ToF-SIMS has been described in several
articles, and leads, in positive ion mode, to short fragments of amino acids [100-102]. Using high
mass resolution, low mass species could be attributed without ambiguity. Glycine (m/z 30) and
alanine (m/z 44) were the main amino acids detected with a relative ratio of 2.6:1. This was
comparable with the specific collagen al type 1 from chicken in which the ratio is 2.5:1. Proline
(m/z 70), lysine (m/z 84) and leucine/isoleucine (m/z 86) were also detected. These results proved
the presence of well conserved proteins in the dinosaur bones.

Another example of ToF-SIMS investigation on archaeological findings concern the study
conducted on the African art objects. Mazel et al. investigated the organic compounds detected on
ritual African statues, in which blood and proteins were also detected along with balms and waxes
used from the population as a traditional practice during rituals [103-105].

Indeed, many African art objects are in fact related to ritual ceremonies and are covered with a
thick patina formed by materials spread on their surface during ceremonies where sacrifices may
have taken place. In Mali, Dogon wooden statuettes from Bamana culture, are good examples of
this practice. The identification of blood is generally performed using immunological tests.
However, ToF-SIMS can also be used, with a different approach [103]. For this study, a
microsample of patina was removed from the surface, and cross-sections were prepared by
ultramicrotomy. Two-dimensional images of all protein low molecular weights fragments were
drawn and compared. Correlation between the different images confirmed the presence of
proteins. Futhermore, the positive ion mode was used to investigate haem, an iron porphyrin which
is a blood marker. Spectra taken of the haem reference showed that it could be detected due to
[M]"and [M+H]" ions (respectively, at m/z 616.2 and 617.2), and also due to a large distribution of
fragment at lower molecular weights. The same spectrum was also obtained for haemoglobin
leading to the conclusion that the presence of protein did not disturb the detection of haem. From
comparison with the spectrum of the reference, it was possible to locate the haem signal in
Bamana sculptures.

Blood is the most often reported component of the patina from African ritual statuettes but other
materials were also used. The patina is generally a quite complex mixture of different products
from various chemical families. In the study of such complex mixtures, ToF-SIMS could detect in a
unique analysis a great number of different compounds. In the investigation of Dogon statuette,
Mazel et al. coupled ToF-SIMS with infrared micro spectrometry and SEM in order to characterize
the compounds presence in the patina [105]. A long with proteins fragments, polysaccharide,
recognized in posititve polarity, lipid as deprotonated stearic, palmitic and arachidic acid were
detected in negative ion mode. All these lipids showed the same distribution all over the sample
with a predominance of stearic acid. This could be consistent with the use of shea butter or karite
in the recipe of the patina, products commonly used in West Africa. This result represented a
surprise and was less common in a cultural heritage study.
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All the studies reported show the large range of possible applications of ToF-SIMS in the cultural
heritage field. it can be used for the characterization of different kinds of materials such as textiles,
painting materials or biological samples, and any other material could be considered. ToF-SIMS
presents two main advantages. First, it permits the analysis of solid samples with minimal sample
preparation. This avoids the necessity of extractions, and therefore, it can be very useful for small
and precious samples. The second advantage is the possibility of performing chemical imaging
analyses, with the best spatial resolution performance. ToF-SIMS results are sometimes difficult to
interpret, but they often allow complementary results to be obtained using different techniques.
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2 High-mass-resolution mass spectrometry and
Chemometrics

A time-of-flight mass spectrometry is especially suitable for the analysis of secondary ions because
of its high transmission, high mass resolution, and ability to detect ions of different masses
simultaneously. Its peculiarities have been exploited to study isotopic fragmentation and to analyze
molecules with high molecular weight, without derivatization or vaporization of the sample. Two
studies were conducted by using ToF-SIMS technique, in parallel.

Initially, was conducted a study of the possible saponification reaction between metallic
compounds and organic binders in wall decorations paintings. Representative samples were
produced and artificially aged. The resultant alteration products were recognized through a
systematic study of mass fragmentations and molecular vibrations detected also with the employ of
FTIR spectroscopy.

Simultaneously, mass-fragmentation study of tri-terpene standards molecules were performed.
These compounds are generally known in mass spectrometry literature as markers within natural
resins used as varnishes, binders or glues since the Neolithic Age. In addition, mass-
fragmentation studies of reference dammar and mastic resins, and birch bark tar were also carried
out. The mass fragmentation of all these compounds were studied applying methods of
multivariate statistics analysis, particular useful in the treatment of large amount of data, as is the
case of those generate from ToF-SIMS measurements. The use of chemometric, on the one hand
has allowed to identify the discriminating fragments for the recognition of natural resins within a
real case study, and on the other hand, has proved to be a valuable tool for the discrimination of
structural isomers present within these natural compounds.

2.1 Tin metal soap

2.1.1 Introduction

In artworks, the presence of metal soaps is often related to various types of oil paint degradation.
In general, metal soaps have been identified in efflorescence deposits, paint layers that have
become transparent and in large aggregates that appear within the paint system [106]. It is now
well established that the soaps contain mainly stearate and palmitate, and that the metals lead and
zinc are predominant. So far, the synthesis of metal soaps for conservation studies was focused on
so-called ‘neutral’ soaps (following the general formula Mn+FAn, with M = metal and FA = fatty
acid) and their characterization was obtained by the commonly techniques used in conservation
science laboratories [107].

Usually, saponification phenomena in the cultural heritage samples are processes by which heavy
metals (usually present in pigments) react with fatty acids, producing glycerol and a fatty acid salt,
called 'soap'. Lipids containing fatty acid ester linkages can undergo hydrolysis. This represents
the case of oil paintings. The reaction starts in the deep layers of the painting and works toward the
surface. At present, there is no way to stop the reaction and the only effective restoration method is
retouching.

More in general, metal soaps are low-water-insoluble compounds containing alkaline earth or
heavy metals combined with monobasic carboxylic acids of 7-22 carbon atoms. The most
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important group of metal soaps detected in artwork samples consists of driers that promote or
accelerate the drying, curing or hardening of oxidizable coating vehicles such as paints, like cobalt
naphtenate in the modern paintings. [108-109]. For example, Bell observed loss of gloss in alkyd
gloss paints containing zinc white and found it to be due to the appearance of protuberances
resulting from the formation of zinc soaps; the hazing effect being worst in the case of alkyd resins
with high saturated and oleic acid ester content [110]. Bell also noted a reduction in opacity in paint
films and suggested that it could be explained by a layer of zinc soaps, close to the zinc white
particles, of refractive index intermediate between those of the resin and the pigment [111].

Metal soaps can also form from the reaction of a simple metal salt, present as a drier or pigment,
with an organic medium. While such reaction may reinforce the physical properties of the film and
can also play a role in the development of anti-corrosive properties, metal soaps can also have
detrimental effects on paint films. The formation of metal soaps is not only limited in the paintings
system, but they can also result from the reaction of oil used as protective coating or lubricant with
a metal surface to which it was applied, or from the interaction of a metal support or metal leaf with
drying oil in a painted artwork. For example, copper soaps formed on the brass wire wrapped
around the socket part of African iron spears that had been coated with animal fat [112], in
paintings on copper [113], and in paintings where brass leaf had been used instead of gold leaf
[114]. Such uncontrolled, in situ reactions may often be detrimental to the artifact or work of art, as
shown in the case of Benin copper-alloy objects where application of oil as a protective coating
resulted in discolored and corroded surfaces [115-116]. The negative impact of copper soaps that
formed on the surface of bronzes was described by Burmester and Koller [117].

The identification of metal soaps is often difficult, especially in mixtures. In theory, gas
chromatography would be the ideal method. However, since fatty acid salts are usually converted
to methyl ester derivatives in order to be analyzed, it is difficult to specify whether they were
originally present as metal soaps, as free fatty acids, or as glycerides. Metal soaps, which form as
degradation products on the surface of metal artifacts are often crystalline, could be analyzed with
X-ray powder diffraction or with Fourier transform infrared spectroscopy (FTIR) in non-crystalline
system, where the sampling is allowed. On the contrary, the imaging obtained through the ToF-
SIMS technology allows, in the case of cross-section, to localize degradation products along the
layers of the stratigraphy or in a specific area of the sample surface. Furthermore, the feature to
combine the detection of the organic and inorganic compounds in a single run analysis allows to
detect metal-organic adducts, as metal soaps. Considering the occurrence of saponification
reactions, this experimentation was focused to the possible metal soap formation in the
composite lamina decoration technique, largely diffused in wall paintings since Xl century.

The term “composite lamina” is referred to a specific decoration technique, characterized by the
overlapping of different metal foils (usually a noble foil, gold or silver lamina, superimposed on a
less noble base, tin or copper) by means of an oil-resinous adhesive mixture on a support. Many
examples of this decoration practice were found in frescos and paintings on wood [118]. The
pattern of a classic gilding on tin foil is shown in Fig. 2.1. The contact between the metallic sheet
and the organic oil-resin compound can result in a series of chemical interactions and reactions,
also favored by specific moisture condition for a prolonged period of time. Furthermore,
temperature variations may also play a role in the kinetics and thermodynamics of soap formation.
In particular, the experimental design has been focused on the possible formation of metallic soaps
between systems consisting of metal tin foil in contact with the fatty acids present in the adhesive
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mixture. In addition, experiments could help to understand and pinpoint the possible aesthetic
degradation effects on metal decoration in wall paintings.

To prove the saponification between composite lamina components, samples ad hoc prepared
have undergone artificial aging cycles. It was possible to observe the progression of the
saponification reaction with FTIR spectroscopy and subsequently characterize the mass
fragmentation by using ToF-SIMS technique, which allowed the 2D chemical mapping of the
inorganic and organic species in the samples. The following paragraphs illustrate the experimental
setup and the results obtained for the two types of metal tin used.

D Adnesive

Support

Figure 2.1. Schematic representation of the so called composite lamina technique. The tin foil is pasted to a support with
an adhesive mixture and superimposed by a gold leaf, which is also pasted with the same oil-resinous compound.

2.1.2 Experimental design

The experiment was carried out parallel to nanoparticles of metallic tin and tin foil, which were in
contact with the main fatty acids present in the siccative oils and resins also used in the glue
mixture. Reference standards of tin metal nanopatrticles (Sn, 118,71 u.m.a), tin oxide (SnO, 134,71
u.m.a), and tin dioxide (SnO,, 150,71 u.m.a) were mixed in a stoichiometric ratio of 1:2 with
certified standards of the main fatty acids contained in siccative oils and in resinous compound for
artistic use. Furthermore, an oil for artistic use and a resin were also used for the samples
preparation. Azelaic acid (CgHi60,4, 188.22 u.m.a., dicarboxylic acid), palmitic acid (CigHs,0,,
256.42 u.m.a.), stearic acid (C,sH360,, 284.47 u.m.a.), abietic acid (main markers of colophony,
CooH300,, 302.46 u.m.a.) tri-stearyl glycerol (Cs7H11006, 891.48 u.m.a.), linseed oil and colophony
were used for the experimentation.

The organic samples were dissolved in few microliters of CH,CIl, and depositated on duplicate
slides via spin coating. At the same time, it was also necessary to verify the formation of metal
soaps even on tin metal lamina. Metallic tin sheets were cut into squares of the size of 1 cm?. Half
of the samples were treated with sandpaper to increase the surface area and the resulting contact
with the acids and the resins, before the deposition of the single standard acids. Furthermore, a
second part was immersed few seconds in hydrochloric acid (1N) to accelerate the formation of tin
alteration products (oxides, hydroxides and chlorides). Few milligrams of each standard acid was
dissolved in about 200 ul of dichloromethane and dropped by means a spin coater on the lamina
samples. The list of the samples is reported in Tab. 1. All samples were placed in a climate
chamber for artificial aging, exposed to controlled temperature and humidity conditions. The
samples were aged for about 90 days during which the progression of the saponification reaction
was monitored by FTIR analysis. A new climatic cycle was set up following each FTIR control
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analysis, increasing humidity and temperature values, and thus changing the conditions of the
previous cycle to accelerate the kinetics of the saponification reaction. The initial temperature and
humidity parameters of 40° C and 90% RH were increased progressively until reaching 98% RH
and a temperature of 70° C values. FTIR measurements were performed weekly by a Thermo
Scientific Nicolet iN10 FTIR (Thermo Fisher Scientific, Nicolet iS10, Waltham, MA, USA) operating
in ATR (Attenuated Total Reflection) mode with germanium crystal using a nitrogen-cooled MCT
detector. The IR spectra were obtained from different portions of the samples area. The analyzed
areas were of 400x400 um?, in the spectral region from 4000 to 650cm™ with a resolution of 4cm™
and 64 scans for each spectrum. To validate the hypothesis of the saponification reaction, the
samples were also analyzed with to ToF-SIMS instrument. ToF-SIMS analyses were performed on
a TOF-SIMS V (ION-TOF GmbH, Munster, Germany) equipped with a Bi liquid metal ion gun. A 30
keV Bis** ion beam was selected with an incidence angle of 45° operating in the high mass
resolution bunched mode. The ion beam was rastered over an area of 500x500um? with an ion
dose density below the static limit (10™? ion/cm?). Charge neutralization was obtained by using low-
energy electrons supplied by a pulsed flood gun. The spectra were acquired in positive polarity,
after a superficial surface cleaning by a 30 KeV scan of Biz"". This operation was necessary to
remove from the sample any contamination derived to the climatic chamber.

SAMPLES Aze!alc Palmltlc Stea}nc Ablgtlc Qlycerll Llsged Colophony)
acid acid acid acid tristearate oil
Sn powder 1.1 1.2 1.3 1.4 15 1.6 1.7
SnO 2.1 2.2 2.3 2.4 2.5 2.6 2.7
SnO; 3.1 3.2 3.3 3.4 3.5 3.6 3.7
Sn foil 41 4.2 43 4.4 45 46 47
Sn s. 4.1N 4.2N 4.3N 4.4N 4.5N 4.6N 4. 7N
Sn HCI 4.1HCI 4.2HCI 4.3HCI 4.4HCI 4.5HCI 4.6HCI 4. 7HCI

Table 2.1. List of the samples. The samples named with the “N” letter, and the suffix HCI, were prepared with sandpaper
and hydrochloric acid, respectively. The chemicals used in the experiment were provided by sigma Aldrich. Technical
specifications of the reagents are listed in Table Al present in Appendix.

2.1.3 Results and discussion

FTIR analysis were carried out with particular attention to the region of the spectrum around 1550
cm™ typically the wavelength of the carboxyl stretch vibration, indicators of the formation of metallic
soaps by fatty acids. After a few weeks since the beginning of aging, a slight double peak in the
region between 1580 and 1540 cm™ was observed in some samples, that represent the peaks of
the formation of tin metallic carboxylates.

Double peaks appeared in samples of tin nano-powder (Sn, SnO and SnO,) and tin treated foil
(series 4N) in combination with azelaic, palmitic, stearic acid, and glyceril tristearate. Furthermore,
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only two samples of tin sheet treated with HCI gave rise to saponification reaction (4.3HCI and
4.5HCI). No metal tin soaps were detected in Sn foil series (samples 4.1-7). Although all the
samples were subjected to the same temperature and humidity variations, at the end of the
artificial aging treatment the totality of the systems formed by tin, tin oxides and laminas with
colophony and linseed oil had not reacted.

Due to the huge amount of data collected during the experiment, the most significant samples in
which the saponification reaction took place are presented. In Figs. 2.2 and 2.3 are shown the
FTIR spectra recorded in different time, per tin powders (samples 1.3, 2.1, 2.2) and tin foils
abraded samples with azelaic, palmitic and stearic acids (samples 4.1N, 4.2N, 4.3N), respectively.

The infrared absorptions of fatty acids and the tin azelate, palmitate and stearate formed on tin
powders and foils are listed in Tabs. 2.2 and 2.3, respectively. As can be expected, the infrared
spectra of palmitic and stearic acids are very similar, while differing from that of azelaic acid, being
this latter a dicarboxylic acid. These spectra can be observed in all samples at initial time Ty, in the
Figs. 2.2 and 2.3.

The main difference between the infrared spectra of palmitic and stearic acid is that there are
seven bands between about 1310 and 1185 cm™ in the spectrum of palmitic acid, while there are
eight in the spectrum of stearic acid. These multiple bands are due to CH, wagging modes coupled
with carboxyl vibrations. The spectrum of azelaic acid has a different profile in the region between
2930 and 2660 cm™, and the vibration of carbonyl group below at 1700 cm™.

The formation of soaps is marked, in some case, by the attenuation of the very strong bands of
C=0 and C-O stretching around 1700 and 1300 cm-1, with the bands attributed to the COO
asymmetric and symmetric stretching around 1570 and 1400 cm™, respectively. In the specific
case of tin soaps, the COO™ asymmetric stretching consists in a doublet around at 1573 and 1539
cm™, for all the sample in which the reaction were recorded. So the type of fatty acid, seems did
not influence the wavelength. The tin carboxylates, compared with the literature values of COO"
group asymmetric stretch band contained in copper (1590 cm™) , zinc (1540 cm™) and lead soaps
(doublet at 1540-1510 cm™), are located in the center of this region, confirming that the shifting
absorbing depends on the metal cation involved in the saponification process [107].

However, in all the samples analyzed, the band belonging to the COO™ symmetric stretch is
covered by the bending vibration of CH, groups, of fatty acids signals that did not reacted. as also
testified of the carbonyl vibration group present at 1700 cm™, (Figs. 2.2¢ and 2.3a). This could be
ascribed to the method of deposition used. In fact, although for all nano particles samples the
same deposition method has been adopted, it may be possible that spin coater use has in some
cases produced a powdery dispersion.

Consequently, part of the tin nanoparticles calculated to comply the stoichiometric ratio did not
contribute to the saponification reaction, leaving the reaction to an intermediate stage in which only
part of the deposited tin powders has reacted. It is therefore plausible that the surface of the
samples presents an excess of fatty acid which interfered in the interpretation and detection of the
COO’ symmetrical stretch band at 1400 cm™.
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Azelaic acid Palmitic acid Stearic acid Tin azelate Tin palmitate  Tin stearate Attribution
3300-2500 br 3300-2500 br 3300-2500 br v OH
2932 m 2954 m 2954 m 2953 m 2950 m 2954 m Vas CH3
2912 vs 2917 vs 2917 vs 2910 vs 2914 vs 2916 vs Vas CH,
2870 m 2871 vs 2871 m v CH;
2853 m, br 2849 vs 2850 vs 2854 m 2847 vs 2850 vs vs CH,
2658 vs 2677 m, br 2676 m, br v OH
1692 vs 1703 vs 1703 vs 1692 vs 1703 vs - v C=0
1573-1539 w 1573-1539 m 1573-1539 s Vas COO
1468 m 1471 m 1472 s 1472 s 1469 s 1473 s 6 CH,
1445 m 1463 m 1463 m 1462 m 6 CH,
6 CH,
1433 m 1432 m 1432 m 1434 m 1429 m 1434 m 6 CH,
v COO
1409 m 1410 m 1411 m 1408 m 1412 m 1411 m v CH,
1358 vw 1372 vw 1372 vw 1378 vw 1376 vw 1380 vw v CH3;
1345 vw 1348 vw 1347 vw 1359 w 1350 w 1330 w
1321w 1329 w 1331w
1311 m 1311 m 1313 m 1314 m 1309 m 1315 m
1297 m 1296 m 1298 s 1291w 1299 m 6 CH,
1278 m 1272 m 1279 m 1279 w 1271w 1280 w
1260 m 1251 m 1250 m 1261 m
1259 m 1250 m
1241 m 1242
1227 m 1228 m 1223 m 1225 m 1228 m 1222 m
1205 m 1207 m 1204 m 1208 m 1202 m 1203 m
1196 m 1188 m 1187 m 1195 m 1182 m 1188 m
1129 w
1097 w 1099 w 1103 w 1097 m 1098 m 1103 m vC-C+86C-C-C
1039 w 1046 w vC-C+86C-C-C
1002 w 1005 w vC-C+6C-C-C
982 m 942 m 942 m 978 m 942 m 941m
6 CH2
916 w 911w 913 w 914 w 886 w 891 w
849 w 891w 892 w v C-C (carboxyl)
6 CH; +v C-C
811 vw 822 vw 845 vw 810 vw
775w 782 w
762 vw 772 vw 780 vw 759 vw
725 m 720 m 719 m 723 m 724 m 721 m
682 w 688 w 688 w 682 w 689 w 690 w 6 COO

Table 2.2. Infrared wave number (cm'l) for azelaic, palmitic and steraic acid and tin soaps on metal nanoparticles.
The values of the metal soaps refer to the last acquisition.
vs=very strong, s=strong, m=medium, w=weak, vw=very weak, sh=shoulder, br=broad, v=stretching, 6=bending
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Figure 2.2. FTIR spectra of tin azelate sample 2.1 (a), tin palmitate sample 2.2 (b), and tin stearate sample 1.3 (c).



Azelaic acid Palmitic acid Stearic acid Tin azelate Tin palmitate  Tin stearate Attribution
3300-2500 br 3300-2500 br 3300-2500 br v OH
2932 m 2954 m 2954 m 2957m 2954 m 2954 m Vas CH3
2912 vs 2917 vs 2917 vs 2923 vs 2916 vs 2916 vs Vas CH,
2870 m 2871 vs 2871 m Vs CH;
2853 m, br 2849 vs 2850 vs 2854 m 2846 vs 2850 vs vs CH,
2658 vs 2677 m, br 2676 m, br v OH
1692 vs 1703 vs 1703 vs - 1703 m 1703 s v C=0
1573-1539 s 1573-1539 m 1573-1539 m Va5 COO
1468 m 1471 m 1472 s 6 CH,
1445 m 1463 m 1463 m 1469 m 1469 m 1469 m 6 CH,
6 CH,
1433 m 1432 m 1432 m 1434 m 1429 m 1431 m 6 CH,
- - - v COO
1409 m 1410 m 1411 m 1407 m 1412 m 1411 m v CH,
1358 vw 1372 vw 1372 vw 1377 vw 1374 vw v CHj;
1345 vw 1348 vw 1347 vw 1342 m 1350 m 1353 m
1321w 1329 w 1331w 1329 w 1330w
1311 m 1311 m 1313 m 1315 m 1313 m 1311m
1297 m 1296 m 1298 s 1284 s 1291 s 1296 s 6 CH,
1278 m 1272 m 1279 m 1271 m 1261 m
1260 m 1249 m 1249 m 1242 m
1259 m 1250 m
1241 m
1227 m 1228 m 1223 m 1226 m 1222 m
1205 m 1207 m 1204 m 1207 m 1203 m
1196 m 1188 m 1187 m 1193 m 1188 m 1188 m
1097 w 1099 w 1103 w 1099 w 1103 w vC-C+86C-C-C
vC-C+86C-C-C
vC-C+86C-C-C
982 m 942 m 942 m 937 m 941 m 6 CH2
916 w 911w 913 w v C-C (carboxyl)
849 w 891 w 892 w 891 w 891 w 6 CH;+v C-C
811 vw 848 vw 810 vw
775w 782 w
762 vw 810 vw 759 vw
725 m 720 m 719 m 725 m 721 m
682 w 688 w 688 w 686 w 690 w 6 COO

Table 2.3. Infrared wave number (cm'l) for azelaic, palmitic and steraic acid and tin soaps on metal foil.
The values of the metal soaps refer to the last acquisition.
vs=very strong, s=strong, m=medium, w=weak, vw=very weak, sh=shoulder, br=broad, v=stretching, 6=bending
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Figure 2.3. FTIR spectra of tin azelate (a) tin palmitate (b) and tin stearate (c), deriving from tin abraded foil.
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To confirm the FTIR results, ToF-SIMS analyses were performed on the same sample presented
before, with the aim to find the fragmentation pathway of metallic carboxylases hypothetically
formed, and confirm the saponification. The acquisition of the spectra is occurred in positive
polarity. This choice was due to the better ionization of soaps species in this polarity [119].
Furthermore, preliminary investigation in negative mode were acquired, identifying the
characteristic fragments of fatty acid chains and tin oxides, present in the start sample or that
formed during the ageing process (spectra not shown). The positive and negative characteristic
fragments of the main fatty acids involved in the saponification process were identified by previous
FTIR analyzes are listed in Tab. 2.4.

m/iz (+) Assigment FA m/z (-) Assigment FA
27 C,Hs" A P,S 38 CsH, A P,S
29 C,Hs" A P,S 39 C,O A P,S
41 CsHs" A P,S 41 C,HO A P,S
43 CsH;" AP,S 43 C,H;0 AP,S
55 C,H;" A P,S 58 C,H,0, AP,S
57 CiHo" AP,S 59 C,H;0, AP,S
69 CsHo" A P,S 71 C3H30, AP, S
95 C/Hy" AP,S 113 CsHoOy AP,S
109 CgHis" AP, S 127 C;Hq1,0, AP,S
239 C16Hz:0" P 141 CgH130, A P,S
257 Ci6H330," P (M+H") 155 CgH150, AP, S
267 C1gH3s0" S 169 C1oH1705° A P,S
285 CigH370," S (M+H") 183 C11H1605 P,S

187 CoH1504 A (M-H)

197 C12H» 05 P,S

211 C13H2305 P,S

225 C14H2502_ P, S

237 C16H200" P

255 C16H3:05 P (M-H")

265 Ci1gH330 S

283 C1gH3505 S (M-H"

Table 2.4. Characteristic positive and negative secondary fragment ions of azelaic (A), palmitic (P) and stearic (S) acid,
analysed with SIMS.

In Fig. 2.4 are shown mass spectra relative to the sample 2.1, composed by tin oxide (SnO) and
azelaic acid (CgH1604). The window region between m/z 280 and m/z 350 shows the relative
fragmentation of metallic adducts with azelaic acid (Fig. 2.4b). Two cluster of weak peaks in the
range at m/z 284-289 and m/z 303-306 could be belong to tin azelate. The peaks at m/z 306 and
m/z 289 can be attribuite to tin azelate CqH;50,Sn™ and tin azelate with the loss of a hydroxilic
group CgH1405Sn". These signals have mapped on the spectrum in order to localize them on the
SIMS image. In the Fig. 2.5 are shown the map of tin azelate distribution and the ion maps of Sn*
and Sn,Oy clusters, compare to the total positive ion image. All three species are distribuited over
the same area, confirming the formation of azelate tin soap. In the same way, the experiments
conducted on the sample 2.2, tin oxide (SnO) and palmitic acid (C,6H3,0,), show the fragmentation
of two cluster of peaks in the range at m/z 353-357 and m/z 370-374, likely belonging to tin
palmitate (Fig. 2.6). Even if the recorded signals are very weak, the compresence of palmitic acid
and tin oxide could confirm the formation of tin palmitate soaps.

Thus, the peaks at m/z 374 and 353 can be attributed to tin palmitate CisH3;SnO," and tin
palmitate with the loss of a hydroxylic group Ci16H30SnO", respectively. In the secondary ion images
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of the sample, these signals are mapped with tin and tin oxides, supporting the hypothesis of the
metallic carboxilates formation in this case too (Fig. 2.5).
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Figure 2.4. Positive mass spectra of sample 2.1. The window region shows the cluster belonging to tin azelate (b).
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Figure 2.5. ToF-SIMS positive ion maps of sample 2.1. Total positive ion (a), Sn* signal (b), tin oxides cluster (c) and tin
azelate (d) were normalized to the total ion image and filtered to avoid topographical effects.

The last sample compared with ToF-SIMS investigation was the sample 1.3, constituted by metallic
tin powder (Sn*) and stearic acid (CigH360,) (Fig. 2.8). The enlarge region shown in Fig. 2.8b
presents two clusters of peaks in the positive mass spectra in the range at m/z 384-392 and m/z
401-409. The most intense of these peaks were observed at m/z 386 and 402, respectively. These
distribution pattern could suggests the possible formation of tin soaps. The peaks at m/z 402 and
386 can be attributed to tin stearate C;sHssSnO," and tin stearate with the loss of a hydroxylic
group CigH3,SnO". The sum of the signals of tin stearates arise from the same area of tin and tin
oxides distribution, confirming the soaps formation (Fig. 2.9). For all the samples analyzed the
soaps assignment were confirmed by a comparison with the theoretical isotope pattern. The
isotopic pattern and the mass accuracy observed for the clusters of peaks provide strong evidence
for the correct assignment of these signals.
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Figure 2.9. ToF-SIMS positive ion maps of sample 2.2. Total positive ion (a), Sn* signal (b), tin oxides cluster (c) and tin
stearate (d) were normalized to the total ion image and filtered to avoid topographical effects.

R ()

Figure 2.10. ToF-SIMS positive ion maps of a tin foil sample. Total positive ion image (a), map of K (b) map of Na* (c)
and sum of fatty acid positive ion fragments (d). All the images were normalized to total ion image and filtered to avoid
topographical effects.

ToF-SIMS analyzes were limited to investigate the samples where metal powders were dispersed
in fatty acids. The preliminary superficial operation cleaning with scan of bismuth, made necessary
to remove from the sample the possible interferers derived from the aging chamber, was not
sufficient to decontaminate the samples of tin foils and fatty acids. In all of these samples were
recorded contaminating substances. In some cases, the positive ion secondary image showed the
crystallization of fatty acids with sodium and potassium salts on the surface of the sample, which
hindered the investigation of the underlying area (Fig. 2.10).

Since the ToF-SIMS technique is, by definition, a surface analysis technique that is limited to the
first monolayer investigation, it is evident that the presence of these deposited products, hampers
the study of the fragmentations of metallic carboxylates.

Nevertheless, tin soaps were previously recognized on 4N samples by FTIR measurements using
ATR tip. The tip, exerts a pressure on the sample and collects the signal even from the layers
below the superficial acid film. It is plausible to assume that these metal degradation products have
formed at the interface between the metal foil and the fatty acids, and cannot be detected by the
ToF-SIMS technique, as they are prepared. The investigation of these samples requires the study
of a separation method at the interface which allows to analyze also the morphology of metal foil
alteration. Indeed, the preventive operation of surface cleaning with continuous Bi++ beam did not
decontaminate these samples. It was chosen to not continue with the ablation of the surface in
order to preserve the extractor and the cleaning of the main chamber in the instrumentation.
Forward, longer aging times are needed for all those samples that have not undergone
saponification reaction since the temperature and humidity conditions had already been brought to
the limit. Moreover, a specific consideration could be made to justify non-reaction in samples with
abietic acid. Since the acidic dissociation constant of the abietic acid is lower than that of the
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aliphatic acids, it can be assumed that its lower acidity may have influenced the occurrence of the
reaction. In addition, its hydrophobicity feature may prevent the reaction of hydrolysis and the
dissociation of OH and H* [120].

In Tab. 2.5 are summarized the sample in which saponification reaction were recorded.

SAMPLES Aze!alc Palmltlc Stegrlc Ablgtlc Qlycerll Llsged Colophony)
acid acid acid acid tristearate oil
Sn powder 11 1.2 1.3 1.4 15 1.6 1.7
SnO 2.1 2.2 2.3 2.4 25 2.6 2.7
SnO; 3.1 3.2 3.3 3.4 3.5 3.6 3.7
Sn foil 4.1 4.2 4.3 4.4 4.5 4.6 4.7
Sn s. 4.1N 4.2N 4.3N 45N 45N 4.6N 4. 7N
Sn HCI 4.1HClI  4.2HCI  4.3HCI 4.4HCI 4.5HCI 4.6HCI 4. 7HCI

Table 2.5. Samples marked in black are the samples in which the saponification reaction were recorded. The sample
marked in red need more time than 90 days of aging chamber, to activate the reaction process.

2.1.4 Conclusion

In conclusion, the results showed that the fragmentation of tin azelate, palmitate and stearate has
been identified with difficulty. In spite of precautionary operation cleaning of the samples surfaces,
they were still highly contaminated and the holding signal was affected by the matrix effect of fatty
acids that contained tin nanoparticles. However, although the signals recognized as metallic
carboxylates were very weak, they were selected and mapped into the secondary ion image. The
fragmentation sum of tin soaps is associated with the tin ion and tin oxides clusters for all the
samples analyzed, confirming the hypothesis of saponification products as suggested by the FTIR
preliminary results.

The study here presented has confirmed the actual formation of tin degradation products in
decorative systems model where the tin foil is associated to an oil-resin adhesive medium. The
finding obtained with this experiment potentially allows the investigation of real case studies in
which a composite lamina is present.
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2.2 Oleanolic and ursolic acid in dammar and mastic resin:
Isomer discrimination by using ToF-SIMS and multivariate
statistics.

2.2.1 Introduction

Dammar and mastic are triterpenoid resins widely used in the past during the production of art
works. Plant resins such as dammar and mastic are exudates usually present on the surface of
different kinds of trees. From a chemical point of view, natural resins are mostly constituted by low
volatile and non-volatile terpenoid compounds. In particular, both dammar and mastic are
composed of triterpenoid molecules and a variable fraction of polymeric material.

These organic constituents confer to the natural resins aesthetic and protective functions when
these are adopted in works of art. For this reason, they are extensively used in paintings and
artwork as coatings, waterproofing materials, varnishes and paint binders by both artists and
restorers. As aforementioned, varnishes not only have an important aesthetic function but also
represent a barrier against deteriorating agents of the environment. This physical barrier
deteriorates in the course of time, leading to yellowing and brittleness. Thus, it is important to
understand the chemical processes occurring during ageing of natural resins [1]. In the cultural
heritage field, the study of ageing process effects on organic content can reveal information about
the adopted painting technique or suggest a restoration approach. From, diagnostic point of view
addition the analysis of resins remains a big challenge because of their intrinsic complexity due to
the enormous number of isomers present in the terpenoid class. Furthermore, the processes of
oxidation and polymerization during the ageing contribute to increase the complexity of
characterization.

Recently, time-of-flight secondary ion mass spectrometry (ToF-SIMS) technique has been included
among the analytical techniques applied to the cultural heritage studies. The data obtained from
ToF-SIMS are complex and intrinsically multivariate; therefore, to aid spectral assignment,
multivariate analysis (MVA) methods are increasingly being used, especially for organic and
biological samples [68]. Principal component analysis (PCA) is the most widely applied method to
reduce the size of ToF-SIMS large datasets with a minimal loss of information. This is
accomplished by analysing the variance of each mass channel across the dataset, where the
combination of mass channels containing the most variance is defined as the first principal
component (PC1). Therefore, a set of peak loadings and sample scores are calculated for each
PC. Sample scores show how individual mass spectrum is correlated with other mass spectra in
the dataset. On the other hand, peak loadings indicate the main peaks responsible for the sample
differences. With regard to the study of resins, this approach has been recently adopted to
differentiate diterpene resin acids and assess the geochemistry of amber [121]. In this work, the
high reproducibility and selectivity of ToF-SIMS technique have been exploited to study two of the
main components of the dammar resin: oleanolic acid and ursolic acid. Oleanolic and ursolic acid
share the same molecular formula and consequently the same fragment ions in the mass spectra,
but each isomer shows its characteristic relative abundance of fragment ions. The isomer
discrimination is an interesting challenge for mass spectrometry techniques. However, they can be
well distinguished by gas chromatography techniques coupled with electron impact mass
spectrometry detection systems [122-124]. Although this powerful method provides detailed
structural information, a derivatization procedure for such compounds is often required. Through
high mass-resolution ToF-SIMS, we have investigated structural isomers without modifying their
functionality. Furthermore, PCA has been used to reveal the differences between each spectrum
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and correlate them back to the differences in the fragmentation pattern of the isomers spectra.
Early work is present in literature where PCA has been successfully applied to ToF-SIMS data in
order to distinguish between stereo isomers and structural isomers of biologically relevant
monosaccharides [125]. ToF-SIMS has also been used to characterize dammar and mastic. As
described previously, both resins contain several different triterpenoid acids and a fraction of
polymeric material. In particular, dammar resin contains both structural isomers; on the other hand,
mastic resin contains just oleanolic acid. The list of characteristic peaks obtained from ToF-SIMS
analysis of oleanolic and ursolic acids has been used for PCA in order to differentiate the dammar
spectrum from the mastic spectrum.

2.2.2 Materials and methods

Oleanolic and ursolic acids were purchased from Extrasynthése, Genay, France (>95% purity).
Mastic resin was purchased from Sigma-Aldrich (>97% purity). Dammar resin was purchased from
Ditta Zecchi, Florence, Italy. The dammar and mastic resins analysed in this work were stored in
darkness at room condition and have an age of over 10 years. Samples were diluted in CH2CI2 to
a concentration of =Ilmg/ml. Aliquots of solution were deposited on silicon wafer by spin coating
technique. The wafer was attached to a spin coater (Spin-1200 T, MIDAS Co. Ltd, Daejeon, Korea)
rotating at 1000 rpm. Aliquots were allowed to spin for 30 s. The samples were analysed using a
TOF-SIMS5S instrument (ION-TOF GmbH, Munster, Germany) equipped with a 30 keV bismuth
(Bis™) liquid metal cluster primary ion source in high mass resolution bunched mode. The ion beam
was rastered over an area of 500 x 500um? for 120 s in order to remain below the static limits.
Charge neutralization was obtained by using low energy (20 eV) electrons supplied by the
instrument’s pulsed electron flood gun. Secondary ions were extracted with 2 keV voltages and
were post-accelerated to 10 keV kinetic energy. Cycling time of instrument was set to 300 ps,
allowing the acquisition of spectra in amass range from 1 to 1200 m/z. The dimensionality of raw
ToF-SIMS data was reduced by PCA performed using MATLAB v.R2013a (MathWorks, Inc.,
Natich, MA, USA). PCA was used to identify similarities and differences in ToF-SIMS spectra. The
peaks in each spectrum were normalized to the sum of the selected areas. The data were mean-
centered before PCA.

2.2.3 Results and discussion

In Fig. 2.11, positive ToF-SIMS spectra (m/z 1 — 500) of ursolic (Fig. 2.11A) and oleanolic acid
(Fig. 2.11B) are shown. Representative mass spectra in positive ion mode of dammar resin (Fig.
2.11C) and mastic resin (Fig. 2.11D) are reported; an expanded view (m/z 225-500) is shown in
Fig. 2.11C inset and Fig. 2.11D inset. Each mass spectrum displayed in Fig. 2.11 is obtained from
an average of nine representative mass spectra of both triterpenic acids and resins that are
spotted on three different silicon substrates. Averages of mass spectra are needed to avoid
topography effects due to the formation of a solid reticulated film with a slightly irregular surface.
Ursolic and oleanolic acid possess highly similar mass spectra. In the positive ion mass spectra
(Figs. 2.14A and B), the intense peaks in the lower part of the mass range (m/z<100) are due to
aliphatic hydrocarbon fragments (C.H,, C\H2,:1, CiHan+2, CiHan1, CiHanz). Both spectra contain a
series of fragment ions that are descriptive of the hydroxyl and carboxyl end groups (C,H.,,0,
CnH;,.10, ChH2n10). In the higher part of the mass range, there are clusters of peaks from 800 to
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1050 m/z, and in the most relevant cluster (m/z 911.68-915.68), the peaks could belong to
triterpenoid dimers (Figs. A1-A2 in Appendix). The molecular ion peak at m/z 456.34 (C3oH4503")
with a mass resolution of 9500m/Am is clearly visible. The presence in both triterpenic acid mass
spectra of an intense sodium peak at m/z 22.98 and the corresponding [M+Na]® peak at m/z
479.36 is appreciable.

Figure 2.12 illustrates the main fragment ions of oleanolic and ursolic acid obtained under
bombardment with positive primary ions during ToF-SIMS experiments. The fragmentation
pathways of position isomers, such as oleanolic acid and ursolic acid, have been well described by
GC-MS methods [122-123]. In this case, characteristic fragment ions obtained from high-mass-
resolution-ToF-SIMS mass spectra have been assigned, taking into account the mass spectral
fragmentation pattern of the corresponding trimethylsilylated triterpenic acids obtained under
electron impact conditions. The main fragment ion signals are present at m/z 456.34 (molecular
ion), 439.34, 411.35, 393.35, 248.17, 235.16, 207.16, 203.17, 191.18, 189.16 (Figs. A1-A2 in
Appendix).
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Figure 2.11. Positive time-of-flight secondary ionmass spectrometry spectra (m/z 1-500) of ursolic acid (A) oleanolic acid
(B) dammar (C) andmastic resins (D).
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The proposed scheme for the fragmentation pathway, presented in Fig. 2.12, shows that the peak
at m/z 439.34 (C3,H470,") could be due to a hydroxyl group loss. Subsequently, a neutral CO can
be also lost producing an ion at m/z 411.35 (C,9H4;0") of about the same intensity of [M — OH]".
Fig. 2 also shows an additional fragmentation by loss of water from the alcohol functional group.
This loss results in the fragment ion at m/z 393. Upon electron impact, these triterpenic acids
usually undergo a retro-Diels Alder reaction [122]. In this important mode of fragmentation, a
cleavage of the C ring occurs, and this leads to species ranging from 200 to 300 m/z. These
species consist of ABC-rings and CDE-rings where C-ring is partial. In the positive ToF-SIMS
spectra, fragment ions at m/z 248.17 (C16H240,"), 235.16 (C15H,30,"), 207.16 (C14H»50"), 203.17
(CisHa3" ), 191.18 (C14H,5"), 189.16 (Cy4H,, ") are assigned to fragments containing A, B rings or D,
E rings with partial C ring. However, GC-MS analyses support these proposed fragmentations
[123]. Figs. 2.11C and D shows the positive ToF-SIMS spectra of dammar and mastic resin,
respectively.
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Figure 2.12. Fragmentation pathway of ursolic acid and oleanolic acid leading to the characteristic fragment ions during
time-of-flight secondary ionmass spectrometry experiments
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The presence in both resins of elevated concentrations of sodium results in adducts formation of
sodiated molecular ions from organic components of resin. In Figs. 2.11C and Fig. A3 (Appendix),
positive ion mass spectrum of dammar resin is visible. According to the literature, the molecular ion
peak at m/z 456.34 (CyHis05"), representing oleanolic and ursolic acid, has been found in the
positive ion mass spectrum of dammar resin [1]. Furthermore, the peak at m/z 442.37 (C3oHs005")
could be attributed to the molecular ion of hydroxydammarenone and the peaks at m/z 424.37
(C30H40"), m/z 315.27 (CxH350%), m/z 205.16 (C14H,,0%), and m/z 109.10 (CgH15" ) could arise
from its fragmentation.[19,20] The spectrum shows peaks at m/z 426.37 (CzHsO") and m/z
424.37 (C3H4Q") attributable to dammaradienol and dammaradienone, respectively [129-132].
Another fragment of dammarane-type molecules, likely belonging to noramyrone, is observed at
m/z 410.36 (Cy9H40"). In Figs. 2.11D and Fig. A4 (Appendix), the positive ion mass spectrum of
mastic resin is reported. Low-intensity peaks of triterpenoid molecular ions have been detected in
the mass range between m/z 400 and 500 during ToF-SIMS measurements.

Unlike the attribution in the dammar resin, in this case, the peak at m/z 456.34 (C3H4s03") can
represent oleanolic acid, masticadienolic acid and isomasticadienolic acid. Furthermore, peaks of
moronic acid at m/z 454.34 (CzH,0s") and noramyrone m/z 410.36 (C,oHs,O") are also
appreciable [25]. All ions assighed to dammar and mastic resins are shown in Tables A2 and S2
(Supporting Information). lons arising from the fragmentation of oleanane-type molecules at m/z
439.34, 411.35, 393.35, 248.17, 235.16, 203.17 and 189.16 are present in mass spectra of both
dammar and mastic resins, and their structure are shown in Fig. 2.12 and Tables A2 and A3
(Appendix)[126-128].

Other fragment ions are revealed at low masses (m/z <100). Both dammar and mastic consist of
dammarane and oleanane compounds. As reported in literature, the comparison of relative
intensities of mass peaks attributed to dammarane and oleanane compounds permits to distinguish
fresh dammar from mastic by using GC-MS and direct temperature-resolved mass spectrometry
(DTMS) [133]. Several marker compounds have been proposed to discriminate dammar from
mastic such as moronic acid [132] and (iso)masticadienoic acid [134]. Some components of the
dammar are the same as those components found in mastic such as oleanolic acid. On the
contrary, ursolic acid is present exclusively in the dammar resin, thus emerging as a potential
marker. The great similarity between the mass spectra of oleanolic and ursolic acid makes the
differentiation of these isomeric triterpenic acids quite difficult. In fact, the problem is that because
the structural isomers have the same molecular formula, they produce the same dataset of ToF
SIMS peaks. Nevertheless, statistical analysis such as PCA appears to be able to summarize the
differences in the ursolic and oleanolic acid datasets (Fig. 2.13A) and to report the peaks
responsible for these differences (Fig. 2.13B).

In order to guarantee the reproducibility during the statistical analysis, PCA of ursolic and oleanolic
acid is performed using just a selection of 61 peaks (Table S3 in Supporting Information). This is
required because the data analysis can be dominated by the presence of sodium (m/z 23),
potassium (m/z 39) and substrate peaks that have largest values, obscuring the differences in the
triterpenic acid isomer peaks. In this case, PCA processing is achieved by an appropriate selection
of ions within the lower mass aliphatic hydrocarbon fragments and oxygen-containing related
species. Characteristic fragment ions generated by the fragmentation process are also included.
Figures 2.13A and B shows the scores and loadings plot from the two structural isomers.

The PCA scores, shown in Fig. 2.13A, display the clustering of ursolic and oleanolic samples and
the separation of mass spectra from the two different isomers. The PC1 loadings plot (Fig. 2.13B)
shows that peaks with positive loading, corresponding with samples with positive scores in the first
principal component (Fig. 2.13A), are due to the greater relative abundance of fragment ions at m/
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z 41 and 55 in oleanolic acid. The peaks at m/z 41 and 55 correspond to C;Hs™ and C,H;" fragment
ions, respectively.

On the contrary, the peaks with negative loadings correspond to the samples of ursolic acid with
negative scores in PC1. The discrimination of ursolic acid is due to the greater relative abundance
of peaks at m/z 81 and 91, corresponding to C¢Hg" and C;H," fragment ions, respectively.
Oleanolic acid and ursolic acid are position isomers of the methyl group on the ring E. In particular,
oleanolic acid has two methyl groups on the C-20 position, whereas ursolic acid has a methyl
group on C-19 and C-20 positions. In this case, the abundance of relatively low molecular weight
fragments such as CsHs',C,H;", CgHo', and C,H;" are probably due to the ring E cleavage. The
correctness of these assignments cannot be given in this preliminary work, and further
investigations are needed. The same peak list has also been applied to dammar and mastic mass
spectra. PCA is shown in Figs. 2.13C and D. The PC1 and PC2 capture 69% and 18% amount of
information, respectively. For this dataset, we selected the second principal component because
this allowed a better sample separation compared with PC1 (data not shown). In fact, as it is
shown by loadings plot of PC2 (Fig. 2.13D), the peaks at m/z 41 and m/z 55 are related to
oleanolic and mastic samples (Fig. 2.13C).
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Figure 2.13. Results of principal component analysis model obtained from positive time-of-flight secondary ion mass
spectrometry ion spectra. Score plot (A) of principal component 1 (PC1) and PC2 grouping the samples as a function of
their chemical differences. Ellipses are 95% confidence intervals. PC1 loadings plot (B) shows masses responsible for
the separation of ursolic and oleanolic acids. Scores plot (C) of PC2 highlights similarities and differences among the
samples. PC2 loadings plot (D) shows peaks responsible for the separation of acids and resins.
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On the other hand, positive loadings at m/z 81 (CgH,") and 105 (CgHe") are associated with
dammar and ursolic acid (Figs. 2.13C and D). The variance among the data of dammar samples is
probably due to the surface roughness originated by the polymerization cross-linking process of
resin deposited onto the silicon wafer. A not excellent separation among the scores can be related
to the presence of fragmentation peaks coming from other triterpenic acids and polymeric material.

2.2.4 Conclusions

Within this paper oleanolic acid, ursolic acid, dammar resin and mastic resin are characterized by
using high- mass resolution ToF-SIMS. In particular, a fragmentation mechanism for ursolic and
oleanolic acid under ion bombardment conditions has been proposed. Furthermore, ToF-SIMS and
PCA have permitted to discriminate between these underivatized structural isomers of triterpenic
acids. Multivariate statistical analysis has also been adopted to identify ursolic and oleanolic acid in
mastic and dammar. These preliminary results confirm the potentialities of combining ToF-SIMS
and multivariate statistical analysis as a powerful tool to study triterpenic resin such as dammar
and mastic, frequently used in the field of conservation and restoration of art.
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2.3 ToF-SIMS study of pentacyclic triterpenic molecules in
birch bark pitch

2.3.1 Introduction

The use of pitch from Betulaceae bark as an adhesive on arrowheads or flint tools from prehistoric
ages has been highlighted [135-139]. In particular, a gas chromatography/mass spectrometry
(GC/MS) chemical study of two amorphous pieces recovered at Konigsaue (Germany) associated
with flint artefacts 38 revealed that birch bark pitch was already being produced in the Middle-
Palaeolithic period. The detection of birch bark pitch has also been reported in ceramic artefacts
and its function has been identified as an adhesive in order to seal, repair or to coat the inner
surfaces of vessels [10-11,135,140-142]. Betulin and lupeol together with low amounts of
lupenone, betulone and betulinic acid are known to be characteristic of birch bark [143-147]. The
technique that has been used to obtain the majority of results in the identification of terpenic
resinous materials in archaeological samples is GC/MS. This technique has been extremely useful
for characterising archaeological resinous substances, by the identification of specific molecular
markers [148-152]. However, it often requires time-consuming sample pre-treatment, which can
entail extraction, purification, hydrolysis and derivatisation reactions before the sample is analyzed.
For these reasons, attention has recently focused on other techniques based on direct mass
spectrometry that can reduce sample manipulation. In particular, ToF-SIMS technique has been
applied in the characterisation of dammar resin, mastic resin and triterpenoid standard in paint
varnishes [153].

This work discusses the application of ToF-SIMS technique for the characterisation of triterpenic
molecules and birch bark pitch, and their identification in archaeological finding. To discrimination
of these materials, pattern analysis of ToF-SIMS mass spectral data was performed by principal
component analysis (PCA). For this purpose, a systematic study of standard triterpenic molecules
contained in birch bark pitch and of raw tar of a known origin was carried out by ToF-SIMS in order
to define the most significant fragment ions for the identification of the resinous material in real
case. Finally, the analytical protocol was applied to an archaeological sample (Fig. 2.14) collected
during an archaeological excavation in the palafittic site of Lucone di Polpenazze (Brescia, Italy).

Figure 2.14. The object of the study: the wooden sickle found during the dig of archaeological area of Lucone di
Polpenazze
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2.3.2 Materials and methods

Betulin (lup-20(29)-en-3b,28-diol, purity >98%), and betulinic acid (3-hydroxy-lup-20(29)-en-28-oic
acid, purity >90%) were supplied by Sigma (St. Louis, MO, USA). Oleanolic acid (3-hydroxy-olean-
12-en-28-oic acid), lupeol (lup-20(29)-en-3b-ol) and lupenone (lup-20(29)-en-3-one) were supplied
by Extrasynthese (Genay, France), all with a purity >99%. Furthermore a pitch derived from wood
of Betula spp. was kindly provided by Prof. B. Holmbom (Abo Akademi University, Turku/Abo,
Finland). The archaeological sample was collected from a wooden sickle, found during the
archeological dig on Garda Lake (Brescia, Italy). The sickle, with flint blade and a “mandible” type
structure was dated to the Early Bronze age. The analyzed sample collected from the finding is
constituted by a little black lump of amorphous organic material (1-3mg) present between the
wooden handle and the flint tip All the Samples were diluted in few microliter of dichloromethane
and deposited on silicon wafer by spin coating. The mass fragmentation study of the samples were
performed by using a TOF-SIMS5 instrument (ION-TOF GmbH, Munster, Germany) equipped with
a 30 keV bismuth (Bi3++ ) liquid metal cluster primary ion source in high mass resolution bunched
mode. The ion beam was rastered over an area of 100 x 100um?for 120 s in order to remain
below the static limits. Charge neutralization was obtained by using low energy (20 eV) electrons
supplied by the instrument’s pulsed electron flood gun. Secondary ions were extracted with 2 keV
voltages and were post-accelerated to 10 keV kinetic energy. Cycling time of instrument was set to
120 ps, allowing the acquisition of spectra in a mass range from m/z 1 to 800. Ten measurement
for each sample were collected. The dimensionality of raw ToF-SIMS data was reduced by PCA
performed using MATLAB v.R2013a (MathWorks, Inc., Natich, MA, USA). PCA was used to
identify similarities and differences in ToF-SIMS spectra Furthermore the data analysis was used
to discriminate the contribution of each markers in the birch barch tar reference and in the samples
representing the real cases. The peaks in each spectrum were normalized to the sum of the
selected areas. The data were mean-centered before PCA.

2.3.3 Result and discussion

Due to the complexity of triterpenic resinous materials and of the mass spectra arising from ToF-
SIMS analysis, the results of the standard triterpenes are reported and discussed first. The results
of the birch bar reference are reported next, followed by that for the sample collected from the
archaeological object. ToF-SIMS positive ion mass spectra of oleanolic acid (MW 456), betulinic
acid (MW 456), betulin (MW 442), lupeol (MW 426), and lupenone (MW 424) are shown in Fig.
2.15. Oleanolic acid (3-hydroxyolean-12-en-28-oic acid) was considered as representative of
triterpenes with oleanane structures. In the mass spectrum of Oleanolic acid, the abundant ions at
m/z 189, 203 and 218 can be related to the typical fragmentation pathway of both oleanane- and
ursane-type molecules with a double bond in position 12 [122]. In particular, the ion at m/z 218 is
due to a classical retro-Diels-Alder fission of ring C and ions at m/z 189 and 203 arise from
fragmentation rearrangements of the radical ion at m/z 218 [122, 154-155]. The mass spectrum of
oleanolic acid, which has a carboxylic acid group in position 17 of ring E, has a molecular ion at
m/z 456 and it is characterised by the presence of a fragment ion at m/z 248 due to a retro-Diels-
Alder fragmentation of the ring C53 analogous to that reported for the formation of the ion at m/z
218. Fragment ions at m/z 438 and 410 are also evident due to the loss from the molecular ion of
H,O, CO,H. radical, and HCO,H from ring E, respectively. The loss of a methyl radical and of H,O
leads to the formation of m/z 423. Betulin, lupeol, betulinic acid and lupenone were considered as
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representative of triterpenes with a lupane structure, their ToF-SIMS mass spectra are all shown in

Fig.2.15.
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Figure 2.15. ToF-SIMS positive mass spectra of oleanolic acid, betulinic acid, lupenone, lupeol , and betulin.

The mass spectra of betulin, lupeol and betulinic acid exhibit a base peak at m/z 189, which is
considered characteristic for the fragmentation of triterpenoid molecules with a lupane skeleton
bearing a hydroxy group in position 3. This ion arises from the fragmentation of the C ring system
by cleavage of the 9-11 and 8-14 bonds followed by the loss of a molecule of H,O [122,156].
Other abundant fragment ions are at m/z 203 and 207: the first can be related to the retention of an
additional methylene group from the C ring with respect to the fragment ion at m/z 189, and the
second represents the fragment obtained from the fragmentation of the C ring before the
dehydration reaction leads to the formation of the ion at m/z 189 [122, 156]. In the mass spectrum
of betulin, the molecular ion is present at m/z 442. Loss of a water molecule, a CH,OH radical and
of both leads to the formation of the ions at m/z 424, 411 and 393, respectively. The loss of water
and of a methyl radical gives rise to the ion at m/z 409. In the mass spectrum of lupeol, the
molecular ion is at m/z 426, and the ions at m/z 411 and 393 are formed by the loss of a methyl
group, and by the subsequent loss of a water molecule. The mass spectrum of betulinic acid, in
which the molecular ion is at m/z 456, has fragment ions at m/z 441, 438 and 423 formed by the
loss of a methyl radical, a molecule of H,O and of both. The loss of HCO,H gives rise to the ion at
m/z 410, while the loss of the CO,H. radical leads to the ion at m/z 411. Finally, in the mass
spectrum of lupenone, the base peak occurs at m/z 205, followed in abundance by the ion at m/z
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189. The pathway that leads to formation of the ion at m/z 205 is analogous to that reported for
lupine-type molecules with a hydroxyl group in position 3, except that lupenone has a keto group,
rather than a hydroxy group, at position 3. The molecular ion at m/z 424 and that at m/z 409
formed by loss of a methyl radical are also present in quite high abundance [140]. All the molecular
fragments structures of these triterpenes are reported in figures shown in Appendix (A5-A9).

The ToF-SIMS positive mass spectrum of the birch bark pitch reference is shown in Fig. 2.16a. It is
gualitatively comparable with that reported in the literature [10]. It contains abundant ions at m/z
189 and 203, arising from the fragmentation of triterpenoid molecules. The ion at m/z 189 can be
related to the presence of triterpenes with a lupane skeleton with a hydroxy group at position 3, as
obtained for the reference standards: betulin, lupeol, betulinic acid and lupenone. By comparison
with the spectra obtained for the standards, the fragment ions at m/z 363, 381, 393, 409, 411, 424
and 442 can be directly related to the occurrence of betulin, lupeol and lupenone, which are typical
constituents of birch bark pitch [11,135-136,141].
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Figure 2.16. ToF-SIMS Positive mass spectra (range m/z 170-450) of reference pitch derived from bark of a Betula spp.
(a) and archaeological blackish sample collected from the sickle (b).

Betulin and lupeol together with small amounts of lupenone and betulone are known to be
characteristic of birch bark [141, 143-147] The other observed compounds are not present in birch
bark, but most of them are known to be formed by dehydration mechanisms when the bark is
thermally treated to obtain tar [135]. During the heating process, betulin is partially transformed into
lup-2,20(29)-dien-28-ol whereas heating of lupeol leads to the formation of a triterpenoid
hydrocarbon identified as lup-2,20(29)-diene. These two constituents are thus indicative of a
human operated heating treatment. Depending on the duration and the intensity of the hard-
heating treatment, the proportions of the different constituents change: the amount of lupenone
and betulone, naturally present in fresh birch bark only in very small amounts, may increase during
tar production by oxidation of lupeol and betulin, respectively [127]. The ToF-SIMS positive mass
spectrum of the sample collected from archaeological sickle is shown in Fig. 2.16b.
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The spectrum has abundant ions at m/z 189 and 203 that are characteristic of the fragmentation of
triterpenoid molecules and, in particular, the ion at m/z 189 may be related to the occurrence of
triterpenes with a lupane skeleton and a hydroxyl group at position 3. The presence of fragment
ions at m/z 363, 381, 393, 409, 411, 424 and 442 may be related to the occurrence of betulin and
lupeol as the main constituents. This data could hypotize the nature of the adhesive as birch bark
tar. PCA analysis present in Fig. 2.17a shows that the reference pitch is highly correlated to betulin
in both PC1 and PC2. Furthermore, the sample is also correlated to the betulinic and oleanolic
acid, generally present in fresh tar. This may provide a relative indication of the freshness degree
of the resin, inasmuch hydroxyl groups present in the acid molecules have not yet undergone
oxidation reactions [127]. Finally, the PCA analysis confirms the nature of the archaeological pitch
as birch bark tar (Fig. 2.17b). The biplot in Fig. 2.17b shows the very good fit between the
reference birch bark pitch and the archaeological sample, highlighting the occurrence of a pure
material. Finally, the pitch samples are very correlated to betulin, the most abundant marker
present in this materials according to the literature.
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tar reference sample is high correlate to betulin and the oleanolic and betulinic acid. PCA analysis confirms the nature of
the archaeological pitch as birch bark tar (b).
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2.3.4 Conclusion

The analytical procedures proposed in this work are efficient for the characterization of triterpenoid
molecules. Due to its high sensitivity, selectivity, and minimum sample requirement, ToF-SIMS
technique is suitable for identifying such materials in samples from archaeological findings. In
particular, it enables us to distinguish between very similar triterpenic molecules such as oleanolic
acid, betulinic acid, betulin, lupenone and lupeolo. Moreover, the fragmentation study allowed to
find their characteristic fragments in real reference sample.

The application of principal component analysis on spectral data recorded by ToF-SIMS at
selected mass ranges, corresponding to the fragmentation of triterpenoid molecules, enabled us to
correlate the freshness of newer birch bark tar to the characteristic fragments described in
literature in the fresh tar and in the same time, confirm the nature of archaeological sample.
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3 Sub-micron molecular imaging

In this chapter the TOF-SIMS analytical capabilities for imaging applications are illustrated by real
case studies. The ability of ToF-SIMS to detect inorganic and organic compounds in a single run
analysis proves to be the best feature to identify all the compounds composing the multi-layer
matter of artworks.

An approach for a better understanding of such complex painting materials and techniques is to
study their cross sections. This approach allows not only the study of the multilayer structure but
also the detection of the chemical interaction between the layers and their alteration products.
Furthermore, the high sensitivity, selectivity and the excellent lateral resolution of secondary ion
mass spectrometry imaging allows the chemical characterization an localization of the compounds
along the cross-section matrix. Moreover, the use of ToF-SIMS in static mode allows further
complementary analyses on the same sample.

Thanks to the collaborations with the different research groups within the Roma Tre University and
the Istituto Superiore per la Conservazione ed il Restauro (ISCR), it was possible to obtain
samples from previous artworks restorations, to be characterized with ToF-SIMS technique. These
collaborations have provided samples from inestimable cultural and fact-finding value,
giving the opportunity to study many different materials.

The ISCR has kindly provided all the cross-sections in which a metal leaf decoration was present.
In order to validate the results obtained from the previous tin soaps experiment, real case studies
that presented “composite lamina” formed by tin and gold leaves, were selected first. The use of
metal leaves in painting is frequent and reported in medieval painting treatises, especially in wall
paintings [157]. Pictorial mural cycles depicted between Xlll and XV centuries document the
presence of several types of metal leaves: silver, gold, copper, tin and the so-called “composite
lamina” consisting of overlapping leaves of different metal composition [158]. The lack of scientific
literature regarding the gilding techniques on walls is often due to the complexity of the study of a
large number of thin layers [159]. Furthermore, the aging process and the resulting alteration of
organic and inorganic compositions contribute to increase the difficulty of the chemical
characterization.

The first sample characterized by ToF-SIMS technique has been the cross-section of a fresco
present in the Basilica of San Francesco in Assisi, likely painted by a Giotto’s apprentice. The
second investigated sample belong to the pictorial cycle painted by Giotto in the Scrovegni Chapel
in Padua. Both samples represent the case of a wall gilding decoration. The carried out
investigations were aimed at the chemical characterization of the cross- sections, identifying the
presence of alteration products in the adhesive-lamina system, and finding confirm to the
hypothesis of tin soaps formation in composite lamina decoration. In addition, where the lamina
had an exterior red lake decoration, it was also characterized providing useful information in the
recognition of organic dyes that remain for many analytical techniques difficult to identify.

Subsequently, was extend the research to the typology of gilding case studies on different support,
keeping the focus on the interactions between the metal materials and the organic compounds
present in the artwork. The case of a gilt and painted leather artifact and a golden decoration
applied on stone were investigated.

The leather artifact under investigation was an altar frontal, coming from the church of San
Domenico in Orvieto (ltaly), represent a false gilding technique case in which a silver leaf was

decorated with a varnish to reproduce golden effect. Moreover, The metal decoration was painted
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with inorganic and organic pigments, increasing the value of the artwork and the interest from an
analytical point of view.

In addiction, was investigated a cross section representing a golden decoration applied on stone.
The sample was taken from an archaeological excavation concerning the finding of an Etruscan
hypogeum in the territory of Perugia province (Italy) and belong to a cinerary urn that was richly
decorated with paintings and gold leaves in antiquity.

The extension of the study to different type of golden artifacts has highlighted the procedure
methods and the various gilding techniques adopted, and has expanded the knowledge of the
variety of materials employed over the centuries and the various possible interactions between
metal and organic materials.

Finally, the last case study concerned the investigation of a painting on wood, kept at the Gallerie
dell’Accademia in Venice. The study of the samples taken from the Saint Wilgefortis Triptych,
painted by Bosch, was made possible thanks to the collaboration with the research group
operating in the Department of Science of Roma Tre University in cultural heritage field. This latter
case does not represent a gilding lamina decoration. Nonetheless, the potentialities of ToF-SIMS
technology have been exploited in the discrimination between various superimposed organic
compounds and for reveal the presence of different metal soaps within a pictorial system rather
than on a metal lamina.
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3.1 Gilding decoration on wall painting and related organic
binding media

3.1.1 Fresco Vela della Castita, San Francesco Basilic in Assisi

3.1.1.1 Introduction

The first case study of lamina composite analyzed in this thesis represents the case of a gold leaf
decoration, superimposed onto a tin leaf with an adhesive mixture and painted by a red lake. The
sample was collected to the fresco Vela della Castita (Fig. 3.1a) at the San Francesco Lower
Basilica in Assisi. This wall painting is present in the cycle of Franciscan allegories. The depicted
scenes are attributed to a Giotto’s apprentice and dated to the first half of 14th century. The study
of gilding decoration technique in wall painting cross section has been already carried out using
imaging and mapping micro-FTIR techniques [160]. This approach allowed a preliminary
classification of the chemical compounds. The data shown here are only concern the ToF-SIMS
evidence and potentiality that have been exploited to locate inorganic and organic compounds
along a cross section in a single run.

3.1.1.2 Materials and methods

The investigation was carried out on two fragments taken from a soldier’s golden shield decoration
in the fresco Vela della Castita (Fig.3.1a) located in San Francesco Lower Basilica, Assisi.
Samples were taken away from the fresco with a scalpel during a restoration operation in the
1970s. A fragment was embedded in polyester resin in order to perform analysis on the cross
section (Fig. 3.1c). A second fragment was analyzed as it is. The samples were observed with an
optical microscope under visible and ultraviolet light (Olympus AX70 equipped with Hg short arc
HBO lamp, Olympus, Tokyo, Japan). Samples were glued onto a SEM stub immediately before
introducing it into ToF-SIMS load lock. Analyses were performed on a TOF-SIMS V (ION-TOF
GmbH, Miinster, Germany) equipped with a Bi liquid metal ion gun. A 30 keV Bis** ion beam was
selected with an incidence angle of 45° operating in the high mass resolution bunched mode. The
ion beam was rastered over an area from 250%250 pm? to 150x150 um? with an ion dose density
below the static limit (10™** ion/cm?). Charge neutralization was obtained by using low- energy
electrons supplied by a pulsed flood gun. Both positive and negative polarity spectra and images
(256%256 pixels) of elements and molecular fragment distribution were recorded. All SIMS images
were normalized to the total ion image and filtered with an averaging filter in order to remove
topographical effects, and salt-and-pepper noise. Both samples were earlier analyzed by SEM-
EDS and FTIR, respectively. Scanning electron microscopy with X-ray micro analysis
measurements were performed using a Zeiss EVO 60 (ZEISS EVO 60, Carl ZEISS
SMT,Germany), an environmental scanning electron microscope, equipped with an INCAX-sight
dispersive X-ray spectrometer (Detector 7636 Energy EDS,Oxford Instruments, PaloAlto, CA) for
elemental characterization of the samples. The analyses were carried out at pressure of 100
Pascal without a conductive coating. FTIR micro spectroscopy measurements were performed by
a Thermo Scientific Nicolet iN10 FTIR (Thermo Fisher Scientific, Nicolet iS10, Waltham, MA, USA)
operating in transmission mode on diamond cell using a nitrogen-cooled MCT detector. The IR
spectra were obtained from different portions of the non-embedded sample. The analyzed area
ranged from 20x20 to 50x50um?, in the spectral region from 4000 to 650 cm™ with a resolution of
4cm™ and 64 scans for each spectrum
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Figure 3.1. (a) Fresco Vela della Castita, (b) back scattered electron image with the legend of layers, (c) visible light
optical cross-sectional image, and (d) ultraviolet light optical cross section image.

3.1.1.3 Results and discussion

Results obtained from cross section and untreated sample analyses were compared to confirm the
data obtained from the other analytical techniques. The observation of both samples by a UV/Vis
source highlights (Fig. 3.1c and d) the presence of six layers in the cross section with different
composition and thickness as also shown in SEM image (Fig. 3.1b). Starting from the bottom, the
image of cross section showed the first inorganic layer belonging to the plaster with some particles
of mineral pigments: azurite, green earth, and ochre (Fig. 3.1c). These pigments were also
detected through polarization microscopy (images not shown). The second layer with a variable
thickness ranging from 40 to 70 um showed the typical yellow fluorescence of oily and resinous
substances (Fig. 3.1d) [161]. This layer represents the adhesive between the plaster and the tin
leaf. The third layer is represented by a tin leaf that has very irregular thickness ranging from 20 to
40um. On the top of this metal leaf, a fourth layer is present. It consists of a smaller thin film of
adhesive that provides the same fluorescence of the previous adhesive layer (Fig. 3.1d). The fifth
layer is represented by a thin gold leaf that completes the so-called composite lamina technique
and it is decorated with a red lake (sixth layer).

The plaster layer is mostly composed of calcium carbonate as shown in the ToF-SIMS spectrum
with the signal at m/z 40 (Ca") and SEM-EDS mapping (Figs 3.2a and 3.3a). The presence of
calcite was verified by FTIR analysis (Fig. 3.3d) conducted on micro particles from untreated
sample. The bands at 725, 1067 cm™ and 780, 1450cm™ correspond to symmetric and asymmetric
stretching vibrations of CO; group, respectively (Fig. 2d). ToF-SIMS and SEM-EDS analyses on
cross section confirmed the presence of inhomogeneous grain size of inorganic pigments (Fig.
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3.3a). Peaks of Mg® (m/ z 24), A" (m/z 27), Si* (m/z 28), K (m/z 39), Fe* (m/z 55), and Cu® (m/z
63) in ToF-SIMS positive mass spectra suggest the use of green earth, ochre and azurite,
respectively (Fig. 3.2a).

Negative ToF-SIMS spectrum relative to the adhesive layer (Fig. 3.2b), showed the peaks of
deprotonated molecular ions of azelaic, palmitic and stearic acids (m/z 187, 254, and 283). The
presence of azelaic acid could be due to the curing process of drying oils such as linseed or walnut
oil. In fact, during the curing process of liquid drying oils, oxidation and cross-linking reactions can
occur, leading to the formation of solid film. On the contrary, the presence of saturated palmitic and
stearic acids represents the fraction of the oil, which had not been cured [162]. Fragment ions of
fatty acids (m/z 227, 211, 197, 169, 155, 127, 113, 99, 85, and 71) were also detected in the
second and fourth layers (Fig.3.3c) [46]. A positive ToF-SIMS spectrum (Fig. 3.2a) of the same
layers showed protonated molecular ion of azelaic, palmitic, and stearic acids (m/z 189, 256, and
285) and acyl ions of palmitic and stearic acid (m/z 239 and 267) [163]. In general, negative and
positive ToF-SIMS spectra of mordant mixture (second and fourth layers) showed the
characteristic fragments of fatty acids chain with C,H3(CH,),COO formula. This attribution was
formulated considering the characteristic peaks in positive (m/z 189, 239, 256, 267, and 285) and
negative polarity (m/z 71, 85, 99, 113, 127, 155, 169, 187, 197, 211, 227, 254, and 283). Mass
spectra in positive ion mode revealed also some weak signals at m/z 253, 269, 300, 315, 317, and
331, from both layers, suggesting the presence of diterpenoid acids belonging to the adhesive
mixture used for the metal leaves. Current state of the art reports numerous studies on the
characterization of natural terpenic resins with different analytical techniques and their detection in
several case studies [164-165]. The peak at m/z 300 could belong to a molecular ion of
dehydroabietic acid (DHA) oxidation product of abietane acid in aged resin, recognized as one of
colophony markers [10]. The colophony, pine resin also known as rosin, is a diterpenoid resin that
mainly consists in abietane and pimarane acids. Ancient recipes suggest that colophony-drying oil
mixtures have been frequently used [166]. Other oxidation products of the aged colophony were
detected at m/z 315 (7-oxo-DHA+H"), m/z 317 (15-hydroxy-DHA acid+H"), and m/z 331 (7-
hydroxy-DHA +H, and/or 7-oxo-15-hydroxy-DHA acid+H") as also reported by Scalarone et al
[129]. Furthermore, the peaks detected at m/z 253 (C19H2s') and 269 (C1gH,50") could represent a
loss process of carboxyl group from C20 chain. As shown in Fig. 3.3b, ToF-SIMS imaging
confirmed the simultaneous presence of oil binder and resin over and under the gold and tin
leaves.

The peak at m/z 208 belongs to Pb", detected in the same layer with oil binder and rosin. Its
identification, presumably as main component of an inorganic pigment used as a siccative for the
drying oil, is better discussed in FT-IR analysis later. ToF-SIMS data collected on mordant layers
were partially confirmed by FTIR analyses conducted on single grains from the untreated sample.
The FTIR spectrum (Fig. 3.3d) of the adhesive mixture for the metal leaves records the vibration of
ester bond in enlarged band between 1740 and 1690cm™ that includes vibration of C=O coming
from oil and from rosin. Stretch vibrations of CH bonds were recorded at 2940 and 2860cm™ and
their asymmetric bending vibration at 1460cm™. Lead white pigment PbCO;Pb(OH), was detected
thanks to the identification of carbon- ate group around 1430cm™ and the stretching band of
hydroxylic group at 3440, 1048, 776, and 681cm™ (data not shown). A little shoulder around
1547cm™ could suggest the presence of lead soap, due to the hydrolysis of the oil binder by the
basic lead compound.
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Figure 3.2. Relevant time of flight secondary ion mass spectrometry spectra of fresco cross section: (a) positive ion

mode, (b) negative ion mode, and (c) negative ion mode of red lake area (untreated sample).
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Time of flight secondary ion mass spectrometry results obtained from both the cross section and
the untreated sample demonstrate the state of degradation of metal tin leafs. Tin leaf has been
partially re placed by its oxides and chlorides. The negative ion spectrum shows the peaks at m/z
135 and 151 corresponding to tin oxides SnO* and SnO," (romarchite and cassiterite), respectively
(Fig. 3.2b). These minerals have been often observed on tin leaves by X-ray powder diffraction
analysis [167]. Furthermore, negative mass spectra show chlorine ion at m/z 35 and chlorinated
compounds at m/z 154 and 259 (SnCI" and SnCl,, respectively) localized on the tin area as shown
in Fig. 3.3c. The presence of pigments altered by chlorine compounds has been already reported
for the wall paintings present in the upper and the lower parts of the same Basilica. In the high
mass range, the positive ToF-SIMS spectrum (Fig.3.2a) presents two clusters of peaks in the
range at m/z 384-392 and m/z 401-409. The most intense of these peaks were observed at m/z
386 and 402, respectively. The co presence of stearic acid and tin oxides in the metal leaf area
suggests the possible formation of tin soaps (Fig. 3.3b).
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Figure 3.3. (a) Scanning electron microscopy with X-ray microanalysis mapping image of aluminum (blue), gold (yellow),
tin (pale blue), calcium (red) and silicon (green). Time of flight secondary ion mass spectrometry ion image overlay of the
fresco cross section: (b) positive ion image of colophony and oil signals (red) (sum of m/z 253, 269 300, 315, 317 331
and 189,239, 256, 267, 285, respectively) and tin leaf and tin soap ions (yellow and pale blue) (sum of m/z 119, 120,
124, 239, 255, 384 386, 387, 388, 389, 390, 392, 402 403, 404, 405, 406, 407, and 408); (c) negative ion image of gold
ions (yellow) (sum of m/z 197, 223, 394, 427, and 591), alteration products of tin leaf (pale blue) (sum of m/z 17, 35, 120,
135, 136, 151, 152, 153, 154, 155, 167, and 259) and fatty acid fragments (red) (sum of m/z 71, 85, 99, 113, 127, 155,
169, 187, 197, 211, 227, 254, and 283). (d) Micro-Fourier transform infrared spectrum.
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Thus, the peaks at m/z 402 and 386 can be attributed to tin stearate C15H35Sn0," (mass deviation,
70ppm) and tin stearate with the loss of a hydroxylic group C;gH3,SnO" (mass deviation, 84ppm),
respectively. Their assignment was confirmed by a comparison with the theoretical isotope pattern.
The isotopic pattern and the mass accuracy observed for the two clusters of peaks provide strong
evidence for the correct assignment of these peaks. Furthermore, in the negative ToF-SIMS
spectra, characteristic peaks of the lipid chain fragmentation at m/z 71, 85, 99, 113, 127, 155, 169,
183, 211, and 227 were detected on the untreated sample where the red lake was lost.
Deprotonated molecular ions of azelaic acid (m/ z 187), palmitic acid (m/z 254), and stearic acid
(m/z 283) were also detected, as a residual presence of the oil binder used for the red lake. Au
peaks that identify the gold leaf were seen at m/z 197 (Au’), 394 (Auy), and 590 (Aus) (Figs 3.2a
and 3.3c).

Time of flight secondary ion mass spectrometry surface analysis in positive polarity an untreated
sample from the red lake portion showed the presence of Na* (m/z 23), Mg* (m/z 24), Al" (m/z 27),
Si* (m/z 28), K" (m/z 39), and Ca" (m/z 40) belonging to inorganic compounds on which the red
dye is adsorbed. Furthermore, the positive mass spectra present peaks at m/z 208 (Pb"), 432
(Pb,O"), and 449 (Pb,O,H"). In addition, a signal attributed to palmitic lead soap at m/z 463 was
recorded. These peaks suggest the presence of lead white as drying agent for the oil binder with
the consequent production of lead soaps [168]. In negative spectra S™ (m/z 32), SO (m/z 48), SO,
(m/z 64), SOz (m/z 80), and SO, (m/z 96) were detected (Fig. 3.2c). These data confirm the use of
potash alum as inorganic substrate during the lake preparation [168]. Negative spectra of the red
lake surface did not show characteristic peaks of oil binder but evidences two small peaks at m/z
299 and m/z 313 that could most likely be attributed to the loss of CH,OH and hydroxylic group
from kermesic acid (Fig. 3.2c¢). Kermesic acid is one of cochineal compounds used as a dyestuff
since the Roman ages [169]. Nevertheless, the molecular peak of kermesic acid was not found (at
m/z 330). Neither the molecular ion nor fragmentation of carminic acid (m/z 492) that is the main
component of the cochineal red dye was detected. In view of these data, it is not possible to give a
certain assignment of cochineal for the red lake

3.1.1.4 Conclusion

The painting technique of ‘composite lamina’ adopted in the execution of wall painting was
characterized by ToF-SIMS. The components of each layer were identified and mapped. The
inorganic components found mostly belong to the layer of lime plaster in which grains of mineral
pigments are sprinkled. The individual components of the mordant used for the adhesion of
metallic leaves were identified. Typical fragmentation of azelaic, palmitic, and stearic acids
belonging to drying oils, such as linseed or walnut oils, and colophony were found. In the same
mixture, the signals of lead white used as a drying agent were recognized. The tin leaf presents
alteration products, as oxides and chlorides. Furthermore, in this work, for the first time, the
presence of tin soaps was reported. In fact, peaks likely to belong to the tin stearate were found in
a real case of artworks. In the cultural heritage field, the presence of tin soaps was never reveled
neither with ToF-SIMS analyses nor with others analytical techniques. Lastly, two peaks
attributable to kermesic acid suggested the presence of cochineal as dye used to prepare the lake
applied on gold leaf. To the best of our knowledge, this paper represents a starting point to better
understand the Giotto’s school studio practice in gilding technique.
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3.1.2 Giotto “Universal Judgement”, Scrovegni Chapel in Padua.

3.1.2.1 Introduction

A sample belonging to the Giotto’s pictorial cycle present in the Scrovegni Chapel in Padua was
characterize by using ToF-SIMS technique, in order to recognize the degradation products in the
tin golden decoration. The sample, represented by a cross section (named 3L), was collected from
the fresco “Universal Judgement” (1305 A.D.) in correspondence of an angel’s golden halo (Fig.
3.4) and represent another case of composite lamina with tin and gold foils, adhered each other
with an oil-resinous glue. Results obtained from cross section analyses were compared to the data
obtained from the other analytical techniques, conducted in the past study on the same sample
[160]. In fact, the inorganic elemental distribution on cross-section layers was investigated by SEM-
EDS analysis, as well as the mineral crystal habit alterations were observed in situ using the XRD
analysis. Moreover, the 3L sample was also object of the application of linear imaging FTIR
microscopy, in which the nature of the adhesive was not completely defined. The FTIR analyses
identified the organic origin of the glue, but not the type of resin used in the blend. The ToF-SIMS
features to detect mass fragmentation in high mass and spatial resolution allows to recognized and
localize the organic species along the cross-section layers. The analyses were focus with the aim
to recognize the species involved in the adhesive mixture and the alteration products present on
the tin lamina that could be formed as result of saponification reaction.

3.1.2.2 Materials and methods

The cross section 3L was analyzed by using TOF-SIMS V (ION-TOF GmbH, Minster, Germany)
equipped with a Bi liquid metal ion gun. A 30 keV Bi;** ion beam was selected with an incidence
angle of 45° operating in the high mass resolution bunched mode. The ion beam was rastered over
an area of 300x300 um? with an ion dose density below the static limit (10 ion/cm?). Charge
neutralization was obtained by using low-energy electrons supplied by a pulsed flood gun. Both
positive and negative polarity spectra and images (256x256 pixels) of elements and molecular
fragment distribution were recorded. All SIMS images were normalized to the total ion image and
filtered with an averaging filter in order to remove topographical effects, and salt-and-pepper noise.
In order to characterize only the metal layers and the organic adhesive mixture, the analyses were
carried out on the external left side of the cross-section (marked with a red box in Fig. 3.4c),
excluding the inorganic plaster layer and the consequence matrix effect. The Information
concerning the composition of the preparatory layer was discussed on the base of previous study
[160], no secondary ion mass spectrometry measurements were carried out on it.

3.1.2.3 Results and discussion

The 3L cross section was previously observed under optical microscope, in order to identify the
layers sequence. The visible and UV light observations, confirmed that a golden tin was adopted
(Figs. 3.4d-e). Giotto made use in this case of a fine real gold leaf superimposed to a tin foil
instead of a tin foil tinted with a golden varnish which represented in the ancient techniques a
cheap substitute for gold. A gold leaf has been applied over a tin leaf by the use of a thin mordant
gilding (3-5 pm thick) which fluoresces bright yellow when observed under UV light (Fig. 3.4e).
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This feature is generally considered as a first indication of the presence of an oily substance. The
tin foil itself was fixed to the wall by means of another mordant layer, (15-50 um thick), which also
shows a bright yellow fluorescence under UV illumination.

ToF-SIMS analyses of the Giotto cross section have recorded the mass fragmentation of an oil-
resinous mordant, confirming the use of this type of compounds as supposed by the UV
observation and past FTIR analyses. The positive ion mass spectrum shows the protonated
molecular ion peaks of palmitic (m/z 257) and stearic acid (m/z 285) (Fig. 3.5a). Furthermore the
presence of oily compound is also recognized in the fragmentation of fatty acid chain present in
negative ion spectrum. In the Fig. 3.5d are marked the peaks belonging to the aliphatic chain
fragment ion with a mass increment of 14 amu (m/z 71, 85, 99, 113, 127, 141, 155, 169, 183,197,
211, 225, 239). These negatively charged fragments were already assignment to the type
C,H3(CH,),COO" fragmentation pathway found in fatty acids references [119]. Furthermore the
peaks likely belonging to deprotonated palmitic (m/z 255) and stearic acid (m/z 283) were also
identify (Fig. 3.5d).

Moreover, the data collected suggests the presence of a terpenic resin inside the adhesive layers.

In the lower yield of positive ion mass spectrum were recognized characteristic signals that are in
common in the terpenic resins mass fragmentation. The peaks at m/z 185, 197, 211, 253 and 299
could derived to the molecular fragmentation of diterpenoic compounds like abietane molecules
recognized as markers of pine resin (Fig. 3.5a) [1, 26]. In the spectrum shown in Fig. 3.5b, were
identified two peaks, which could indicate the presence of an aged diterpenoid varnish. The peaks
at m/z 330 and 314 were assigned to the 15-hydroxy-7-oxo-dehydroabietic acid (15-OH-7-oxo-
DHA) and 7-oxo-dehydroabietic acid (7-oxo-DHA), respectively. Both compounds are known as
main oxidation products of abietic acid, present in colophony [25]. Moreover, in the negative mass
spectrum was detected a peak at 329 m/z that could represent the deprotonated 15-OH-7-oxo-
DHA (Fig. 3.5e). This result, could complete the identification provided by the previous FTIR
analysis that identify a resinous compound in the mordant layer, but not the class of belonging. The
sum of the fragments identified as the two component of the adhesive mixture, oil and resin, are
shown in the secondary ion imaging represent in Figs. 3.6 and 3.7 respectively. These images
show that the trend in the signal distribution follows the deposition of the tin and the gold leaves,
and results interposed among them (Figs. 3.6b and 3.6f). In the Fig. 3.8 is described the
fragmentation pathway of 7-oxo-dehydroabietic acid recognized in the positive ion mass spectrum.
However, the adhesive mixture seems to have been absorbed by the tin foil, seeing as how part of
the mordant signal is located within the same area where Sn* ion (m/z 119) is recorded. In
addition, oxidation products of tin metallic lamina were recognized on the tin layer. The XRD
analysis conducted on the sample during the past study, have given specific mineral attribution to
the tin oxides, identifying the presence of romarchite and cassiterite. The positive ToF-SIMS
spectrum and image show the signals and the maps of romarchite, SnO (m/z 135) and, cassiterite
SnO, (m/z 151) in the Figs 3.5a and 3.6¢, respectively.

Finally, in the positive ion mass spectrum were also recorded the signals likely belonging to the tin
carboxylates. Two cluster of peaks in the range at m/z 384-392 and m/z 401-409 appear on the
spectrum shown in Fig. 3.5¢c. The contact between the oily material and the tin leaf, can have
started the reaction of saponification. The co presence of stearic acid and tin oxides in the metal
leaf area strengthens the hypothesis of tin soaps formation. Thus, the most intense peaks at m/z
402 and 386 can be attributed to tin stearate C;sH3sSNO," and tin stearate with the loss of a
hydroxylic group CigH3,SnO", respectively. Their isotopic fragmentation were summed and
mapped in Fig. 3.6d. This data confirms the possible occurrence of carboxylation processes on
metallic tin leaf.
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Figure 3.4. Giotto’s “Universal Judgement” frescoes located in the Scrovegni Chapel (a). Angel’s gilded halo (b) from
which the sample 3L was collected in order to perform a cross-section (c). Cross-section under visible (d) and UV light
investigation(e).

59



5.0E5
X 15
> -
2 [
& 25E54 -
(e
£ | 119 185 253 299
M 135 |151 197 257 285
0.0 L A A bl l|.||| hlll ‘ I u“l” l.xlu'i.. e e - l L ol i N I
100 Mass (m/z) 200 300
(a)
5.0E5
+
a i
) x 100
$ 2.5E5-
=
T o o i
0.0 L 1 1,0 Al!.xu o LLL i v WPNTTI I Iul;hL.;. . . " '
300 350 Mass (m/z) 400 450 500
(b)
2E4
+
= |
‘»
c il 403
& "B41x100 o
£ [
0
380 Mass (m/z) 400 42
(c)
= x 30
1.0E5 -] 2 [
>
5 1 71
ot
&  5.0E4- 85 99
= 141
= | 113 169 197 225
’H‘ | 127 155 183 ’ﬁzﬂ 239 255 283
0.0 L], AT J.; ]n.l - " Lol | ; . - el "
0 100 Mass (m/z) 200 300
(d)
1.0E54 =
2 ] x30
2]
& 5.0E4- [
C T
= 1 329
0.0 , r T v — .
300 350 Mass (m/z) 400 450 500

()

Figure 3.5. ToF-SIMS mass spectra. In the positive map spectrum shown in Fig. 3.5a, are marked the signals of tin (m/z
119) tin oxide (m/z 135, 151) the fragmentation of natural resin (m/z 185, 197, 211, 253, 299) and the molecular
protonated ion of palmitic and stearic acid (m/z 257, 285). Fig. 3.5b shows the positive ion of 15-OH-7-oxo-DHA and 7-
oxo-DHA (m/z 330 and 314) and the peaks belonging to tin stearate (m/z 386 and 403). The positive pattern distribution
of tin carboxylates is shown in Fig. 3.5c. The negative mass spectrum shown in Fig. 3.5d present the fragmentation of
fatty acid chain (m/z 71, 85, 99, 113, 127, 141, 155, 169, 183, 197, 211, 225, 255, 283) and molecular deprotonated ion
of palmitic and stearic acid (m/z 255 and 283). Finally deprotonated 15-OH-7-oxo-DHA (m/z 329) is shown in negative

spectrum illustrated in Fig. 3.5e).
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Figure 3.8. Fragmentation pathway of dehydroabietic acid oxidation products.

3.1.2.4 Conclusion

ToF-SIMS investigation carried out on the Giotto’s cross section have highlighted and localized
each element composing the composite lamina technique, and detected the degradation products
formed on tin metal foil. Oxidation products as cassiterite and romarchite were recognized coupled
with the stearic tin soaps produced from the interaction with the free fatty acids present in the
adhesive mixture. Furthermore, were identified mass fragmentation peaks likely belonging to the
oxidation products of abietic acid, that leave hypothesize the presence of colophony as diterpenic
resinous component of the mixture. These results identify the compounds in adhesive mixture,
clarifying the methods of gilding technigue in wall painting and confirm the previous study on the tin
soaps formation. Nevertheless, no specific signals were recognized in the layer between the tin foil
and gold lamina belonging to the adhesive. In conclusion, specific study on the state of
conservation of these samples could provide elements for the restoration interventions on the
artworks in which composite lamina decoration technique is present.

62



3.2 Gild and painted leather

3.2.1 Introduction

In this case study, is describe a study of painting technique of a gilt and painted leather artifact,
paying particular attention to the organic materials contained in the gold varnish and in the paint
layer. Gilt and painted leather was used in the past for interior decoration such as wall hangings,
altar frontals, paintings and other furnishings. The tanned skin was covered by a silver leaf, which
was then burnished and covered by an oil-resinous varnish, containing yellow pigments giving to
the leaf the gold appearance. A paint layer was then applied for decorations. The object under
investigation here is an altar frontal, coming from the church of San Domenico in Orvieto (Fig.
3.9a), which can be dated by style and iconography to the mid-17" century. During the
conservation treatment at the ISCR, various scientific analyses were employed (optical
microscopy, XRF, SEM-EDX, micro-FTIR and micro Raman), which allowed the identification of
most constitutive materials; an interesting result was the detection of indigo for depiction of petals
of the blue flowers.[170] More difficult was the identification of the components of gold varnish, in
particular to recognize the type of resin. The procedures for preparing gold varnishes are described
in ancient recipes, which often give imprecise names to the components. We have thus considered
it a good challenge to use ToF-SIMS technique, to complete the characterization of painting
materials and to compare results with those obtained by other analytical techniques. To the best of
our knowledge, this is the first application of ToF-SIMS to the study of gilt and painted leather
artifacts.

3.2.2 Materials and methods

ToF-SIMS investigation of standard samples of siccative oils (raw linseed oil, stand oil and walnut
oil) and natural resins (colophony, shellac, gamboge, sandarac, arabic gum and dammar) was
performed (data not shown) in order to compare results with those obtained from samples taken
from the artifact. Standards were dissolved in a small volume of chloroform or ethanol and placed
on a glass slide. ToF-SIMS investigation of gilt and painted leather presented in this work was
carried out on two scraped fragments: sample 1 (Fig. 3.9b) is a portion of a flower painted with
various shades of a blue pigment, which has undergone extensive darkening, and sample 2 (Fig.
3.9¢) was taken from a portion of gold varnish background close to a white flower; the sample
contains white pigment paint brushes (Fig. 3.9, area A). Samples were adhered to standard SEM
stub immediately prior to introducing it into ToF-SIMS load lock; no further sample preparation was
performed. Analyses were performed on a TOF.SIMS V (ION-TOF GmbH, Minster, Germany)
equipped with a Bi liquid metal ion gun. A 30-keV Bi; ion beam was selected with an incidence
angle of 45° operating in the high mass resolution bunched mode.[56] The ion beam was rastered
over an area of 500 x 500 ym? for 120s in order to remain below the static limits. Charge
neutralization was obtained by using low energy electrons supplied by the instrument’s pulsed
electron flood gun. Secondary ions were extracted with 2 keV voltages and were post accelerated
to10 keV kinetic energy. Both positive and negative polarity spectra and images of the distribution
of elements and molecular fragments were recorded. Infrared analyses of the same samples were
performed by a Thermo Scientific Nicolet iIN10 FTIR Microscope. Analysis was performed by
operating in transmission mode using a diamond cell and by micro-ATR using a Germanium slide-
On Micro-Tip ATR accessory. Spectra were collected in the 4000 to 650 cm™ spectral range, using
a Nitrogen cooled MCT detector.
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3.2.3 Results and discussion

A fragment of gilt and painted leather sampled from a blue flower was embedded in polyester resin
in order to perform a cross section analysis, while a second fragment was left untreated.
Contaminations from sample handling and abundant presence of resin over the cross section
surface have made it difficult to characterize the embedded sample by ToF-SIMS.

Figure 3.9. Gilt and painted leather artifact examined. (a) San Domenico altar frontal general view; (b) detail of sampling
area 1; (c) detail of sampling area 2; (d) microscope image of sample 2 showing white (A) and gold varnish portion (B).

However, cross section was analyzed with optical microscopy and SEM-EDX; results have been
discussed in a previous publication. [12] On the other hand, SIMS studies of the not embedded
fragments were performed. Figs. 3.10a-3.10c show positive ion SIMS spectra of the blue area in
sample 1. Peaks of sodium (m/z 23), aluminum (m/z 27), titanium (m/z 48), iron (m/z 56), copper
(m/z 63) and calcium ions (Ca*, m/z 40; CaOH", m/z 57; Ca,OH", m/z 97; (CaO),H", m/z 113;
(CaO);H", m/z 169) were detected. Cluster of lead (m/z 208, 416, 624 and 832), lead oxides
(PbO*, m/z 225; Pb,O*, m/z 432; Pb3O,", m/z 656 and Pbs;Os", m/z 672) and lead hydroxides
[(PbO),H", m/z 449; Pb,O3Hs", m/z 467 and Pbs;O,H", m/z 689] were localized in correspondence
of round protruding masses and white efflorescent crusts present onto paint surface as also
reported by Bonn et al.[94] The region of the spectrum ranging from m/z 200 to 400 (Fig. 3.10b) is
the most important for the determination of organic pigments, binding media and varnishes.
Positive mode revealed the presence of indigotin due to the detection of peaks relative to the
molecular ion (M + HJ) at m/z 263 (C16H1:N,0O,) and to the characteristic fragmentation of the
molecule at m/z 247 (C1H11N,O). These results are consistent with the ToF-SIMS studies of the
indigotin used on ancient textile performed by Lee and coworkers [82] even though the
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experimental conditions and dye sample were different. In the altar, frontal indigo is present in the
dark blue petals of some flowers. Here, the pigment is used in an oil binder applied directly in a
very thin layer over the gold varnish and is mixed with lead white added in varying proportions to
obtain shadows, highlights and half tones. Due to the thinness of the blue paint layer, showing
isolated cracking, the gold varnish underneath is also visible by surface analysis, and the
molecular signature from the presence of an old resin has been proved by cluster SIMS as well as
by infrared spectroscopy (FTIR). Natural resins were the most common component of gold varnish
and can be divided into those produced by conifers and those from non-cone-bearing trees.
Conifers produce oleoresins containing at least one of five primary diterpenoid acids, all of which
isomerize to abietic acid upon aging. Several studies focused on art, and archeological artifacts
have characterized the oxidative products found in varnishes subjected to accelerated photo-aging
processes or analytic studies on naturally aged resins.[163,171-172] In the positive ion SIMS
spectra of sample 1, ion peak at m/z 299 (C,H»;0,) (Fig. 3.10b) suggests the presence of
diterpenoid acids and in particular this signal could be attributable to A6-dehydroabietic acid and
the peak at m/z 282 (C,oH,s0) representing hydroxyl group loss from this molecule.
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Figure 3.10. ToF-SIMS spectra in positive mode of sample 1 (a,b,c) and fresh colophony reference sample (d).

Additional characteristic peaks of fresh colophony reference sample are shown in Fig. 3.10d. [M +
H'] ions at m/z 299 (C,oH»70,), m/z 315 (C,H,703) and m/z 331 (CxH,;04), each differing from the
next by a single oxygen atom, indicate the presence of oxidation products of abietic acid. In
particular, the molecular formula of C»H»;0,4 of the m/z 331 peak was expected to be 15-hydroxy-
7-oxo-dehydroabietic acid, oxidation product of 7-oxo-dehydroabietic acid (m/z 315). Therefore, the
olecular formula of C,H»;O,4 of the m/z 299 peak indicates the lack of the oxo group and the
presence of an additional double bond with respect to 7-oxo-dehydroabietic acid.
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sample 2 (g,h).
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This molecular formula was attributed to A6-dehydroabietic acid, dehydration product of 7-oxo-
dehydroabietic acid, by Proefke and Rinehart during their studies voted to determine, by using fast
atom bombardment mass spectrometry (FAB/MS), the composition of the resinous material
recovered from the wrappings of an Egyptian mummy. [164] In addition, two peaks at masses m/z
269 (Cy9H250) and m/z 253 (Cy9H,s) represent a part of the gradual loss process of carboxylic
group from the C20 peaks. The negative ion spectrum of sample 1 in the mass range of 0—400 m/z
is reported in Figs 3.11e and 3.11f. In the negative ToF-SIMS spectrum ions indicative of elements
and fragments, such as phosphorus (m/z 31), sulfur (m/z 32), chlorine (m/z 35), carbonate (m/z
60), cluster of lead oxides and hydroxides (m/z 224, 240, 463 and 687) were observed, together
with ions indicative of proteinaceous components and phosphate-containing compounds at m/z 26
(CN), m/z 63 (PO, ") and 79 (PO3 ).

The m/z 200—400 region of negative ion ToF-SIMS spectrum shown in Fig. 3.11f is dominated by
the peaks at m/z 313, 278, 259 and 243. In the negative ion mode, the 20 carbons of diterpenoids
could be represented by the peak at m/z 313 in the molecular formula of [M—H]", corresponding to
7-oxo-dehydroabietic acid. The constant mass loss in these compounds suggests a fragmentation
or rearrangement process leading to the additional peaks at m/z 278, 259 and 243. Sodhi et
al.[121] considered ambers and standards (abietic acid) ToF-SIMS spectra, obtained in negative
polarity mode, more interpretable in terms of identifying major peaks. On the contrary, in the
present study, the colophony deposited onto glass surface does not provide in this mass range
satisfactory negative secondary ion spectra. Signals consistent with the presence of colophony
(data not shown) were observed also in the positive ion SIMS spectra from the gold varnish portion
of sample 2 (Fig. 3.9d, area B). A more detailed ToF-SIMS characterization of natural diterpenic
resins will be presented elsewhere. The other point of analysis corresponds to a lead white portion
over the gold varnish area of sample 2 (Fig. 3.9d, area A). Fatty acids, fatty acid soaps and ions
from aliphatic chains of fatty acid moieties were observed (Figs 3.11g and 3.11h) as well described
by Boon.[83] Spectra obtained by using cluster SIMS in positive mode still show the peaks of lead,
lead oxides and lead hydroxides.

In addition in areas where varnish cracks have left the silver surface unprotected, thus more
exposed to oxidation damage, cluster of silver (m/z 107, 214, 321, 428 and 535), silver oxides (m/z
355 and 573) and silver chlorides (m/z 250 and 395) was detected (data not shown). In the lead
white area, characteristic positive ion peaks representative of the binding media were observed.
Protonated stearic acid (m/z 285), its acylium ion (m/z 267) and lead soaps of palmitic (m/z 463)
and stearic acids (m/z 491) were detected (Figs 3.11g and 3.11h). Furthermore, characteristic
peaks of oil paint in this sample are represented by diacylglycerols of palmitic acid (m/z 523 and
551). In the negative SIMS spectrum of the white area of sample 2, the presence of free fatty acid
was confirmed by the signals of deprotonated palmitic (m/z 255) and stearic (m/z 283) acids (Fig.
3.11i). The FTIR study performed on samples 1 and 2 confirmed results obtained by ToF-SIMS. In
particular, FTIR analysis of the white portion of sample 2 (Fig.3.9d, area A) shows characteristic
bands of lead white (3536, 1400, 1045 and 681 cm™), oil (2920, 2852, 1730 cm™) and fatty acid
lead soaps (carboxylate band at 1530 cm™) (Fig. 3.14, spectrum A). On the varnish portion (Fig.
3.9d, area B), a FTIR spectrum was obtained (Fig. 3.14, spectrum B) very similar to the reference
colophony. More pronounced C—H bands at 2920 and 2852 cm™ indicate the presence of oil.
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Figure 3.1. Micro-FTIR spectra of sample 2 compared to reference spectra. (A) White portion: reference lead white and
(B) gold varnish portion: reference colophony

3.2.4 Conclusions

This work confirms the potential of cluster SIMS as an analytical tool to study paint sample
containing oil, dyes and resins. This was applied to the characterization of two scraped fragments
of a gilt and painted leather artifact. ToF-SIMS analyses proved the presence of indigo to depict
blue petals of the flowers Lead white in an oil binder was employed to depict white areas as
resulted by the presence of palmitic and stearic acids signals with their diacylglycerols, lead soaps,
lead oxides and hydroxides. The comparison of positive ion spectra of indigo paint and gold
varnish sample areas with those taken from standard samples of natural resins suggested the
presence of colophony. Additionally, a more exhaustive interpretation of colophony ToF-SIMS
results was reported. Silver chlorides, oxides and sulfides were detected where the silver leaf was
not covered by the gold varnish. Results obtained by ToF-SIMS integrate and complete data
obtained by other analytical techniques. Work is still in progress to complete the characterization of
the painting materials.
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3.3 Gilding decoration on stone: the case of Etruscan cinerary
urn

3.3.1 Introduction

A sample coming from an Etruscan cinerary urn belonging to the funerary hypogeum complex of
Cacni family of Perugia (Italy) [173], was investigated. The precious findings are dated from Il to |
century before Christ. The entire complex is constituted by more than twenty exemplars and
represent the employ of different execution techniques: from the aged and simplest boxes, finished
with stucco, to urns decorated with high-low reliefs and paintings. Almost all urns have an
inscription with the name of the deceased, which has allowed to rebuild the Cacni’s family tree.
The cinerary urn object of this study, is built of travertine blocks and decorated with low and high
reliefs. The artwork was enriched with colors and gildings, whose residues are still present on the
artifact surface (Fig. 3.13). The cross section obtained from the inclusion of the sample in
polymeric resin, represents a portion of gilding. The sample initially observed at the optical
microscope, was then analyzed by using SEM-EDS and ToF-SIMS techniques.

Preliminary SEM-EDS analysis was performed on cross-section in order to discriminate the layers
composing the stratigraphy. ToF-SIMS was used to detect and map both molecular and elemental
species related to the gilded decoration. In particular, the study was focused to identify the
adhesive medium of the gold leaf, finding the evidence to define the procedure adopted in ancient
time for the gilding of stone artworks. The results obtained could shed light on the use of organic
compounds as adhesive since Etruscan time.

Figure 3.13. Etruscan cinerary urn from which the sample studied was collected.

69



3.3.2 Materials and methods

The investigation was carried out on a cross section taken from the gilded portion of the urn during
a restoration operation. The sample is made up only of the gold foil and the gilding preparation
layer. The sample was observed with an optical microscope under visible and ultraviolet light
(Olympus AX70 equipped with Hg short arc HBO lamp, Olympus, Tokyo, Japan) and at a later time
was glued onto a SEM stub immediately before introducing it into ToF-SIMS load lock. Scanning
electron microscopy with X-ray micro analysis measurements were performed using a Zeiss EVO
60 (ZEISS EVO 60, Carl ZEISS SMT,Germany), an environmental scanning electron microscope,
equipped with an INCAX-sight dispersive X-ray spectrometer (Detector 7636 Energy EDS,Oxford
Instruments, Palo Alto, CA) for elemental characterization of the samples. The analyses were
carried out at pressure of 100 Pascal without a conductive coating. Secondary ion mass
spectrometry analyses were performed with TOF-SIMS V (ION-TOF GmbH, Munster, Germany)
equipped with a Bi liquid metal ion gun. A 30 keV Bi;** ion beam was selected with an incidence
angle of 45° operating in the high mass resolution bunched mode. The ion beam was rastered over
an area of 200x200 um with an ion dose density below the static limit (10™* ion/cm?). Charge
neutralization was obtained by using low-energy electrons supplied by a pulsed flood gun. Both
positive and negative polarity spectra and images (1024x1024 pixels) of elements and molecular
fragment distribution were recorded. All secondary ion images were normalized to the total ion
image and filtered with an averaging filter in order to remove topographical effects, and salt-and-
pepper noise.

3.3.3 Results and discussion

In the visible light image of cross section are clearly identify the layer of gold leaf and the
preparation layer (Fig 3.14a). In the sample observed under UV light, no fluorescence was
observed (image not shown). This evidence could represent an indicator of the absence of an oily
compound in the binding media used for the gold lamina. SEM-EDS analysis confirm the presence
of a pure gold leaf on the top of the cross section. In addition, EDS maps of Al ,Si, and Fe suggests
that gold leaf was deposited over a ochreish layer. Furthermore, the presence of calcium below the
ochre layer hypotheses the use of a white lime-based preparative layer (Fig. 3.14). The detection
of inorganic elements in SEM-EDS analysis, have found confirm in the results obtained from ToF-
SIMS measurements. In the Fig. 3.15, are shown the positive ion maps of the element composing
the ochre. The distribution of aluminium (m/z 27), silicon (m/z 28) and iron (m/z 56) ions was
mapped in correspondence of the gilding preparation layer. Furthermore, the positive ion mass
spectra showed the distribution of aliphatic chain fragments [C,H2,.1]" (1=sn<5) (Fig. 3.15c). Their
signals are distributed on the total analyzed area, but more concentrated in correspondence of
gilding preparation layer. These data along with the detection of a weak signal of NH," (m/z 18) in
the same area, could belong to a proteinaceous compound used as binding media (Fig. 3.15b). To
reinforce this hypothesis, in the negative ion spectrum were recognized the fragments of CN™ (m/z
26), CNO" (m/z 42), S" (m/z 32) and HS™ (m/z 33) that could be representative for the presence of
protein derived from a glue, commonly used in the past practice [12]. Moreover, in the negative ion
spectrum was also detected and mapped the gold ion, Au™ (m/z 197). All the negative secondary
ion images of molecular fragments and ions are shown in Fig. 3.16.
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Figure 3.14. SEM mapping of main elements found in cross-section. Visible light optical image (a) and back scattered
electron image of cross-section (b). X ray maps of silicon (c), calcium (d), iron (e) and gold (f).

e 2TC 5 - 04 ” (f)

Figure 3.15. Main positive ion images detected in the cross section. Total positive ion image (a). The detection of NH,"
(b) and the sum of CnHan.1 * fragments (c) identify the presence of a proteinaceous compound in the preparation layer.
Aluminium (d) silicon (e) and iron (f) identify the ochre.
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Figure 3.16. Main negative ion images detected in the cross-section. Total negative ion image (a). Maps of CN (b),
CNO’ (c), S" (d) and HS™ (e) could indicate the presence of a proteinaceous compound in the ochreys layer as binding
media. The gold leaf was detected on the top of the sample (f).

Furthermore, the detection of a proteinaceous compound could be indirectly identify to the
presence of calcium oxalate, a degradation product of calcite in correspondence of calcium
distribution in the plaster layer. The calcium ion was mapped in the cross section as residue
belonging to the plaster localized between the travertine and the ochreish layer (Fig. 3.17a).

The sum of calcium oxalate molecular ion CaC,0O, (m/z 128) and calcium oxalate fragments
CaC,05'(m/z 112), CaC,0," (m/z 100), CaC,0" (m/z 88), CaC, (m/z 64) CaC" (m/z 52) is mapped
in positive secondary ion imaging and shown in Fig. 3.17 along with the positive ion map of
calcium ion (Ca®, m/z 40). This product could be formed by the reaction of degradation of
proteinaceous compound mixed in ochre layer in contact with the calcium carbonate underlying.
Furthermore, the presence of calcium compounds fragments could also likely belong to calcium
containing adhesive, as casein, but its identification has not been proven. In addition, no entire
molecules to justify the presence of animal glue were found. Thus, considering the aging of the
artwork is plausible hypothesize the degradation of proteins structure, which does not make an
identification unambiguous of entire molecule.

;1| 45 e s e e (a) y.,q.) Y -“. ;:I., lJ'.I “: n’k’ :;‘M' ents (b)
Figure 3.17. Positive ion maps of calcium (a) and calcium oxalate detected in the same area (b).
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3.3.4 Conclusion

The Etruscan urn was studied coupling SEM-EDS and ToF-SIMS analysis. The peculiarity of ToF-
SIMS technique to detect and map inorganic and organic compounds in the same run of analysis,
was exploited to chemically characterize the sample collected from the archaeological finding. The
results have confirmed the elemental distribution of inorganic compounds long the preparatory
layer and the gilding preparation. The ochreish layer was applied to prepare the stone to the
decoration with the gold leaf. The choice of this type of material and colour was generally adopted
to give a warm effect below the decoration. The binding media in the ochre mixture was recognized
as a proteinaceous based adhesive, probably derived from animal glue. The detection of amide
group in the layer below the gold decoration, along with the alteration of the calcite layer in calcium
oxalate, suggest the use of a proteic glue as binder. A specific recognition of type of proteins in the
adhesive mixture has not been possible. Due the antiquity of the artifact, it seems plausible not to
find these organic molecules perfectly preserved.
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3.4 Saint Wilgefortis Triptych by Jheronymous Bosch

3.4.1 Introduction

As described until now, ToF SIMS is a valuable tool for cultural heritage studies, especially when
used in conjunction with established analytical technigues in the field. Potentiality of chemical
imaging of the 2D distribution of molecules in the same region of mass spectra acquisition
represents a powerful feature in the domain of cultural heritage materials for also the better
understanding the artistic procedure of the painters. The recent restauration of Jheronimus Bosch’s
masterpieces in occasion of Bosch Research and Conservation Project has permitted the
knowledge of Flemish master technique and the state of conservation of his paintings [174]. In
particular, the investigated artwork in this study represents an extraordinary example of paint on
wood. The analyses were performed on the triptych entitle Saint Wilgefortis Triptych, exhibited at
Gallerie dell’Accademia in Venice and described as an oil on oak. The analyses were realized on
two cross-sections coming from the red dresses of two male figures (samples C6 and C7).
Preliminary investigation with optical microscopy under visible and ultraviolet light, SEM-EDX and
micro-Raman spectroscopy were conducted on the samples in occasion of the restoration phase,
but the data will not shown in this thesis, these data are to be published. ToF-SIMS analyses were
performed operating in delayed extraction of secondary ions, that permit to combine sub-
micrometer spatial resolution mass spectrometry images at the surface of the sample together with
high mass resolution in the same acquisition run. The potential of delayed extraction mode in order
to discriminate very small region in a painting cross-section was recently employed, providing
precise chemical information on the spatial distribution of the different compounds and to detection
of metal soaps [175].

3.4.2 Materials and methods

The artwork of Saint Wilgefortis Triptych is composed of three oak panels. During a past
restoration, some micro samples were collected in order to perform cross-sections. All the painting
samples were embedded in a polyester resin. Two of them (samples C6 and C7) were the samples
investigated here and both were collected from red areas, nearness of lacunas. The sample C6
was obtained from the red dress of male figure in foreground to the right on the central panel. The
second cross-section, sample C7, was collected from the red sleeve of the soldier depicted on the
right wing of the triptych (Fig. 3.18a). The main chemical characterization study of the samples
presented in this work was carried out with time of flight secondary ion mass spectrometry. The
ToF-SIMS experiments were performed with a TOF-SIMS V mass spectrometer (ION-TOF GmbH,
Munster, Germany) equipped with a bismuth liquid metal ion gun. A 30 keV Bis;"" ion beam was
selected with an incidence angle of 45°. The emitted secondary ions were accelerated to a kinetic
energy of 2 keV toward field-free region. Secondary ion were post-accelerate to a kinetic energy of
10 keV before hitting the detector composed of a micro-channel plate, a scintillator and a
photomultiplier. Charge neutralization was obtained by using low-energy electrons supplied by a
pulsed flood gun. The extraction voltage was set to 1 kV and the delay time was 1.1 s, operating
in high mass resolution bunched mode. Delayed extraction acquisition mode was successfully
employed to characterize artwork samples [89]. The consequences mass and spatial resolutions of
Pb* ion peak were 3,5 and 0,5 um respectively. The ion beam was rastered over an area of 200 x
200 pm? with an ion dose density below the static limit (10™ ion/cm?). Both positive and negative
polarity spectra and images (512 x 512 pixels) of elements and molecular fragments distributions
were recorded.
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Figure 3.18. Bosch’s Saint Wilgefortis Triptych with sampling areas of samples C6, C7, (a). Figs. b and ¢ show the
optical microscopy images of cross section under UV light and the graphic outline of samples C6 and C7, respectively.
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All secondary ion images shown were normalized to the total ion image and filtered with an
averaging filter in order to remove topographical effects, and salt and pepper noise. Mass spectra
were internally calibrated using C*, CH", CH,", CH3", C,H,", C,H3", C,Hs", C3Hs' in positive ion
mode and C, O, OH’, C,H’, C3, C3H in negative mode, respectively. The data were acquired and
processed using the SurfaceLab 6.4 software (ION-TOF GmbH, Munster, Germany). Initially, for
each cross-section will be summarized the preliminary results obtained with the other analytical
techniques during the restoration phase, but only the data concerned the ToF-SIMS analysis will
be shown.

3.4.3 Results and discussion

Cross-section C6 preliminary results

The preliminary UV and VIS optical microscopy observations of the sample C6 have identify the
presence of seven layers (Fig. 3.18b). SEM-EDS and micro-Raman analyses have supplied
specific information regarding the elemental distribution and the class of organic compounds
present in the stratigraphy as well as the presence of different degradation products. As shown in
the graphic outline present in Fig. 3.18b, starting from the bottom the sample presents the first
preparatory layer in which calcium carbonate and protein-based glue were recognized. Moreover,
Raman-spectroscopy have also identify the presence of weddellite (CaC,042H,0) a common
degradation product of protein. The remaining six layers of the pictorial layer are constituted of a
very thin oil-based isolating layer (second layer) and a succession of reddish and pinkish layers
covered by a varnish layer, presumably. The first red layer (third layer) was identify as cinnabar
and the pinkish superimposed layer (fourth layer) was recognized as lead white in which some red
lake particles are dispersed. The last reddish layer (fifth layer) probably appears to be made of a
red lake hint. In the sixth and seventh layers were recognized a varnish and a grey alteration,
respectively. The nature of the varnish and the binding media of the painting have not been clearly
identified with the analytical techniques cited, except to the protein in the ground layer. In
particular, the presence of lead soap detected with Raman spectroscopy in the lead white layer
hypothesize an oily binder (data not shown). Afterwards the ToF SIMS results will be illustrated
clarifying the present of organic compounds in the cross section.

Cross section C6 ToF-SIMS results

ToF-SIMS analyses of the C6 cross section have confirmed the compounds of preparatory first
layer based on proteinaceous binder and calcite. In order to characterize the preparation in the
sample, calcium containing ions were tracked in the positive and negative mass spectra (Figs.
3.19a and 3.19f). The presence of CaCO3; was confirmed in positive ion mode with the detection of
Ca’, calcium oxides Ca,O",1, (CaO),H" and Ca,O,,H" with 2<sn<14 (Fig. 3.19b) and calcium
carbonate fragments CaC*, CaCO", CaCO," and CaCOs;" (Fig. 3.19c). Furthermore, calcium oxide
(CaO) and carbonate group (CaCO;3; and CO;) were recorded in negative ion mode (Fig. 3.19h).
The characterization of proteinaceous binder was possible to the identification of NH," fragment in
positive ion mode (Fig. 3.19e) and the detection of CN", CNO" and the trace of HS ions in negative
polarity (Fig. 3.19g). No fragments belonging to the amino acids characterizing the animal glues
were recorded in the positive ion mass spectrum, expect for the NH," ion [176]. This could be due
to the degradation of the protein molecules over the time. In addition, the presence of weddellite
recognized with the Raman spectroscopy (spectrum not shown) is confirmed with the identification
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of calcium oxalate fragments, CaC,0," and CaC,05;", CaC,0," in the positive ion mass spectrum
(Fig. 3.19d). The calcium oxalate is generally observed in artworks as a possible transformation of
organic materials, usually proteinaceous compounds [12].

According to the detection of calcite and organic components, the thickness of the ground layer
estimated to be between 80-100 um. The map distribution of calcium and organic signals is co-
localized not only in the first layer, as was expected to be, but there is also a weak distribution of
Ca’ and a marked presence of CN" and CNO™ groups in correspondence of one of two external
painting layers (sixth layer). This evidence could suggest also the use of calcium caseinate, largely
diffused in the past restoration practice, but further investigation are needed.

€ (@) e (h)

- 004 A e

Figure 3.19. ToF SIMS results on C6 preparation layer. In Figs. a and f, are shown the total distribution of positive and
negative ion maps. Calcium oxides (b), carbonates (c, h) and oxalate (d) confirm the presence of calcite in preparatory
layer along with a proteinaceous compound signals mapped in secondary positive (e€) and negative ion maps (g).

The characterization of the successive painting layers with ToF-SIMS technique has permitted to
confirm origin of inorganic pigment and their degradation products, to identify the organic binder,
as well as the recognition of modern polymer. Fig. 3.20 shows the positive and negative secondary
ion maps of the main inorganic compounds detected in the pictorial layer. ToF-SIMS analyses
carried out on the second cross-section layer did not provide a comprehensive answer to the
identification of the black pigment, previously observed by optical microscopic. The distribution of
C", albeit homogeneous throughout the analyzed area, may suggest the use of a charcoal-black
(data not shown).

In the third layer the presence of cinnabar (HgS) is confirmed by the distribution of sulfur ions in the
red area (Fig. 3.20a). The detection of Hg ion has not been possible due to the degas effect of this
element under UHV condition. The thickness of cinnabar layer was measured approximately 10-15
pm.

The fourth layer was previously recognized as lead white. Lead ions, lead oxide cluster ions
detected as Pb," (1=n<6), (PbO)," (1sn<6), Pb,0" (n=2,3 and 4), Pb,0" .1 (1sn<6), Pb,O n:1
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(1=n<6), (PbO,), (n=1 and 2) and Pb,On.» (N=3,4,5 and 6) confirm this data in positive and
negative secondary ion maps, respectively (Figs.3.20b and Fig.3.20d). Furthermore, localized in
the same area the presence of lead chloride ions (PbCI, PbCIO", PbCI2"° PbCIH and PbCI,OH")
were recorded (Fig. 3.20e). The lead chloride ions detected could belong to the mineral laurionite
(PbCIH). It occurs as an oxidation product in lead ore deposits, and is also produced on lead-
bearing slag by reaction with saline solutions Besides, the chlorination of lead white could be
correlated to the high concentration of chlorides that characterize the atmosphere of the Venetian
lagoon. Nevertheless, Noun et al. have recently given an explanation to the chlorine associated
with lead white related to a historical method of production of the white pigment, known as Dutch
process [89].

Could be many reasons to explain the presence of chlorine in painting, so it is not possible to
provide a unique answer to this evidence.

In the end, the negative ion map of CI" is superimposed immediately on of the cinnabar layer (Fig.
3.20f), it could be assumed that part of the chlorine signal was also derived from the alteration of
HgS in Hg,Cl, due to the exposition to a rich chlorides atmosphere [90]. This hypothesis is not
supported by the others analytical techniques, that have not revealed the presence of calomelan
(Hg.Cly), but seems the more probable and would justify the presence of chloride ion in lead white
layer. The lead-white layer is distributed in the cross-section with a thickness of between 10 and 20
pm.
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Figure 3.20. ToF-SIMS imaging of C6 pictorial layers. Negative maps of sulphur (a) and (f) identify the presence of
vermilion (HgS) and its degradation product calomelan (Hg2Cl,) in the third layer, respectively. Positive ion maps of lead
(b) and lead oxides (c), along with negative ion maps of lead oxides (d) and lead chlorides (e) identify the lead white
layer in the fourth layer.

In the fourth layer of the sample C6, were also detected weak peaks likely belonging to the lead
soaps. For verify this signals a region of interest (ROI) was drawn in correspondence of Pb* area,
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so as to avoid the matrix effect of the surrounding area and collect the signal coming only from the
lead white layer. The Fig. 3.21a shows part of the positive ion mass spectrum of the ROI. In
correspondence of Pb* positive ion map (Fig. 3.21b), the sum of positive ion palmitic and stearic
lead soaps (Mm/z 461-463 and 489-491) is recorded (Figs. 3.21c-d). Lead soaps are a buffing
problem for the state of conservation of the artworks because they produce cracks, white
aggregates and discontinuity on the painting layers, causing aesthetic and chemical damages.
Resulting from a long interaction between oil and lead pigments, their revelation identifies the class
of binders in which the pigment is dispersed [107-177]. The identification of lead soaps could clarify
the type of the oily medium used by Bosch in his masterpiece.
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Figure 3.21. Lead soaps detection in the fourth layer of C6 cross-section. Positive ion mass spectrum (a) shows two
cluster of peaks belonging to palmitate (m/z 461-463) and stearate (m/z 489-491) lead soaps recorded from the ROI
drawn on the lead white layer (b). Palmitate (c) and stearate lead soaps (d) fragments correspond on the same area of
Pb".

Fragments ions of fatty acids (m/z 71, 85, 99, 113, 127, 141, 155, 169, 183, 197, 211, 225, 239)
were detected and map in all painting layers [84]. This, along with the detection of negative ions of
deprotonated myristic (m/z 227), oleic (m/z 281), palmitic (m/z 255) and stearic acids (m/z 283) are
indicative of the distribution of the oil binding medium in the paint layers (Fig. 3.22).

The recognition of the type of oil used in the paintings is based on the measurement of the relative
amounts of palmitic and stearic acid (P/S). The use of ToF-SIMS technique was successfully
adopted for the identification of oil nature in individual layers of paintings cross section [119]. A P/S
ratio lower than 2 suggests the presence of linseed oil in the layers. A ratio larger than 5 could
identify the use of poppy seed oil in the artwork and the intermediate ratio could suggest the
presence of walnut, poppy seed oil or mixtures of them. The P/S ratio calculated for the painting
layers, ranging from 1.07 to 1.2, indicating the use of linseed oil. The pictorial medium seems to be
the same throughout the cross-section.

ToF-SIMS investigations aimed at the recognition of red lake dispersed in the lead-white layer and
in the fifth layer, did not produce a satisfactory result. Some peaks detected in negative ion mass
spectrum (m/z 240, 223 and 206) could hypothesize the presence of Alizarin in the cross-section
(data not shown). A univocal identification of the dye cannot be certain because in the same layer
Pb,On," negative ions were co-localized. Lead oxides own molecular weights very similar to the
possible fragments of alizarin and could cover the weak organic dye signals by matrix effect.
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Overlapped to the fifth layer, the sixth layer was identified as an animal glue, possible linked to a
past restauration thanks to the distribution of Ca® and CN" and CNO™ groups in the positive and
negative ion maps (Fig. 3.19). In correspondence of external layer (seventh layer), siloxane
compound fragments were observed. The PDMS is known in ToF-SIMS studies as one of the main
contaminant species [178]. In this case the distribution of the recorded signals was map along the
last layer. Moreover, part of the signals seems apparently penetrate into the early layers of the
painting. The sum of these fragments (Si*, SiH*, SiICO*, SICHO" clusters) is shown in Fig. 3.23.
The thickness of polymer layer was measured 10-20 pum, approximatively.

In the 1980s, the use of silicon based products has began to spread as consolidating in stone
works [179]. With the aim of preserving works of art, it seems plausible that these products have
been experimented or adapted to paintings on wood. The recognition of siloxane compound could
derive to a past operation of restauration even if the use of these compounds in paintings is
unusual. Given the nature and sequence of the overlapping of the last two layers (sixth and
seventh), it is plausible to presume that two distinct conservative interventions have taken place in
years apart from each other, or hypotize a rehash of the author on the artwork.

Figure 3.22. Negative ion images of fatty acids detected in the C6 cross-section. In figure 5a are summed the
deprotonated molecular ion of myristic (b), oleic (c), palmitic (d), and stearic acid (e).
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Figure 3.23. Positive ion mapping of PDMS fragments detected in C6 cross section.

Cross-section C7 preliminary results

In this sample, have been also identify the presence of seven layers. The graphical scheme of the
each layer is shown in Fig 3.18c. As observed in the C6 cross-section, preliminary analyses
identify in C7 sample a first layer composed of CaCO; and proteinaceous binder. In the second
layer lead white was identified. Moreover, lead white and charcoal-black were detected in the third
layer. For both layers, an oily binder was assumed. A layer of varnish appears to constitute the
fourth layer, no identification of its nature was provided by the Raman analysis. Red pigment (fifth
layer) was identified as cinnabar. Furthermore, the presence of calomelan (Hg,Cl,) was detected in
the sixth layer, attributed to the HgS chemical alteration. In the final layer (seventh layer) was
hypotized the presence of a painting retouch.

Cross section C7 ToF-SIMS results

In the positive mass spectrum of cross-section C7, calcium ion, calcium oxide and hydroxide were
detected. Moreover, the presence of CN™ and CNO™ groups recorded in the negative mass
spectrum and mapped in the same area of calcium adducts, has confirmed the use of
proteinaceous compound as binder in the preparation layer along with the CaCO; used as inert
(Fig. 3.24). According to the detection of calcite and organic components, the thickness of the
ground layer was estimated to 100 um. In the second and third layers, the only presence of lead-
white was detected. ToF-SIMS analysis have not found signals attributable to the charcoal-black
revealed with the other analytical techniques in the third layer. The distribution of Pb* ion and lead
oxide cluster ions (PbO)," (1=n<6), Pb,0" (n=2,3 and 4), Pb,O" .1 (1=n<6), (PbO,), (n=1 and 2)
and Pb,O".., (n=3,4,5 and 6) are shown in Fig. 3.25, in positive (Figs. 3.25a-b) and negative (Fig.
3.25c) polarity, respectively. Unlike sample C6, in this case no signals belonging to lead metal
soaps were found. This could depends to a different ratio between the oil binder and the white
pigment in that specific fragment. Furthermore, it is not excluded that the triptych, was dismantled
and stored in different location during the past, but further information about the history of its
conservation conditions are needed.
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Figure 3.24. ToF-SIMS imaging of C7 cross-section. Positive and negative ion maps of the area analyzed (a-c). Calcium
oxides (b) and cyanate group (d) characterize the preparatory layer.

The total thickness of second and third layers was calculated to be about 20 um. Lead oxides
clusters were noticed on the surface along with the cinnabar pigment. This could suggest the use
of lead white pigment in the mixture. The reddish fifth layer was recognized as cinnabar, thanks the
detection of S ion (Fig. 3.25d). Furthermore, in correspondence of the sixth layer the investigations
have recognized chlorine ion (Fig. 3.25e) associated with the sulphur ion. The Fig. 3.25f shows the
superimposition of CI" and S ions, confirming the presence of calomelan (Hg,Cl,) as degradation
product of cinnabar (HgS) as previously assumed by observations to the optical microscope. The
thicknesses of cinnabar and calomelan layers were estimated to 20 and 15 pum, respectively. No
organic compounds signals belonging to the varnish present on cinnabar layer descripted in the
fourth layer were recognized. The signals belonging to the cross-section embedding resin were
detected along these pictorial layers, not allowing to clearly identifying the signals of the organic
compounds fragmentation, used as painting medium (data not shown). Nevertheless, weak signals
likely belonging to fatty acids molecular ions were recorded in correspondence of central layers. In
particular, negative mass spectrum shows the presence of peaks at m/z 227, 255, 281 and 283
that could represent deprotonated myristic, palmitic oleic and stearic acids, respectively. The sum
of fatty acid deprotonated ions is shown in Fig. 3.26. The P/S ratio calculated (1,2) identify the
nature of oil binder as linseed oil, confirming the use of the same binder in all the samples
analyzed.

Finally, ToF-SIMS analysis did not indicate the presence of a seventh layer as observed by optical
microscopy investigation. The seventh layer previously described as “retouch” seems to be co-
localized on the same area of chlorine ion. Furthermore, the distribution of chlorine ions was
mapped in the same region of lead area, as seen in C6 sample. This could suggest that the lead-
white pigment was mixed with cinnabar, and the detection of chlorine is imputable to the
degradation products of cinnabar in calomenlan (Hg,Cl,). In addition, positive Pb" ion, lead oxides
cluster and calcium adducts along with negative proteinaceous fragments (CN™ and CNO’) were
also recognized in the same region (Figs. 3.24 and 3.25).
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Figure 3.25. ToF-SIMS imaging of C7 painting layers. lon image of Pb* (a), positive (b) and negative (c) lead oxides
belonging to lead white layer. Sulphur (d) and chloride (e) negative ion maps localize cinnabar and calomelan alteration
product. The overlay of these elements is shown in Fig. f.
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The detection of calcium and lead ions, could regard the use of pigments composed of these
elements blended with cinnabar, in order to compose the reddish shade of the soldier suit. At the
same time, the weak detection of protein fragments may belong to a consolidation intervention
linked to a past restoration, (as supposed in cross-section C6) or represent the testimony of a glue
medium mixed with the inorganic pigments. Nevertheless, it is difficult at the present state of
knowledge explain this evidence.
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Figure 3.26. ToF-SIMS negative imaging sum of fatty acids deprotonated molecular ions, detected in C7 cross-section.
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3.4.4 Conclusion

The high spatial resolution analysis of a cross-sections from Saint Wilgefortis Triptych of
Jheronimus Bosch has provided specific chemical information on the spatial distribution of the
different components. ToF-SIMS analysis has confirmed preliminary results obtained with the
others analytical techniques, like come Scanning Electron Microscopy with Energy Dispersive X-
Ray and micro-Raman Spectroscopy for the recognition of mineral pigments and the preparatory
layer. Furthermore, the ToF-SIMS feature to analyze in a single run both inorganic and organic
compounds in the cross-section, has allowed to identify the nature of oily binder, as well as
alterations due to chemical interaction between different compounds in the layers and with
surrounding environment. Finally, the investigation has provided evidence of past restorations,
likely belonging to two distinct interventions.
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4 Depth profiling and 3D imaging

ToF-SIMS in dynamic mode is an appropriate analytical technique to study multilayer structures
with an accurate depth and lateral resolution. These features were exploited to characterize the
nature and the morphology of metallic objects remained under water per centuries, in order to
study the chemical interaction between the artifact and surrounding environment in a 3D elements
map distribution.

In particular, the case of gilding made with a mercury amalgam on copper metal buckles found
during the dredging of Tiber river (Rome) will be presented. In this case, the investigation was
conducted by using several analytical investigation techniques, with the aim to obtain a complete
overall picture of executive technique, materials, and degradation products. The use of different
type of analytical procedures provides useful information for a better understanding the reactions
that happened in this systems in which different materials were in contact for century each other in
underwater environment. The obtained information were confirmed by the 3D distribution of the
elements and compounds found during the excavation investigations.

4.1 Gilding technique on copper-based buckle

4.1.1 Introduction

Here, is represented the case of a fire-gilding claps, an antique gilding technique carried out by
artists and craftsmen for applying a thin layer of gold onto the surface of different types of metal
artefacts by using a mercury amalgam. Different objects such as jewels, statues, works of art,
weapons, armours, and ornaments were commonly decorated with these amalgam-based
methods. The amalgam was prepared by mixing Au grains with mercury to obtain a paste with
roughly the consistency of butter. This was spread uniformly on the clean oxide-free metal
substrate as thin as possible in order to save the precious metal. Gentle thermal treatment was
then carried out at approximately 250-350 °C, below the boiling point of mercury (357 °C), to
remove a large percentage of the original mercury. The thermal process produced a well-bonded
layer of gold with a variable amount of residual mercury, whose thickness could range from a few
tenths of micron to about one micron. Because of its unevenness and porosity, the final finishing
was carried out mechanically by means of a bone or agate burnisher. This delicately compressed
and compacted the porous structure of the mercury-enriched Au layer, creating a smooth, shiny
surface, similar to that of solid gold [180-181]. The gilded metal artefacts from many years ago,
have likely been subjected to different degradation phenomena caused by the interaction with the
surrounding environment, either underground or outdoor with acid rainwater interaction or indoor
atmosphere, which have almost certainly changed their surface chemical composition and
morphology [182-183]. However, many of the ancient gilded artefacts have been buried for periods
of several hundred years up to about one or two thousand years before being excavated, or, like
many gilded works of art, have been exposed to indoor atmospheres. During the long-term
interaction with the surrounding environment, specific corrosion products are formed with peculiar
structures that are sometimes different from the degradation compounds grown on archaeological
or historical artefacts and generally ascribed to the common degradation pathways [184-186]. In
this work is presented the chemical characterization of a gilded pendant copper-based, naturally
corroded and dating back to 16th—17th centuries.
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The investigated artifact was found during the cleaning operations on the banks of the river Tiber
(Rome, Italy) and has interacted for several hundred years with soil constituents. The information
that can be obtained could be of a great interest for the study of the long-term corrosion. This is
due to the fact that the combined action of different degradation phenomena could have caused
relevant chemical and structural modifications over time.

The main chemical investigations of the surface and sub-surface was carried out using X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy coupled with energy-dispersive
spectroscopy (SEM + EDS) and optical microscopy (OM). Furthermore, for the first time ToF-SIMS
in dynamic mode was exploited to study the sub-surface of a small metallic artifacts. The use of
ToF-SIMS technique in the study of metallic artworks, could be complementary to other near-
surface techniques such as SEM-EDX, XPS and electrochemical methods.

ToF-SIMS depth profiling analysis, allowed to display the 3D distribution of the elements and the
corrosion products along z axis, differentiating the corroded area from the unaltered. Furthermore,
ToF-SIMS used in dynamic mode can provide very high sensitivity analysis with high spatial
resolution, consuming a negligible sample volume that is potentially attractive in the cultural
heritage field. The work was focused to investigate chemical changing occurred in this kind of
ancient metal artifacts, interpreting a number of aspects of the manufacturing methods, and the
degradation mechanisms, clarifying the interactions occurring between metals and their
surrounding burial environments.

4.1.2 Materials and methods

The gold coated buckle was found during the cleaning operations on the banks of the river Tiber
(Rome, Italy) and their surface were investigated in as-received state after a cleaning procedure
carried out by using distilled water and then, ethyl alcohol to remove carbon contamination. In
order to characterize the layered corrosion structures, representative cross-sectioned samples
were produced: small fragments were collected, embedded in epoxy resin for 24 h and then micro-
sectioned by using a diamond saw in order to preserve the structural and chemical features of the
outer layers as much as possible. The sections were then polished with silicon carbide papers until
1200 grit and the final polishing was performed with diamond pastes up to ¥ pum in order to have
flat mirror-like surfaces.

Metallurgical and chemical features were observed by means of a scanning electron microscope
(SEM) Cambridge Stereoscan360 (Cambridge, UK) and a high brilliance, high spatial resolution
LEO Gemini 1530 (Zeiss, Germany) field emission scanning electron(FE-SEM) microscopes. SEM
and FE-SEM microscopes are equipped with an INCA 250 and INCA 450 (Oxford Instruments
Analytical, UK) energy-dispersive X-ray microanalysis system, respectively and four-sector back-
scattered electron (BSE) detectors. SEM micro-graphs images were recorded both in secondary
electrons (SE) and BSE modes at an acceleration voltage of 20 kV while the FE-SEM images were
recorded at different acceleration voltages from 1 kV to 20 kV in order to better disclose the nano-
morphological features of the fire-gilded artefacts as for innovative nano-materials. Before the
analysis, the surfaces of the cross-sectioned objects were coated with a thin layer of carbon or
chromium in order to avoid charging effects.

Optical microscopy (OM) investigations were performed by using a Leica LAS multi focus stereo,
MZFLIIl and MEF IV micro-scopes equipped with digital cameras (Leica DFC 320 and 420, Leica
Microsystems, Germany).
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XPS investigation was performed by using an ESCALAB Mk [I(VG Scientific, UK) spectrometer
equipped with standard Al Ka and Mg Ka excitation sources, 1486.6 and 1253.6 eV, respectively.
The size of the analyzed area was about 2 mm in diameter. The spectra were collected at 20 eV
constant pass energy that corresponds to 1.0 eV energy resolution for Ag 3ds, in Ar® cleaned
metal and a base pressure in the analysis chamber of 10°Pa. The binding energy (BE) scale was
calibrated by measuring the C 1 s peak (BE = 285.0 eV) of adventitious carbon due to surface
contamination, Au 4f;, peak (BE = 84.0 eV) from sputter-cleaned Au 99.99%foil and Zr 3d s
(182.3 eV) signal from ZrO,. The accuracy of the BE scale was +0.1 eV. In order to reduce the
sample damage introduced during XPS measurements via dehydration or mercury sublimation or
also X-ray induced reduction and decomposition, short acquiring times were selected and a
suitable copper sample holder cooled by liquid nitrogen was used.

ToF-SIMS measurements was performed by using a ToF.SIMS 5 (ION-TOF Munster, Gmbh,
Germany) secondary ion mass spectrometer, equipped with bismuth liquid metal ion gun (LMIG)
and cesium ion sputter gun. The analysis did not performed on the cross-section. The entire
sample were first analyzed in bunched mode using Bi* at 30 keV as primary beam with dose
density below the static limit (<10 ions/cm?) in order to distinguish deteriorated areas from the
unaltered. A low energy electron flood gun (20 eV) was utilized to investigate the non-conductive
blackish degraded areas. ToF-SIMS depth profiles were acquired in dual beam mode using Bi* (30
keV and pulse width: 15.6 ns) as primary ions and Cs" (2 keV) gun as erosion beam operated in
interlaced mode. Cesium ion dose density was calculated as =108 jon/cm?. The analysis area (100
x 100 pm?) was set at the center of the sputter region (300 x 300 um? and 500 x 500 pm?). All
images were collected at a pixel density of 128 x 128 pixels and with a lateral resolution of 3 pm,
approximately. Secondary ions were extracted at 2 KeV voltage and traveled through the ToF
analyzer for a time of 100 ps per cycle allowing to obtain a mass range from m/z 1 to 800. Mass
spectra were acquired in both positive and negative ion mode. All SIMS images shown, were
normalized to the total ion image and filtered with an averaging filter in order to remove
topographical effects, and salt-and-pepper noise. All the data presented in this case study are
shown in negative polarity, even for elements that are usually easier to detect in positive polarity.

4.1.3 Results and discussion

The presented case study was investigated to identify degradation phenomena occurring in gilded
objects during the long-term burial and to gain further insight into the ancient coating techniques.
The case study was focused on the micro and nano-chemical and morphological features of the
surface of a gilded clasp for bridles. SEM and OM images combined with XPS and EDS spectra
and taken on the areas where gold is still partially present are shown in Figs. 4.1-4.3. Furthermore,
ToF-SIMS mass spectrum of golden area analyzed is reported in Fig. 4.4. In addition, the elements
and compounds detected during the ToF-SIMS depth profile acquisition mode were rendered in 3D
images to better understand the distribution of all the species revealed (Fig.4.5). The obtained
results highlight the complex morphology and surface chemical composition of the plated artefact.

EDS investigation reveals the presence of a noticeable amount of mercury in the gilded layer,
ranging from 7.4 weight percent (hereafter wt%) to about 9.1 wt%, demonstrating that an amalgam
was used to coat the clasp. The co-presence of Hg (m/z 200.02) and Au (m/z 196.96) is confirmed
also in ToF-SIMS investigation (Figs. 4.4-4.5). These elements appear coupled and deposited on
the substrate of copper. In particular, the signal of Au is overlapped to the signal of Cu in ToF-
SIMS 3D images. The 3D distribution of the mercury appears in low amount, as expected
according to the heating procedure of the amalgam (Fig.4.5).
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In addition, SEM and OM images showed that the long-term corrosion has remarkably modified
both the surface and the interface between the copper substrate and the thin gold layer. As a
result, indeed, in some areas only a small amount of the plating remains in situ. The interaction
between the soil components and the clasp has given rise to the formation of different corrosion
products whose nature has been remarkably affected by the character of the soil and of the
artefact. Specifically, plated artefacts, constituted by metals with different electrochemical
potentials, exhibit a peculiar corrosive behavior, which is also influenced by the electrical
connection between the different metals and the water. The latter contains soluble soil components
and thus acts as an electrolyte. The contact enhances the oxidation of the less noble metal, i.e.
copper, which becomes anodic and increases the degradation of the substrate.

Figure 4.1. BSE images and EDS spectra of a gilded clasp for bridles. The results reveal that the plating is composed of
small rounded and flattened grains of gold with a low amount of mercury. The diameter of the grains range from 1 pm to
3 um. OM micro-graph shows the presence of erupting cuprite (Cu20) that has caused the partial removal of the plating.

The amount of current that flows and, therefore, the extent of corrosion depends on many
variables. Some of these parameters are of major importance: the chemico-physical parameters of
the burial environment (chemical composition, pH, resistivity etc.) the difference in the
electrochemical potential of the metals, the presence and nature of the electrolyte and the micro-
chemical structure and the metallurgical features of the metallic substrate and of the noble metal
layer. These factors can cause different chemical and structural transformations in the artefact
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giving rise to the formation of a wide range of possible mineral species [184-185,187-189]. The
BSE image of Fig. 4.2 shows that the thickness of the gilded layer is less than 10 um, as often
observed by other authors in Roman and Barbarians artefacts [180, 190-191] and EDS analyses
do not detect the presence of Au and Hg in the substrate under the gilded layer thus excluding the
occurrence of an Au-Cu inter-diffusion phenomenon, which has been observed by other authors
[192].

BSE and OM images also show that a granular structure is visible somewhere in the plating, with
porous areas and flattened rounded grains whose diameter ranges from about 1 up to 3 um.
Furthermore, BSE investigation has revealed that the gold layer is characterized by cracks likely
attributable to micro-defects of manufacturing. These details indicate that the plating layer was only
partially compacted by the craftsmen the grains not being perfectly burnished.

P Cu

Figure 4.2. Micro-chemical structure of the gilded clasp for bridles. The BSE and OM images with the EDS spectra
reveal that the thickness of the gold layer is about 6um and that he copper substrate has been largely corroded and
transformed in cuprite (Cu20), with chlorine and phosphorous species also present. EDS spectra show the local
chemical composition, and reveals that small Pb—Sb islands (spectrum C) are randomly scattered in the nearly pure
copper matrix of the substrate
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It is worth noting that these defects play a detrimental role during burial because both the
intergranular spaces and the pits act as reactive areas and channels where the aggressive soll
species (Cl, S, O, P) dissolved in water come into contact with the less noble underlying copper
substrate. As a result, galvanic areas are formed and corrosion occurs [180,183,193]. These
chemical and metallurgical features induce dramatic corrosion phenomena as shown in Figs. 4.1
and 4.2 in some representative images. The presence of S” (m/z 32.06), P~ (m/z 30.97) and CI' (m/z
34.45) ions were detected in negative ToF-SIMS mass spectrum and mapped in 3D imaging
(Figs.4.4-4.5).

It is also noteworthy that the distribution of S and P ions, starts from the surface of the object to
arrive in the core, following the conic trend of the gilding fracture and filling the same area. Chlorine
ion is more related to the copper distribution, its presence indicates the consequently formation of
degradation products as nantockite (CuCl,) also shown in ToF-SIMS 3D imaging (Fig.4.5).
Furthermore, the BSE, EDS and OM results also provide evidence that soil aggressive elements in
the soil modified the surface composition of the gilded layer.

In addition, they severely attacked along the nano-and micro-cracks of the gilded layer causing the
formation of a corrosion layer under the gold coating (in contact with the metal core) constituted by
red cuprous oxide (cuprite, Cu,0O) whose expansion and eruption have induced spalling, break-up
and detachment of the gold layer in some areas. The detection of copper oxides (CuO and Cu,0)
was also revealed in ToF-SIMS mass spectrum and in the depth profile measurement as shown in
Figs. 4.4-4.5. These data confirm the state of conservation of copper core, detected with the others
analytical technigues. The role of the cuprite layer in the corrosion phenomena of copper-based
alloys has been discussed by Lucey [194] and has been considered to act as an electrolytic
membrane allowing the transport of anions such as Cl and O, inward and cuprous ions outward. In
addition, ToF-SIMS analysis has also revealed the presence of O, in correspondence of Cu area
(Figs.4.4-4.5).

Copper chlorides in archaeological artefacts is frequently detected and could indicate a notice able
transportation of chlorides from the soil through the permeable external layers to the internal zone
and remaining Cu-based matrix. The accumulation of chloride ions can be interpreted as an
autocatalytic reaction that facilitates the oxidation of copper, also resulting in an accumulation of
chloride ions and in the formation of cuprite and cuprous chloride (CuCl,, nantokite), as described
in details by Robbiola et al. [184]. These findings suggest that particular care must be used during
the removal of the encrustations and of the external corrosion products to avoid the loss of the
relics of the noble layer often floating or embedded in the corrosion products (see Fig. 4.2).
Furthermore, the protective Cu,O cuprite layer should not be removed, so as to avoid the harmful
exposure of copper chlorides to humidity and oxygen, and therefore to prevent the occurrence of
the cyclic copper corrosion, which is roughly defined as “bronze disease” [180,182,186,195].

As regards the chemical composition of the substrate, EDS information revealed that it is
constituted by copper with a small amount of Pb and Sb, 1.6 wt% and 1.4 wt%, respectively, which
form small randomly scattered micro-metric islands in the nearly pure copper matrix of the
substrate as shown in Fig. 4.2 (EDS spectrum C). The BSE image for the cross-sectioned clasp
and EDS data for the surface demonstrated that the Pb and Sb are not released through the gold
layer during the long-term interactions with the soil but form small mineralised inclusions inside the
cuprite layer underlying the gold coating. The detection of these elements in the 3D imaging ToF-
SIMS does not appear in specific agglomerates, as decrypted by the BSE image, but are dispersed
within the copper matrix in low quantity. This could be explained to the analysis of a different
portion of the object and testifies to the heterogeneity of the artifact.
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In order to gain further insight into the chemical state of the surface species formed by degradation
phenomena, XPS investigations were performed and the spectra were interpreted. The wide scan
XPS spectrum shown in Fig. 4.3 (spectrum A) with the identification of the main peaks confirms the
surface predominant presence of Au, Hg, Cu, C and O as well as of Cl and S from the burial soil.
These two latter elements are present as sulphide and chloride compounds, being the Cl 2p and S
2p signals peaked at 198.6 eV and 162.5 eV, respectively [192] thus revealing the interaction
between the soil's aggressive compounds and the artefact. These compounds have been related
to the complex interaction between the metal artefact and sulphide anions produced by the sulphur
reducing bacteria (SRB) under anaerobic condition, which give rise to the formation of metal
sulphides [196-198].

Concerning the chemical state of gold the Au 4f;, photoemission signal is peaked at a binding
energy (BE) value of about 84.0 eV, which corresponds to metallic Au. No other components
appear in the Au 4f;,-Au 4fs, energy region shown in Fig. 4.3, and therefore, gold is only present
in the metallic state, not forming any compound with the corroding species deriving from the
surrounding environment. As shown in Fig. 4.3, XPS detected the presence of mercury; the peak
fitting of the Hg 4f ;,—Hg 4f 5, doublet recorded on the surface shows that the peak is
characterized by the presence of two components assigned to Hg° (BE = 100.1 eV) and to Hg?*
(BE = 102.0 eV). The higher BE for the Hg 4f ;, suggests that mercury is present as in HgCl,
and/or HgS [199-200]. This result reveals that Hg is subjected to a surface chemical modification
induced by the burial environment and could be related to the presence of the chlorides or
sulphides revealed by the XPS and EDS information.

ToF-SIMS mass spectrum and 3D maps confirm the co-presence of mercury with S and Cl ions in
the same analyzed portion area (Figs. 4.4-4.5). In addition, a signal attributed to HgCl, (m/z
270.92) compound was recognized in the mass spectrum and mapped in 3D distribution (Figs.4.4-
4.5) Nevertheless, the HgS was not detected by ToF-SIMS analysis.

In some areas of the clasp, EDS and XPS also revealed the presence of a small amount of Si-Al
and Si compounds, this latter was identified via X-ray diffraction (XRD) analysis as quartz. In order
to better, identify the chemical nature of the silico-aluminum compound. XPS has also revealed the
hygroscopic nature of the corrosion products. The line-shape analysis of the O 1 s photoemission
peaks (not shown) demonstrated both the presence of anhydrous and hydrated species at the
surface; their co-existence is shown by a small component of the O 1 s band peaked at about
529.8 eV, which indicates the presence of O—Metal bonds, a weak component peaked at 533.0 +
0.2 eV attributed to adsorbed water and O-Si bond and finally by a third weak component assigned
to hydroxyl O H groups peaked at 532.0 eV [192-193, 201].

Moreover, the peaks attributed to AIO (m/z 42.97) and Si (m/z 28.08) were recognized and 3D
rendered in the ToF-SIMS mass spectrum and depth profile images, respectively (Figs. 4.4-4.5). In
particular, the Fig. 4.5 shows how these two compounds are perfecting arranged in the same area,
assuming the same shape and proving their bond. This evidence confirm the presence of silico-
aluminate clay that could be penetrated in the cracks of the object during its deposition on the
burial soil. The signals of Si and AIO are shown also in 2D map images of analyzed area, present
in Fig. 4.6. Their signals (Figs. 4.6c-d) are mapped in the same area and fill the lack of copper
signals, confirming that the silico-aluminate clay start from the bottom of the surface and penetrate
to the cracks present on the golden object.
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Figure 4.3. XPS wide scan of the surface of the gilded clasp with identification of the main peaks of C, O, Cl, S, Cu, Au
and Hg; Au 4f 7,—Au 4f 5, and Hg 4f 7—Hg 4f 5, core level spectra; Cu 2p 32—Cu 2p 152 core level spectra, A, B and C,
respectively.
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XPS results for copper (spectra C of Fig. 4.3) reveal that the areas where the precious metal has
been removed by the erupting corrosion products are characterized by the predominant presence
of cuprite (Cu,0). This assignment is supported by the line-shape analysis and the value of the
binding energy (BE) of Cu 2ps» photoemission signal that is peaked at 932.9 eV in the reddish-
brown areas [187, 202-203]. The analysis of the Cu 2p photoemission signal recorded in different
areas of the clasp sometimes reveals the presence of a second small contribution located at BE of
934.0 eV. This can be assigned to Cu (Il) species, according to the low intensity shake-up satellites
positioned at BE = 944.4 eV [187, 202-204] and is likely due to a scarce presence of copper
carbonates. It is worth noting that the XRD results do not indicate the presence of atacamite
[CuCl,-3Cu(OH),]. On the contrary, dynamic SIMS conducted on a different area revealed the
presence of CuzH,O, (m/z 224.62) recorded along with CuCl, (m/z 134.44) (Figs.4.4-4.5). The co-
presence of this two compounds in the same zone could identify the presence of the atacamite
[CuCl,-3Cu(OH),] or its polymorphs, which induces the destructive copper cyclic corrosion [195].

Finally, the XPS investigations have confirmed that other metal elements such as tin, lead or zinc
are not present on the surface of the clasp or inside the gilded layer neither as oxide nor as in the
metallic form [205-206]. On the contrary, ToF-SIMS 2D distribution of elements detected in the first
monolayer reveals the weak presence of Pb (m/z 207.2) and Sb (m/z 121.76) on the surface (Figs.
4.6.f-g) along with high amount of chlorine (Fig. 4.6e) deposited on the gold layer (Fig. 4.6a).
Furthermore, the ToF-SIMS imaging of the surface shows the distribution of Si and AIO in the
same area (Figs. 4.6¢-d), perfectly filling the absence of signal in the copper map (Fig. 4.6b).
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Figure 4.4. ToF-SIMS negative ion spectrum of the analyzed area. In Fig. (a) is shown the mass fragmentation range
from m/z 5 to 150. In this range are marked the peaks of Si (m/z 28,08), P (m/z 30,97), O, (m/z 31,99), S (m/z 32,06) CI
(m/z 35,45), AIO (m/z 42,97), Cu (m/z 63,54), CuO (m/z 79,54), CuO, (m/z 95,54), Sb (m/z 121,76) and CuCl, (m/z
134,44). Fig. b shows the mass fragmentation range from m/z 150 to 300. In this range is highlighted the presence of Au
(m/z 196,96), Hg (m/z 200,02), Pb (m/z 207,2), Cu3zO2H; (m/z 224,62) and HgCl, (m/z 270,92).
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Figure 4.6. ToF-SIMS negative ion images of the sample surface.
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4.1.4 Conclusion

The combined use of XPS, SEM + EDS, OM and, ToF-SIMS was proved to bevery useful for
investigating the chemical and structural features of ancient fire-gilded objects buried in a water
containing soil and subjected to long-term corrosion phenomena. The results highlighted the
relevance of the integrated use of surface spectroscopies and microscopies to allow a significant
break through towards the understanding of the complex micro-chemical structures of plated
objects, providing evidence of the skills of the ancient metallurgists in manipulating metals on a the
micro-scale in order to save expensive metals and to simulate silver or gold surfaces by using low
amounts of precious metals. In the light of these analyses, the following main conclusion scan be
drawn. First, the coating technique was proved to be based on the use of an amalgam to uniformly
coat nearly pure copper substrates with a noble metal film. Such works of art have been found to
be subjected to different degradation phenomena. Second, the main degrading agents are Cl, S
and P species, which derive from the soil and travel along micro-cracks and manufacturing defects
present in the thin metal layer of Au. The aggressive species and oxygen attack the substrate and
give rise to the formation of a layered structure constituted by remains of the noble metal coating
and an internal cuprous oxide (Cu,O) layer with soil elements. Substrate corrosion is enhanced by
metal galvanic coupling, which makes gilded-metal art-works particularly unstable from a chemico-
physical point of view. Moreover, in some artefacts the interaction between Cl and S and the
mercury of the gilded layer has also been detected. Moreover, the use of ToF-SIMS depth profiling
technique has highlighted the degradation products distribution in the analyzed volume, supporting
the results obtained with others analytical techniques and showing the structure that the degrade
can assume. Moreover, the high sensitivity and the high spatial resolution features of the technique
have allowed to detected degradation products, as oxygen, atacamite, and mercury chloride which
did not appear in other areas analyzed by the XPS and SEM-EDS. This study highlights the
importance of using more complementary techniques in the same sample that apparently seems to
have a homogeneous state of conservation. Finally, the reported results can be useful to improve
knowledge of the long-term corrosion phenomena of ancient and historic gilded copper-based
artefacts, aiming to design appropriate accelerated degradation tests and tailor safe cleaning and
reliable conservation strategies.
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5 Conclusion

The use of static secondary ion mass spectrometry with time of flight analyzer was successfully
employed to study the interaction between metals and organic compounds. The chemical
information obtained during ion bombardment experiments coupled to the multivariate statistical
analysis were exploited to highlight differences in samples. In particular, the high mass resolution
and capability to detect different masses simultaneously, allowed to confirm the actual occurrence
of the saponification reaction among tin metal foil and fatty acids, thanks to the identification of
isotopic fragmentation pathway of organometallic compounds. Furthermore, the study of mass
fragmentation has permitted to recognize the main characteristic fragments of triterpenic resin
markers and to find an effective response in real study samples.

In addition, the use of this technique coupled with multivariate statistical analysis methods has
proved to be a useful tool for the discrimination of structural isomers that characterize these natural
compounds. At the same time, the high sensitivity, selectivity, and the excellent lateral resolution of
secondary ion mass spectrometry technigue have allowed the chemical characterization and
localization of the compounds along all the cross-section presented in abovementioned studies,
without causing damage to the samples. This has permitted further investigations of the samples
by using other analytical technique, in order to obtain complementary information regarding the
state of artwork conservation. In the previously reported case studies, each layer of the cross
section was characterized, defining its constituent materials. Inorganic compounds and organic
mixtures were detected and localized concurrently with metal soaps, formed in tin metal foils and in
pictorial systems. Their detection gives confirm to the possibility of saponification reactions
between fatty acid binding media and metal compounds to occur, after the oxidation of the metal
compounds (metal foil and metallic pigments). Although the formation and the chemical reactivity
of lead soaps on painting system was already largely studied, nothing has yet been verified on the
properties of tin soaps, as these studies represent the first investigations carried out on these class
of compound, currently in the conservation science literature. The detection of tin metal soaps on
"composite lamina” technique, could provide important information to the future restoration
operations, opening a series of question on the chemical features of this kind of degradation
products, as solubility, acidity or mechanical strength. An expanded study on the chemical
reactivity of these compounds could safeguard artworks in which composite lamina gilding
technique was adopted, safeguarding the loss of material and the brilliant appearance of the
metallic finish, avoiding the detachment between the decoration layers. With the extension of the
case studies studied, it was possible to widen the knowledge of the different materials used in the
gilding techniques adopted in the course of history, identifying the natural varnish used to recreate
the golden effect on the leather artifact and the use of protein-based adhesives since the Etruscan
era as a binder between stone supports and gold foil. Finally, ToF-SIMS features in dynamic mode
were employed to the characterization of metal artifact. Although it is considered a microdistrictive
technique, and not properly adapted to preserving the integrity of the artwork sample, depht
profiling analysis has allowed to investigate the degradation degree of an object buried for
centuries in an underwater environment, and to map through the 3D distribution the presence of
unaltered elements along with those of the degraded, revealing the form they assumed in the
object. Lastly, it is important to remember that in all samples analyzed, the ToF-SIMS
measurements were sustained by other analytical technique, usually used in the field of
conservation science, providing often preliminary information on the chemical characterization of
the materials of artwork.
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This thesis has shown that the use of ToF-SIMS technology associated with other diagnostic tests
can make a greater contribution to the study of complex samples, in which a multitude of different
materials coexist in few microns, also highlighting the reactions between these compounds and the
surrounding environment conditions. This can help us to understand the history of the artwork from
its birth to us, and provide the means for its preservation in the future.
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