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Abstract

The investigation of aging processes and degradation mechanisms in the materials that
artists commonly use is important for developing the right conservation strategies and
preventing aesthetic variations. This Ph.D. focuses on establishing effective artificial
aging procedures to study the interactions between modern organic pigments and
highly reactive white inorganic pigments.

During the Ph.D., different aging experiments were designed and tested through expo-
sure of pigments to different conditions of light (solar, ultraviolet, visible), temperature,
and relative humidity. A multi-technique analytical approach was employed to investi-
gate the surface-level and molecular variations induced by aging. These techniques
include colorimetry, Fourier transform infrared spectroscopy, Raman spectroscopy,
X-ray diffraction, and time-of-flight secondary ion mass spectrometry. Due to the
complexity of the multi-component samples, the use of complementary techniques was
fundamental to studying the aging-induced variations.

The study focuses mainly on three modern organic pigments, commonly used in modern
and contemporary works of art, belonging to the monoazo, isoindoline, and phthalo-
cyanine classes. Their stability was studied in interaction with three different white
inorganic pigments, lead white, titanium dioxide, and zinc oxide.

Two main case studies were reported with the aim of investigating the photostability
of selected modern pigments in samples that combine organic and inorganic pigments
in paint or powder forms. Surface color variations were the first indicators of chemical
and physical degradation. Vibrational techniques were used to investigate molecular
changes in pigments and binder, whereas X-ray diffraction analyses provided insight
into the role of crystalline nature in the degradation process. In particular, ion mass
spectrometry enabled high-sensitivity surface analysis, allowing a detailed investigation
of the degradation effects underlying the observed color changes.

This research sheds light on pigment-metal oxide interactions in paint systems, provid-
ing valuable insight into their stability over time in modern and contemporary artworks,

laying the groundwork for future studies on organic-inorganic pigment mixtures.






Abstract

L’étude des processus de vieillissement et des mécanismes de dégradation des matériaux
couramment utilisés par les artistes est importante pour développer les bonnes stratégies
de conservation et prévenir les variations esthétiques. Cette recherche de doctorat
s’est concentrée sur 1’établissement de procédures de vieillissement artificiel efficaces
pour étudier les interactions entre les pigments organiques modernes et les pigments
inorganiques blancs hautement réactifs.

Pendant le cours de doctorat, différentes expériences de vieillissement ont été congues
et testées par 'exposition a la lumiere (solaire, ultraviolet, visible), a la température
et a 'humidité relative. Une approche analytique multi-technique a été employée
pour étudier les variations moléculaires et au niveau de la surface induites par le
vieillissement, y compris la colorimétrie, la spectroscopie infrarouge a transformée de
Fourier, la spectroscopie Raman, la diffraction des rayons X et la spectrométrie de
masse d’ions secondaires a temps de vol. En raison de la complexité des échantillons
multi-composants, 'utilisation de techniques complémentaires était fondamentale pour
étudier les variations induites par le vieillissement.

En particulier, trois pigments organiques modernes, couramment utilisés dans les
ceuvres d’art modernes et contemporaines, appartenant aux classes des monoazoiques,
des isoindolines et des phtalocyanines, ont été sélectionnés. Leur stabilité a été étudiée
en interaction avec trois pigments inorganiques blancs différents, le blanc de plomb, le
dioxyde de titane et I'oxyde de zinc.

Deux études de cas principales ont été rapportées dans le but d’étudier la photostabilité
de pigments modernes sélectionnés dans des échantillons combinant des pigments
organiques et inorganiques sous forme de peinture ou de poudre. Les variations de la
couleur de surface ont représenté les premiers indicateurs de dégradation chimique et
physique. Des techniques vibrationnelles ont été utilisées pour étudier les changements
moléculaires dans les pigments et les liants, tandis que les analyses par diffraction des
rayons X ont permis de comprendre le réle de la nature cristalline dans le processus

de dégradation. En particulier, la spectrométrie de masse d’ions secondaires a permis



une analyse de surface a haute sensibilité, permettant une étude détaillée des effets de
dégradation sous-jacents aux changements de couleur observés.

Cette recherche met en lumiére les interactions entre les pigments et les oxydes
métalliques dans les systemes de peinture et fournit des informations précieuses sur
leur stabilité dans le temps dans les ceuvres d’art modernes et contemporaines, jetant

les bases d’études futures sur les mélanges de pigments organiques et inorganiques.
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(General overview

In the field of cultural heritage science, the investigation of material alterations over
time plays a pivotal role in the conservation and preservation of artworks, as well as in
the accurate reconstruction of their original colors. Color variations are the earliest
and most visible signs of degradation in artworks. These visual changes can indicate
deeper chemical, physical, and morphological transformations within the materials,
influenced by external factors such as exposure to light, relative humidity, and tem-
perature. In particular, ultraviolet (UV) and visible (VIS) radiation can trigger the
photodegradation of both binders and pigments, leading to significant changes in their
visual appearance and structural integrity. Similarly, fluctuations in humidity and
temperature can facilitate oxidative and thermal degradation, particularly affecting
the chemical and physical properties of the binders and pigments used in artworks.
The aging process, whether conducted in situ or in a controlled laboratory setting,
is essential for understanding the long-term effects of environmental factors on art
materials. By simulating these factors and accelerating the aging process, researchers
can systematically evaluate the contributions of various external influences to material
deterioration. Laboratory experiments, in particular, offer valuable insights into the
durability and stability of materials, helping to inform the development of more effective
conservation strategies.

This Ph.D. research focuses on the interaction between specific organic and inorganic
pigments, examining their stability under different conditions of the aging process.
The primary aim of this project is to deepen the understanding of the aging and
degradation mechanisms of organic and inorganic materials commonly used by artists,
with a particular emphasis on accelerated aging tests. Indeed, a fundamental objective
of the Ph.D. is the design and optimization of controlled artificial aging processes aimed

at simulating specific environmental stressors and inducing measurable color changes
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in testing paint samples. Subsequently, a multi-technique analytical approach was
developed, integrating complementary methodologies to investigate the physical and
chemical variations induced by the aging process, with a particular focus on surface-level
modifications and molecular-level interactions. Depending on the specific case of study,
this approach involved the use of colorimetry, Fourier transform infrared spectroscopy,
Raman spectroscopy, photoluminescence spectroscopy, and time-of-flight secondary ion
mass spectrometry. By analyzing the influence of highly reactive inorganic components
on the stability of organic pigments, this research contributes to the existing knowledge
in the field of art preservation and advanced methodologies for the conservation of
cultural heritage.

Three synthetic organic pigments from different color classes were selected for in-
vestigation: monoazo and isoindoline (both yellow pigments) and phthalocyanine (a
blue pigment). These pigments were chosen for their prevalence in modern and con-
temporary artistic practices and for their stability to light exposure. Monoazo and
isoindoline pigments are widely used in modern artworks, industrial paints, plastics,
and printing inks, while phthalocyanines are employed not only by artists but also
in the production of optical devices, electronics, and solar cells. Furthermore, both
monoazo and phthalocyanine pigments are frequently used in mural painting formula-
tions, often in combination with inorganic white pigments. These pigments are present
in contemporary murals worldwide, including the famous murals Cinema Airone (1953)
by G. Capogrossi in Italy, the Polyforum Cultural Siqueiros (1964) by D.A. Siqueiros in
Mexico, and the mural created by K. Haring at the Necker Hospital in France (1987).
In modern and contemporary art, inorganic white pigments are generally added to
paints to create various hues and shades, expanding artists’ palettes and enhancing
the durability of their artworks. In addition to their role in color formulation, these
pigments can also be employed in underpainting techniques to establish light and
contrast, or be used as protective coatings and driers. Notably, titanium dioxide and
zinc oxide have been recently employed in the formulation of self-cleaning outdoor
paints, exploiting their photocatalytic activity. Indeed, these paints contain photo-
catalytic pigments which generate reactive oxygen species when exposed to sunlight,
decomposing organic compounds (such as smog and atmospheric particulate matter),
bacteria, and pollutants (like nitrogen oxides, NO,). In contrast, lead white (basic
lead carbonate) was historically widely used due to its excellent opacity and coverage.
However, lead white has largely been replaced by titanium white and zinc white due

to its toxicity, with titanium dioxide prized for its superior brightness and opacity, and

I'DOI: 10.3390/coatings13122044
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zinc white for its fine texture and cooler color tone.

The interactions between inorganic white pigments and organic binders are of partic-
ular interest, as they can induce different degradation mechanisms. Lead white and
zinc white, for example, react with the fatty acids in oil-based paints, leading to the
formation of metal soaps and photo-oxidation, which can compromise the mechanical
properties of the paint. Titanium dioxide, when exposed to UV light, acts as a photo-
catalyst, accelerating the degradation of organic materials and resulting in yellowing
and weakening of the paint layer.

The degradation of paints that combine colored organic pigments with inorganic white
pigments remains an open area of scientific interest, complicated by the wide range of
experimental variables and conditions involved. The presence of numerous pigments,
specific aging processes, and the occurrence of spurious effects - such as changes in the
binder’s volume, differential oil absorption by the white pigments, or localized surface
degradation - can obscure the targeted effects. Therefore, it is critical to develop valid
methodologies for detecting and analyzing these phenomena.

This Ph.D. project was carried out as part of a cotutelle program, in collaboration
between the University of Roma Tre - Department of Sciences in Italy and the Institut
National de la Recherche Scientifique - Centre Energie Matériaux et Communication
(INRS-EMT) in Canada. In Italy, the research activities were conducted under the
supervision of Dr. Luca Tortora at the Surface Analysis Laboratory Roma Tre (LASR3),
which collaborates with Roma Tre University and the Istituto Nazionale di Fisica
Nucleare (INFN, Roma Tre section). In Canada, the research activities were carried
out under the supervision of Professor Patrizio Antici, in collaboration with Professor
Andreas Ruediger’s lab.

The thesis is organized into three parts, each addressing a specific aspect of the research
project. The first part provides an overview of the aging of modern pigments and the
analytical methods employed. The second part presents the two main case studies,
each focusing on different sample types, where the interaction between organic and
inorganic art materials is examined through a specific artificial aging process and a
multi-technique analytical approach. This part is also detailed in specific publications.

Finally, the third part includes the conclusions and future perspectives.
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The following is a brief outline of the chapters:

e Part I:

o Chapter 1 - State of art introduces the focus of the artificial aging of
modern painting materials and the degradation processes involved. It also
presents the materials selected for this Ph.D. research, highlighting their

properties and relevance to aging studies.

o Chapter 2 - Multi-technique approach outlines the multi-technique
approach employed to characterize the materials and study the aging varia-
tions induced in the surface of the samples. In addition, in this chapter, the
four distinct artificial aging procedures, specifically developed and optimized

during this Ph.D. research, are presented.
e Part II:

o Chapter 3 - Stability of monoazo and isoindoline yellows mixed
with white pigments presents the study of the stability of mixed paint
samples composed of yellow synthetic organic pigments combined with inor-
ganic whites. Building on preliminary studies published in the journal Acta
IMEKO?, the work examined surface color changes and photodegradation
variations induced by artificial UV-VIS aging under controlled conditions
of humidity and temperature. A multi-technique approach was employed
to analyze the aging-induced variations. Published in the journal Dyes
and Pigments®, these results provide valuable insights for future research
focused on the interactions and stability of organic-inorganic pigments in

paint mixtures.

o Chapter 4 - Solar photostability of Co-phthalocyanine with
TiO2 nanopowders is part of an ongoing collaboration with Professor
Andreas Ruediger’s lab group at the INRS-EMT. This study focuses on
the investigation of powder samples composed of a mixture of cobalt
phthalocyanine and titanium dioxide. A multi-technique approach was
employed to examine the color fading and degradation processes of the
organic-inorganic powder mixture. In this study, different aging processes
and sample preparation methods were tested. The results of this study are

currently in preparation for submission to a journal.

2DOI: 10.21014 /actaimeko.v13i3.1791
3DOI: 10.1016/j.dyepig.2025.113122
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e Part III:

o Conclusions summarize the main contributions of this Ph.D. project and
propose directions for future research. Additionally, a list of published arti-
cles, conference proceedings, ongoing work, and a summary of participation

in international conferences are provided.

This Ph.D. project pioneered a new research line within both laboratories (Italy and
Canada) and focused on studying the complex interactions and stability of organic
and inorganic materials in artistic contexts. The challenges associated with a new
research line, along with the open questions it has raised, present opportunities for
future research in this field.






Présentation générale

Dans le domaine des sciences du patrimoine culturel, I’étude des altérations matérielles
au fil du temps joue un réle essentiel dans la conservation et la préservation des
ceuvres d’art, ainsi que dans la reconstitution fidele de leurs couleurs d’origine. Les
variations chromatiques constituent les premiers signes, a la fois précoces et visibles, de
dégradation des ceuvres. Ces changements visuels peuvent révéler des transformations
chimiques, physiques et morphologiques plus profondes des matériaux, influencées
par des facteurs externes tels que ’exposition a la lumiere, 'humidité relative et la
température. En particulier, le rayonnement ultraviolet (UV) et visibles (VIS) peut
déclencher la photodégradation des liants et des pigments, entrainant des modifications
significatives de leur apparence visuelle et de leur intégrité structurelle. De méme,
les fluctuations de 'humidité et de la température peuvent favoriser la dégradation
oxydative et thermique, affectant notamment les propriétés chimiques et physiques des
liants et des pigments utilisés dans les ccuvres d’art.

Le processus de vieillissement, qu’il soit étudié in situ ou dans un environnement de
laboratoire contrélé, est fondamental pour comprendre les effets a long terme des
facteurs environnementaux sur les matériaux artistiques. En simulant ces facteurs et
en accélérant le vieillissement, les chercheurs peuvent évaluer de maniere systématique
les contributions respectives des différentes contraintes externes a la détérioration des
matériaux. Les expériences en laboratoire, en particulier, offrent des perspectives pré-
cieuses sur la durabilité et la stabilité des matériaux, contribuant ainsi a 1’élaboration
de stratégies de conservation plus efficaces.

Cette recherche doctorale se concentre sur 'interaction entre des pigments organiques
et inorganiques spécifiques, en examinant leur stabilité dans différentes conditions de
vieillissement. L’objectif principal de ce projet est d’approfondir la compréhension

des mécanismes de vieillissement et de dégradation des matériaux organiques et inor-
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ganiques couramment utilisés par les artistes, avec une attention particuliere portée aux
tests de vieillissement accéléré. Un objectif fondamental de ce projet de doctorat est la
conception et I'optimisation de protocoles de vieillissement artificiel controlés, visant a
simuler des contraintes environnementales spécifiques et a induire des variations de
couleur mesurables sur des échantillons de peinture test. Une approche analytique
multi-technique a ensuite été développée, intégrant des méthodologies complémentaires
afin d’analyser les modifications physiques et chimiques induites par le vieillissement,
en mettant 'accent sur les altérations de surface et les interactions moléculaires. Selon
les cas étudiés, cette approche a mobilisé la colorimétrie, la spectroscopie infrarouge a
transformée de Fourier (FTIR), la spectroscopie Raman, la spectroscopie de photolumi-
nescence et la spectrométrie de masse par ions secondaires a temps de vol (ToF-SIMS).
En analysant I'influence de composants inorganiques hautement réactifs sur la stabilité
des pigments organiques, cette recherche contribue a I'avancement des connaissances
dans le domaine de la conservation de 'art et au développement de méthodologies
avancées pour la préservation du patrimoine culturel.

Trois pigments organiques synthétiques issus de différentes classes chromatiques ont
été sélectionnés: des pigments monoazo et isoindoline (jaunes), et un pigment phtalo-
cyanine (bleu). Ces pigments ont été choisis pour leur prédominance dans les pratiques
artistiques modernes et contemporaines, ainsi que pour leur stabilité a ’exposition
lumineuse. Les pigments monoazo et isoindoline sont largement utilisés dans 1'art
moderne, les peintures industrielles, les plastiques et les encres d’imprimerie, tandis
que les phtalocyanines sont employées non seulement par les artistes, mais aussi dans
la fabrication de dispositifs optiques, de composants électroniques et de cellules solaires.
De plus, les pigments monoazo et phtalocyanines sont fréquemment présents dans les
formulations de peintures murales, souvent en association avec des pigments blancs
inorganiques. Ces pigments sont utilisés dans des fresques murales contemporaines
a travers le monde, telles que Cinema Airone (1953) de G. Capogrossi en Italie, le
Polyforum Cultural Siqueiros (1964) de D.A. Siqueiros au Mexique, ou encore la fresque
réalisée par K. Haring & Necker Hospital en France (1987)%.

Dans I’art moderne et contemporain, les pigments blancs inorganiques sont générale-
ment ajoutés aux peintures pour créer diverses nuances, enrichir la palette des artistes
et renforcer la durabilité des ceuvres. En plus de leur role dans la formulation des
couleurs, ces pigments sont aussi utilisés dans les techniques de sous-couche pour créer
des effets de lumiere et de contraste, ou comme couches protectrices et agents siccatifs.

Notamment, le dioxyde de titane et 'oxyde de zinc ont récemment été intégrés dans

4DOLI: 10.3390/coatings13122044
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des peintures d’extérieur autonettoyantes, exploitant leur activité photocatalytique.
Ces peintures contiennent en effet des pigments photocatalytiques capables, sous I'effet
de la lumiere solaire, de générer des espéces réactives de I'oxygene, décomposant les
composés organiques (comme les particules de pollution atmosphérique), les bactéries
et les polluants (tels que les oxydes d’azote, NO,). En revanche, le blanc de plomb
(carbonate basique de plomb), historiquement trés utilisé en raison de son opacité et
de son pouvoir couvrant, a été largement remplacé par le blanc de titane et le blanc
de zinc en raison de sa toxicité. Le dioxyde de titane est apprécié pour sa brillance et
son opacité supérieures, tandis que le blanc de zinc est reconnu pour sa finesse et sa
tonalité plus froide.

Les interactions entre les pigments blancs inorganiques et les liants organiques présentent
un intérét particulier, car elles peuvent induire différents mécanismes de dégradation.
Le blanc de plomb et le blanc de zinc, par exemple, réagissent avec les acides gras
présents dans les peintures a 1'huile, conduisant a la formation de savons métalliques et
a des phénomenes de photo-oxydation, qui compromettent les propriétés mécaniques
de la couche picturale. Le dioxyde de titane, quant a lui, agit comme photocatalyseur
lorsqu’il est exposé a la lumiere UV, accélérant la dégradation des matériaux organiques,
ce qui entraine un jaunissement et une fragilisation de la peinture.

La dégradation des peintures combinant des pigments organiques colorés et des pigments
blancs inorganiques constitue un domaine d’intérét scientifique encore peu exploré, en
raison de la diversité des variables expérimentales en jeu. La présence de multiples
pigments, la spécificité des protocoles de vieillissement, et 'occurrence d’effets parasites
- tels que les variations de volume du liant, I'absorption différentielle de 1'huile par les
pigments blancs, ou la dégradation localisée en surface - peuvent masquer les effets
ciblés. Il est donc crucial de développer des méthodologies valides pour détecter et
analyser ces phénomenes.

Ce projet doctoral a été réalisé dans le cadre d’un programme de cotutelle, en collabo-
ration entre I'Université Roma Tre - Département des Sciences, en Italie, et I'Institut
national de la recherche scientifique - Centre Energie Matériaux Télécommunications
(INRS-EMT), au Canada. En Italie, les activités de recherche ont été menées sous la
supervision du Dr Luca Tortora au laboratoire d’analyse de surface Roma Tre (LASR3),
en collaboration avec I’Université Roma Tre et I'Istituto Nazionale di Fisica Nucleare
(INFN, section Roma Tre). Au Canada, la recherche a été encadrée par le professeur
Patrizio Antici, en collaboration avec le laboratoire du professeur Andreas Ruediger.
La these est structurée en trois parties, chacune abordant un aspect spécifique du

projet de recherche. La premiere partie présente une vue d’ensemble du vieillissement
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des pigments modernes et des méthodes analytiques utilisées. La deuxieme partie
expose les deux principales études de cas, axées sur différents types d’échantillons, dans
lesquelles les interactions entre matériaux organiques et inorganiques sont examinées a
I’aide de procédés de vieillissement artificiel spécifiques et d’une approche analytique
multi-technique. Cette partie est également détaillée dans des publications spécifiques.
Enfin, la troisieme partie rassemble les conclusions et les perspectives futures.

Un apergu des chapitres:

e Partie I:

o Chapitre 1 - Etat de I’art introduit le théme du vieillissement artificiel
des matériaux picturaux modernes et les processus de dégradation associés.
Il présente également les matériaux sélectionnés dans le cadre de cette
recherche doctorale, en soulignant leurs propriétés et leur pertinence pour

les études de vieillissement.

o Chapitre 2 - Approche multi-technique décrit la stratégie analytique
mise en ceuvre pour caractériser les matériaux et étudier les variations
induites en surface par le vieillissement. Ce chapitre présente également les
quatre protocoles de vieillissement artificiel distincts, développés et optimisés

au cours de cette recherche.
e Partie II:

o Chapitre 3 - Stabilité des pigments jaunes monoazo et isoindoline
en mélange avec des pigments blancs présente 'étude de la stabilité
des échantillons de peinture composés de pigments organiques jaunes
synthétiques et de pigments blancs inorganiques. S’appuyant sur des
études préliminaires publiées dans Acta IMEKO?®, ce travail analyse les
variations colorimétriques et les processus de photodégradation induits
par un vieillissement UV-VIS artificiel sous des conditions contrdlées
d’humidité et de température. Une approche multi-technique a été employée
pour caractériser ces altérations. Publiés dans la revue dans la revue
Dyes and Pigments®, ces résultats apportent des éléments précieux pour
de futures recherches sur les interactions et la stabilité des pigments

organiques/inorganiques dans les mélanges de peinture.

5DOI: 10.21014/actaimeko.v13i3.1791
6DOI: 10.1016/j.dyepig.2025.113122
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o Chapitre 4 - Photostabilité solaire de la Co-phtalocyanine avec
des nanopoudres de TiO, fait partie d'une collaboration en cours avec le
groupe de laboratoire du Professeur Andreas Ruediger a 'INRS-EMT. Cette
étude porte sur des échantillons de poudre composés d'un mélange de cobalt-
phtalocyanine et de dioxyde de titane. Une approche multi-technique a été
employée pour examiner les processus de décoloration et de dégradation du
mélange de poudres organiques et inorganiques. Dans cette étude, différents
processus de vieillissement et méthodes de préparation des échantillons ont
été testés. Les résultats de cette étude sont actuellement en préparation

pour étre soumis a une revue.
e Partie III:

o Conclusions résume les principales contributions de ce projet doctoral et
propose des perspectives de recherche future. En outre, une liste des articles
publiés, des actes de conférences, des travaux en cours et un résumé de la

participation a des conférences internationales sont fournis.

Ce projet de doctorat a ouvert la voie a un nouvel ligne de recherche au sein des deux
laboratoires (Italie et Canada) et xée sur ’étude des interactions complexes et de la
stabilité des matériaux organiques et inorganiques dans les contextes artistiques. Les
défis liés a cette nouvelle orientation, ainsi que les questions ouvertes qu’elle souléve,

offrent de nombreuses opportunités pour de futurs travaux dans ce domaine.
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State of art

This chapter introduces the topic of artificial aging in the context of modern painting
materials, providing an overview of the degradation processes that affect colorants.
Particular attention is given to the chemical and physical mechanisms induced by
environmental exposure, such as light, humidity, and temperature. In addition, the
chapter emphasizes the importance of studying the aging process of materials commonly
used in modern paints, including synthetic organic pigments, white inorganic pigments,
and binders. A detailed description of the selected materials and their pigment
classes is then presented. These materials were selected for their relevance in artistic
practices, such as modern and contemporary paintings or street artworks. The frequent
combination of organic and inorganic pigments in such artworks highlights the need to
study accelerated aging processes that take into account these interactions. Indeed,
the possible interactions between organic and inorganic components when mixed in
complex paint formulations can significantly influence their stability and degradation

pathways.
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1.1 Aging process of colorants

The study of the aging process of colored materials used by artists represents an open
problem in the conservation and prevention of the field of cultural heritage. Different
factors can influence the aesthetic appearance of a painting, leading to the loss or
alteration of colors. The discoloration, or color fading, is a complex phenomenon due to
specific degradation factors that depend both on the chemical nature of the materials
and the surrounding environmental conditions.

Colorants are classified as either pigments or dyes. Pigments are colored, white, or
black powders that are nearly or completely insoluble in the medium in which they are
incorporated. Indeed, the pigment coloring effect results from mechanical dispersion
within the medium, while the pigments remain chemically and physically unaltered. In
contrast, dyes are soluble substances that form stable bonds with the molecules of the
material being colored. The stability and insolubility of pigments are fundamental to
the creation of artworks and for ensuring their long-term preservation [1].

Among the main factors influencing the aging of colorants is the light source. Light
is particularly harmful to art materials, especially organic compounds. UV radiation
can induce photodegradation, leading to significant alterations in both the chemical
structure and the visual appearance of artworks. Although visible light is less energetic
than UV radiation, it can still contribute to degradation, particularly in light-sensitive
pigments. Light damage to artworks is induced by photodegradation, known to be
a surface-level phenomenon that occurs mainly in the first 5-10 um of the painting
[2]. In addition to light, other important environmental parameters that can induce
irreversible degradation of art materials are relative humidity and temperature [3].
Humidity can severely affect the stability of artworks due to the role of oxygen in
the photodegradation mechanism. On the other hand, temperature can accelerate
the degradation processes by promoting both chemical reactivity and the diffusion of
oxygen into organic materials such as binders and pigments. Furthermore, another
critical factor is pigment aggregation. The presence of aggregates increases the stability
of colorants due to a protective effect, which reduces the exposure of deeper molecules
to direct light.

Photodegradation of colorants can occur through different mechanisms, each involving

distinct interactions with light:

e Photolysis

e Photooxidation
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e Photoreduction

e Photocatalysis

The photolysis process occurs when a molecule absorbs a photon (typically in the
UV range), and this energy triggers a chemical reaction that does not depend on the
presence of oxygen. In organic colorants, photolysis can lead to the cleavage of chemical
bonds, resulting in color degradation or a shift in hue.

According to J. Oakes [4] and N.S. Allen [5], the primary photodegradation mecha-
nisms that affect organic colorants (both dyes and pigments) are photooxidation and
photoreduction.

In photooxidation, an organic molecule absorbs light and transitions from the ground
state (M) to an excited state (M*). Photooxidation, in the presence of oxygen, can
occur by singlet oxygen (1Os) or superoxide (O5*®). If the colorant is excited to a
triplet state (3M *), the degradation occurs by triplet-triplet annihilation with oxygen
to produce singlet oxygen. Singlet oxygen is a highly reactive species that can interact
with the chemical structure of the colorant, causing the breaking of chemical bonds

and, consequently, variations in the color or stability of the organic colorant.
M2 05 — M+ 0

L0y + M — degradation

In the case of superoxide photooxidation, the excited-state molecule can transfer
electrons to molecular oxygen, leading to the formation of superoxide. Superoxide is a
reactive radical anion that tends to interact rapidly with other molecules, including
colorant bonds.

M*+0y— Mt +05°

O3 * + M — degradation

In photoreduction, upon light absorption, the colorant in its excited state can accept
an electron or a hydrogen atom from nearby molecules, leading to its reduction and
the formation of reduced species such as free radicals. These radicals can subsequently
interact with the chemical structure of the colorant, contributing to color changes and

fading. Degradation can be triggered by both R® radicals and peroxy radicals ROS.

R*/RO3 + M — degradation
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However, to initiate radical formation through bond cleavage, the absorption of high-
energy light is generally required.
In the case of inorganic compounds, another type of photodegradation that can occur is
photocatalysis. The inorganic colorant is a semiconductor that acts as a photocatalyst
when exposed to UV or visible radiation, absorbing energy that activates its catalytic
properties [6]. The colorant then generates electron-hole pairs, which, by recombining
and interacting with nearby molecules, give rise to reactive oxygen species or free
radicals. These reactive species can interact with other molecules, leading to alterations
in color stability, fading, or changes in surface properties. Photocatalysis requires a
specific threshold of light energy to initiate the reaction, which can vary depending on
the inorganic component and environmental conditions. Photocatalysis is used in a
variety of applications due to its ability to accelerate chemical reactions in the presence
of light, especially in the environmental and industrial fields.
Photodegradation of pigments depends on several factors, including the chemical
composition of the pigment itself and its interaction with the binder, which can either
protect or accelerate the degradation of the pigment when exposed to light. The
property that defines the light stability of pigments, as it relates to a binder, is
lightfastness. According to Peter A. Lewis [7], the term 'lightfastness" refers to a
pigment’s ability to withstand exposure to light, both direct and indirect, natural and
artificial, without suffering any visible change in appearance. The American Society for
Testing and Materials (ASTM International or simply ASTM) classifies five different
categories of lightfastness based on the degree of color change observed in samples
before and after exposure to light. This change is quantified using the color difference
units AE, calculated according to the CIELAB color difference equation [8].
e Lightfastness I, excellent lightfastness, exhibits a mean color change of less than
4.0 AE.
e Lightfastness II, very good lightfastness, exhibits a mean color change of more
than 4.0 AE but not more than 8.0 AE.
e Lightfastness III, fair lightfastness, exhibits a mean color change of more than
8.0 AE but not more than 16.0 AE.
e Lightfastness IV, poor lightfastness, exhibits a mean color change of more than
16.0 AE but not more than 24.0 AE.
e Lightfastness V, very poor lightfastness, exhibits a mean color change of more
than 24.0 AE.
It is important to highlight that color differences are not always perceptible to the
human eye. Indeed, quoting W. Mokrzycki and M. Tatol [9]:
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"When:

e 0 <AFE <1 - observer does not notice the difference,

1 < AF <2 - only experienced observer can notice the difference,

2 < AF < 3.5 - unexperienced observer also notices the difference,

3.5 < AF <5 - clear difference in color is noticed,

5 < AFE - observer notices two different colors.

These data represent experimentally verified statistics."

The study of degradation mechanisms in organic colorants requires detailed analysis of
their molecular structure. In particular, both the nature of the auxochrome groups and
their position on the chromophore significantly influence the photophysical and photo-
chemical behavior of the entire molecule [4, 5]. Indeed, some substituent groups can be
highly photoreactive in themselves. Specifically, electron-withdrawing substituents tend
to promote photoreductive degradation mechanisms, whereas electron-donating sub-
stituents facilitate photooxidative processes. A possible alteration of the auxochromic

groups can lead to color shifts as shown in Figure 1.1.

WAVELENGTH (nm)
1000 700 600 500 400 300

= T T
RCOY G B V

Hyperchromic

bathochromic T hypsochromic
-

lﬁypachmmz’c

ABSORPTION —»=

ENERGY (eV)

Figure 1.1 Effect of auxochromic groups on the absorption spectrum of a chromophore [10].

These may be bathochromic (red shift), resulting in a shift to a larger wavelength, or
hypsochromic (blue shift), resulting in absorption to a shorter wavelength. Moreover,
it is possible to find a hyperchromic effect that increases the intensity of the color, or a

hypochromic effect that decreases it [10].
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Over the past 25 years, scientific interest in pigments has grown significantly, motivated
by the need to identify, preserve, and conserve both historical and modern artworks.
Analytical studies on pigments have become a central theme within heritage science,
intersecting with different disciplines such as archaeometry, conservation science, ma-
terials physics, and analytical chemistry. Indeed, this interdisciplinary convergence
has led to the application of numerous analytical techniques [11]. For example, spec-
troscopic techniques, such as ultraviolet-visible reflectance, fluorescence, infrared, and
Raman spectroscopy, are widely employed in this field, each offering specific advantages
and limitations. For more detailed molecular analysis, liquid chromatography or mass
spectrometry are considered the most accurate approaches, although they require
sampling. This contributed to a marked increase in scientific publications on this topic,
as shown in Figure 1.2 from a bibliometric analysis based on a dataset of 932 articles
published between 1999 and 2023.
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Figure 1.2 Time trend in published studies related to the analytical investigation of pigments
in cultural heritage from 1999 to 2023 [11].

In particular, recent studies have focused on the degradation mechanisms affecting
pigments, binders, and paint layers. This includes the investigation of chemical and
physical degradation processes, as well as the various environmental and material-
related factors that influence them, leading to a more dynamic understanding of how
these materials change over time. In particular, the study of the degradation process

of modern colorants presents significant challenges, such as the high number of existing
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colorants and the inherent complexity of these materials. Moreover, distinguishing
between synthesis products and true degradation compounds is difficult, as they often
exhibit overlapping chemical features [12].

Studying the effect induced by light on paints, the physico-chemical variations of
the material may be due not only to the pigment itself but also to the binder and
the interaction they have with each other. Recent studies faced up to the synthetic
organic pigments considering the aging due to either the powder pigments [13] or to
the interaction between pigments and binder, as for example in the formulation of
acrylic and alkyd resins [2]. However, scientific literature lacks an extensive study
about the stability of the new generation of synthetic organic pigments in the presence
of reactive metal oxides. Indeed, studies on paint degradation have primarily focused
on the interaction between binders and inorganic pigments [14, 15] or on the impact of
the binder on the stability of the paint [16].

1.2 Modern paint systems and degradation mecha-

nisms

The study of the chemical and physical aging variations of modern pigments is essential
to assess their long-term stability within complex paint systems and to develop effective
conservation strategies and preventive measures.

The composition of paint consists of several key components, including pigments,
binders, solvents, fillers, and additives. These elements determine the characteristics
of the paint, including its visual appearance, texture, and methods of application.
Pigments are the colorant that impart color to the paint, while binders (or media) hold
the pigment particles together and ensure their adhesion to the substrate. Solvents
facilitate the adjustment of the paint’s consistency, thereby facilitating its application.
Fillers increase the bulk, opacity, and texture of the paint. Additives improve the
paint’s stability, enhance its flow, or prevent clumping.

Chromatic changes in paintings, such as fading, darkening, or blanching [17, 18], are
the result of photodegradation processes, both physical and chemical, caused by pro-
longed exposure to light and environmental conditions [3]. Although many synthetic
pigments developed in the 20th and 21st centuries demonstrate higher lightfastness
than historical pigments, their aging process can vary depending on the type of binder
used, the pigment-pigment interactions, and the presence of inorganic components.

The complexity of the aging mechanism in painting materials is further amplified by
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the diversity of modern pigments, which originate from various chemical classes, each
characterized by different properties in terms of light stability, solubility, polarity, and
chemical reactivity. Furthermore, the interaction between organic pigments and inor-
ganic compounds can significantly influence degradation processes. These interactions
are particularly significant in the case of reactive mixtures, such as commercial spray
paints, varnishes, or protective coatings commonly used in contemporary practices
[19-21]. Indeed, white inorganic pigments are widely employed in these mixtures for
primer preparations, to create various shades of color, and as protective coatings or
drying agents. For this reason, it is important to consider the interaction between
organic and inorganic pigments in the degradation process of paints.

In the following, the two main categories of painting materials are presented, describing
their degradation process: pigments (synthetic organic and white inorganic pigments)
and binders. Specifically, the materials used in this Ph.D. were selected from these
categories based on their relevance to artistic practices, as well as their use in artworks

and other applications.

1.2.1 Modern pigments

Pigments have long been essential to human expression and artistic creation, translating
vision into visual form across historical periods. Based on their chemical composition,
pigments are typically classified as inorganic or organic [1].

Inorganic pigments are not carbon-based compounds and are typically derived from
minerals or metal-based compounds. These pigments are often more stable and durable
than organic ones, offering excellent lightfastness and resistance to fading. They can be
further classified into natural and synthetic categories. For example, one of the main
white pigments in use since antiquity is lead white, an inorganic pigment synthetically
prepared as basic lead carbonate, whereas the native mineral is cerussite. Several
inorganic pigments are semiconductors, and it is possible to totally characterize all the
steps that lead to photooxidative and photodegradation mechanisms. For example, the
aging processes of n-type semiconductor pigments, such as red mercury sulfide (HgS)
and cadmium yellows (CdYs), have been extensively studied due to their light-induced
redox reactions, which may compromise the original coloration and visual integrity of
artworks [22-24]. The darkening of chrome yellow pigments due to the photoreduction
process, as well as the degradation phenomenon in azurite pigments, have also been
subjects of considerable study [25, 26].

In particular, white inorganic pigments are widely used not only for their white coloring

properties but also to lighten colored pigments, thereby creating different hues and
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shades [27]. The white color of inorganic pigments results from the optical properties
of these materials, primarily their low absorption of visible light and high nonselective
light-scattering capacity [28, 29]. These pigments are also employed as a covering base
in underpainting techniques, wherein a preliminary layer of white paint is applied to
establish light and contrast before the coat of colored layers [30]. Concurrently, the
employment of white inorganic pigments enhances the durability of paints due to their
high chemical stability.

Organic pigments are carbon-based compounds that can be further subdivided into two
main groups: natural pigments, which are derived from sources such as plants, animals,
or insects, and synthetic pigments, which are produced through chemical processes in
laboratories to achieve specific colors and properties.

Specifically, natural pigments have been employed in art and textiles for centuries.
However, their use is limited by the availability of the raw materials from which
they are derived. Light-induced damage to natural organic pigments has been widely
studied, particularly with respect to color changes, as these pigments are considered
susceptible to fading over time [22]. Notably, indigo blue stands out as one of the oldest
known pigments, in use for over 4,000 years, with its light-induced degradation being
well-documented [31]. Additionally, other studies have focused on the photoinduced
aging mechanisms of anthraquinone-based red dyes, such as alizarin and cochineal,
which were widely used in ancient times [32, 33].

Consequently, traditional natural pigments have been almost completely replaced by
industrial chemical-derived synthetic alternatives in the modern colorant market. This
is due to the enhanced reliability, cost-effectiveness, and performance of the synthetic
pigments, which provide a more extensive range of colors and improved stability com-
pared to their natural counterparts [34].

In particular, synthetic organic pigments (SOPs) are composed of complex organic
molecules comprising a distinctive group of atoms known as chromophores (from
Ancient Greek xp&ua (chroma) "color" and popéds (phoros) "carrier of'). The chro-
mophore group imparts color to a molecule by absorbing specific wavelengths of light
radiation within the UV-VIS spectral range, due to electron transitions between the
molecular orbitals generally resulting from n— 7* or 7 — 7* transitions [4]. In general,
chromophores are unsaturated functional groups that contain double bonds (such as
-N=0, -N=N-, C=0, or C=C), triple bonds (such as -C=C- or -C=N), or aromatic
rings. Furthermore, SOPs may comprise metal ions or auxochromes (from Ancient
Greek av&drw (auxano) "increase' and xp&ua (chroma) "color"). While auxochromes

themselves do not impart color, they enhance the color intensity of the chromophore by
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donating nonbonding electron pairs (such as -NHg, -OH or ~CH3), or by withdrawing
electron density through the acceptance of nonbonding electron pairs (such as —-NOg,
—Br or —Cl). Additionally, organic pigments may include materials whose color is due
not to a single group, but to several chromophores which give rise to a conjugation
system [7, 10].

The development of synthetic pigments has resulted in a vast array of colorants, which
are systematically recorded in systems such as the Colour Index”™ (CI) [35]. First
published in 1924 by the Society of Dyers and Colourists (SDC) and the American
Association of Textile Chemists and Colourists (AATCC), this comprehensive cat-
alog assigns unique identifiers to colorants, including the CI generic name and CI
constitution number, based on their chemical composition and molecular structure.
For pigments, the CI Generic Name describes the class (e.g., Pigment - P), with its
chromatic hue (e.g., Yellow - Y, Orange - O, Red - R, Violet - V, Blue - B, etc.),
followed by a serial number corresponding to the chronological order registered in the
Colour Index. The use of this standardized index across both the art and industrial
sectors facilitates the consistent identification and application of pigments. Following
the classification proposed by Herbst and Hunger [1], the SOPs can be divided into

three main categories, as outlined below:

e Azo pigments e Polycyclic Pigments
o Monoazo Yellow and Orange o Phthalocyanine
o Disazo o Quinacridone

o [-Naphthol
o Naphthol AS

@)

Perylene and Perinone

@)

Diketopyrrolo-Pyrrole

o Azo Pigment Lakes o Thioindigo

o Benzimidazolone o Anthraquinone

o Disazo Condensation o Dioxazine

o Metal Complex o Triarylcarbonium
o Isoindolinone and Isoindoline o Quinophthalone

e Miscellaneous Pigments

Azo pigments are the largest class of organic pigments, characterized by the presence
of one or more azo groups (-N=N-) in their molecular structure. They are known for
their vibrant hues, ranging from yellows and oranges to deep reds, and are widely used
due to their excellent color strength and versatility. Polycyclic pigments, on the other

hand, include a range of complex molecular structures. These pigments are valued for
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their exceptional lightfastness, chemical stability, and broad spectrum of intense colors,
making them indispensable in various artistic and industrial applications. All pigments
that do not belong to one of these two groups are classified as miscellaneous. These
include a variety of synthetic pigments with unique structures that play important
roles in various applications.

In this Ph.D. project, three colored SOPs were selected from different classes within
the full range of existing categories. The selected pigments include two yellow pigments
belonging to the monoazo and isoindoline classes and one blue pigment belonging to
the phthalocyanine class. The CI Generic Names assigned to these pigments are CI
Pigment Yellow 1 (PY1), CI Pigment Yellow 139 (PY139), and CI Pigment Blue 75
(PBT75), respectively.

In addition, three white inorganic pigments were selected for their significant role in artis-
tic and decorative applications: lead white (basic lead carbonate, 2PbCO3-Pb(OH)a2),
titanium white (titanium dioxide, TiOz2), and zinc white (zinc oxide, ZnO).

The objective is to investigate the stability of these colored modern pigments, both
individually and in combination with binders or inorganic pigments, by analyzing the
chemical and physical variations occurring after aging processes. In the following, a

comprehensive overview of the specific classes and the selected pigments is provided.

Monoazo pigments

Monoazo pigments constitute an important class of SOPs, defined by a single azo

group, as illustrated by their general molecular structure in Figure 1.3.

R{"
R1 substituents of the diazo component
N Rz substituents of the coupling component
N// m, n between 1 and 3
R:
H
H,C N

Figure 1.3 Schematic representation of the structure of monoazo pigments [36]. R; and Ro
represent substituents, which may include CHs, OCH3, OCsHs, Cl, Br, NO,, CFj.

The azo pigments are widely used in modern and contemporary paints, including mural
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spray paints, due to their bright yellow to orange hues and cost-effectiveness, often in
combination with titanium dioxide [37, 38]. First discovered in 1909 by the historic
German company Meister Lucius & Briining, they were commercialized in 1910 under
the name "Hansa Yellows". The most common Hansa Yellow pigments are PY1 and
PY3. The PY1 pigment is characterized by a warm and brilliant hue, rendering it
particularly suitable for interior decorative paints. The PY3 pigment, compared with
PY1, has auxochromes -Cl on the aromatic rings, which impart a redder hue and
improve chemical stability. The PY74 and PY97 pigments are also prevalent in the
market and offer good weather resistance, making them ideal for industrial paints and
outdoor applications [1, 34, 39].

Among the monoazo pigments, PY1 was selected. Introduced under the commercial
name "Hansa Yellow G", PY1 is a bright yellow pigment that presents a nitro (-NOg)
and a methyl (-CHg3) substituents in the diazo component Rj, in ortho- and para-
position relative to the azo bridge, respectively, and no Rg substituents.

Specifically, PY1 belongs to the yellow arylide class, a subgroup of the larger monoazo
category, with the chemical structure of the 2-[(4-methyl-2-nitrophenyl)diazenyl]-3-
oxo-N-phenylbutanamide. It can be present in different tautomeric forms due to
the presence of the single (-N-NH-) group instead of the traditional azo (-N=N-)
linkage [1]. In such a class of pigments, the azo bond between two aromatic groups
represents the chromophore center of the molecule. The equilibrium between the azo
and hydrazone forms depends on the chemical environment (solvent polarity, pH, and
adjacent functional groups), and the shift between azo and hydrazone forms can alter

the absorption spectrum of the pigment, affecting lightfastness and degradation.

Isoindoline pigments

I[soindoline yellow pigments represent a relatively recent class of lightfast and weatherfast
SOPs. The molecular structure of isoindoline pigments is characterized by the presence
of an isoindole ring, as illustrated in Figure 1.4.

Introduced in the mid-1960s, this high-quality pigment class rapidly gained popularity
due to its bright hues and good chemical stability. Consequently, these pigments are
frequently employed in various applications, including industrial coatings, exterior
paints, printing inks, and artistic compositions, frequently in conjunction with white
inorganic pigments. Depending on the substitution pattern X; e X3, isoindoline
pigments can be either azomethine derivatives or methine derivatives. Isoindoline
pigments exhibit hues ranging from yellow (PY109, PY110, PY139, PY173, PY185)
to orange (PO61, PO66, PO69), red (PR260), and brown (PBr38). Other isoindoline
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pigments with different shades have not achieved significant commercial success [1, 34,
40].

Xi

NH Xi, Xs substitution pattern

Xs

Figure 1.4 Schematic representation of the structure of isoindoline pigments [36]. X; and
X3 represent substituents, defining azomethine (X; = O or N—, X3 = N-) or methine (X; =
X3 = C linked to heterocyclic rings) derivatives.

Among the isoindoline pigments, PY139 was selected. In more detail, PY139 presents
a symmetric configuration of methine type, wherein the isoindoline chromophore
is attached to two identical heterocyclic rings of barbituric acid C4H4N2O3, with
the chemical structure of the 5-[3-(6-hydroxy-2,4-dioxo-1H-pyrimidin-5-yl)isoindol-1-
ylidene]-1,3-diazinane-2,4,6-trione. This pigment provides a reddish-yellow shade with
excellent lightfastness and weatherfastness properties, making it suitable for use in
plastics, paints, and printing inks.

The isoindoline ring leads to the presence of two different tautomeric forms, involving the
two heterocyclic ring systems attached through a carbon bond. In its crystalline form,
PY139 is organized in a two-dimensional network, benefiting from hydrogen bonding
interactions [41]. Notably, the high number of hydrogen bond donors and acceptors
contributes to strong intermolecular attractive forces, promoting the formation of a
tightly packed structure. The influence of physical properties, such as particle size and
shape, on color behavior is particularly pronounced in isoindoline pigments.

The ASTM lists these two yellow pigments among those exhibiting high stability
and good lightfastness when combined with oil [42, 43]. Although the extensive
characterization of monoazo and isoindoline pigments in modern and contemporary
paintings and the investigation of photoaging within the same molecular class [16, 44],
a comprehensive understanding of their lightfastness in the case of powder pigments or

paints interacting with white inorganic pigments is still lacking.
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Phthalocyanine pigments

Phthalocyanine pigments are one of the most important classes of synthetic organic
pigments. The excellent chemical and physical properties of phthalocyanines, and their
low production cost, make them the largest fraction of blue and green organic pigments
on the market [1]. For this reason, these pigments are widely used in the artistic field
in modern paintings [45, 46], or as organic pigments in street artwork paints [21].

Phthalocyanines are distinguished by a highly conjugated macrocyclic structure com-
prising four isoindole units linked through nitrogen atoms, with a central metal ion

typically present to stabilize the complex, as shown in Figure 1.5.

@ifb

Figure 1.5 Schematic representation of generic metal phthalocyanine structure [36]. In the
center, M represents the metal ion (M = Cu, Co, Ni, Zn, Fe, Mn, etc.)

The stability and rigidity of this structural configuration permit extensive electron
delocalization across the entire macrocycle. The delocalized m-electrons are primarily
responsible for light absorption, particularly within the ultraviolet and visible light
region, contributing to the vivid coloration and excellent lightfastness that typify
phthalocyanines. These pigments typically display shades of blue and green. The
exact color depends on the different coordination of the metal ions at their center (or
lack thereof in the case of the metal-free phthalocyanine HoPc), which enhances their
chemical and physical properties, as well as the specific auxochrome groups attached to
the macrocyclic structure. The central metal ion determines the pigment’s electronic
properties, significantly influencing its light absorption behavior. Copper is the most
common central metal in phthalocyanine pigments, producing the intense phthalo
blue pigment in five distinct polymorphic forms. The presence of other central metals

can result in variations in color and chemical reactivity. Moreover, the presence of
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auxochrome groups, such as chlorine (-Cl) and bromine (-Br), shifts the pigment’s hue
towards green, contributing to the synthesis of pigments such as phthalo green. The
versatility of phthalocyanines, combined with their low production cost, has enabled
their rapid adoption across artistic and industrial applications [1, 34, 47].

Among the various phthalocyanine pigments, cobalt phthalocyanine (CoPc or PB75)
was selected as one of the SOPs investigated in this Ph.D. research project. The central
cobalt ion within the macrocycle is responsible for the distinctive dark blue color with
red and violet undertones. In addition to its color, CoPc exhibits the characteristic
properties of phthalocyanines, including chemical stability and lightfastness. Indeed,
the different oxidation states and coordination abilities of cobalt induce shifts in the
electronic structure of the pigment, thereby influencing its stability and light absorption
properties. These attributes make CoPc pigments highly suitable for a wide range
of applications, including paints, coatings, plastics, and printing inks. Moreover, the
exceptional light stability of cobalt phthalocyanine is attracting considerable interest as
a potential component for various advanced applications. These include, for instance,
its deployment as a material in optical, electronic, and photoelectronic devices, as well
as in gas sensors and solar cells [48-50].

The stability of phthalocyanines in solutions is widely investigated as light-induced
photobleaching/photodegradation [51], in combination with different solvents: organic
[52], ionic liquids, acids [53], or water [54]. In addition, the chemical and structural
stability of phthalocyanine and its influence on the photodegradation of acrylic and
alkyd paints have been extensively studied [55, 56].

The high stability of cobalt phthalocyanine during this Ph.D. was studied only in
interaction with titanium dioxide, which was found to be the most reactive inorganic
pigment. Although the conjugated molecular structure of phthalocyanine exhibits
excellent solidity, and the titanium dioxide shows high performance to UV and visible
light, the stability of the combination of these two pigments is not well known. At the
macroscopic level, the solid-state interaction of these two powder pigments is lacking,
and the physical /chemical effect of TiO2 on the stability of phthalocyanine pigments,

in powder form without binder, is not entirely clear.
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Lead white

Lead white, historically known as "biacca" and classified as CI Pigment White 1 (PW1),
is one of the oldest white pigments, used in painting, sculpture, and decorative arts
since ancient times. Traditionally produced synthetically by reacting metallic lead
with vinegar, lead white occurs naturally as the rare minerals cerussite (PbCO3) and
hydrocerussite (2PbCO3-Pb(OH)2).

Its exceptional opacity, brightness, and warm undertone make lead white the predomi-
nant white pigment until modernity, widely used in classical European oil paintings [57].
However, since the '60s, due to concerns over lead toxicity and the advent of alternative
white pigments in contemporary markets, lead white has gradually been replaced by
the more modern pigments based on zinc and titanium compounds [29, 58]. Lead white
was thus restricted or banned in many countries but continued to be available for more
than a couple of decades after the issuance of regulations limiting its use, still in the
restoration and conservation of historic artworks and buildings. Although lead white
is not strictly considered a modern inorganic pigment, its well-known degradation
mechanism was helpful to validate our simulated aging process.

Lead white is highly reactive in oil-based media, forming a strong bond with the
binder that contributes to the overall durability and flexibility of paint films. More-
over, lead white functions as an effective siccative, accelerating the thermooxidative
polymerization and subsequent degradation of drying oils by promoting the formation
of cross-linked networks within the matrix [59]. Beyond its role in film formation and
drying, lead white can also initiate chemical degradation processes. Specifically, it can
react with free fatty acids generated through the hydrolysis of triglycerides in the oil
medium, triggering a saponification process. This reaction results in the formation
of lead soaps (lead carboxylates). Over time, these soaps may migrate through the
layers, aggregate, and crystallize, significantly impacting the stability and appearance
of painted surfaces. The accumulation of lead soaps has been associated with surface

protrusions, increased opacity, translucency, or delamination [60-62].

Titanium white

Titanium dioxide, classified as CI Pigment White 6 (PW6), is one of the most widely
used white inorganic pigments of the 20th century. Its popularity has surpassed that
of traditional white pigments due to its high stability, non-toxicity, and low cost. TiO9
exists in three natural crystalline forms: anatase, rutile, and brookite. Brookite, a rare

mineral, is not employed in pigment production. The anatase and rutile forms are,
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however, synthesized to yield white pigments [28, 63].

The primary application of titanium dioxide is as a white pigment, extensively used
in various commercial products, including paints, paper, pastels, plastics, inks, and
cosmetics. Beyond its role as a pigment, TiO2 has also found interest in the scientific
research field thanks to its photocatalytic properties, such as material for energy
generation and storage, environmental protection, catalyst, and biomedical applications
[64-66]. Titanium dioxide can also be studied in combination with colorant, for example,
an important application concerns the use of phthalocyanines in combination with
titanium dioxide for the study of photocatalysis and the creation of dye-sensitized
solar cells (DSSC) [50, 67], in which the active material consists of the colorant that
transfers electrons to the TiOs following the absorption of photons. In addition,
titanium dioxide has attracted new interest in the field of cultural heritage for its use
in "anti-smog" paints applied to outdoor artworks [68, 69]. These paints take advantage
of the photocatalytic activity of TiO2 to break down harmful pollutants under sunlight,
thus helping reduce air pollution.

Despite its widespread use and advantageous properties, titanium dioxide in paints can
interact with the organic binder, potentially leading to erosion or oxidative degradation
of the binder [70-72]. These interactions are primarily attributed to the photocatalytic
activity of TiOo, which can generate reactive oxygen species under light exposure,
breaking down binder molecules and accelerating the aging process of the paint film,
thus resulting in discoloration and fading. This phenomenon is not the only problem
associated with titanium dioxide interactions in painted systems. Several studies
have documented visible degradation processes in wall paintings and murals, possibly
resulting from the physical migration of TiOg powders toward the surface [37, 73].
In addition, in the context of modern and contemporary artworks, the interaction
between TiO2 and synthetic organic pigments adds further complexity, leading to
color differences in the paints [16, 74]. To counteract these effects, commercially
available TiOg pigments are often surface-coated with inert materials such as aluminum,
zirconium, or silicon oxides, which effectively decrease the photocatalytic activity of
TiOg [75]. These materials help preserve pigment stability even under prolonged
exposure to UV radiation. The presence or absence of these treatments must be
carefully considered when evaluating the photostability of modern pigments subjected
to environmental conditions. However, it is important to note that, as previously
discussed, the photocatalytic activity of titanium dioxide is intentionally exploited in
various technological and artistic applications, including protective coatings, mural

paints, solar cells, photocatalytic systems, and more.
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Zinc white

Zinc oxide, classified as CI Pigment White 4 (PW4), has been known since ancient
times, though its use as a pigment became widely recognized only in the late 18th
century. It is highly valued for its non-toxicity, fine particle quality, cool transparent
tone, and exceptional long-term stability. Industrial-scale production began in France
around 1780, but it was not until 1834 that it emerged under the name "Chinese White'"
as a true alternative to the toxic lead white. Derived from the mineral zincite, zinc
white is now exclusively produced synthetically through the combustion of zinc metal,
using either the direct process (American) or the indirect process (French) [28, 76].
Zinc oxide is the subject of considerable scientific research for its antimicrobial properties
and resistance to environmental factors. It is widely used in various industries, including
cosmetics, ceramics, plastics, and pharmaceuticals [77, 78].

Zinc white can contribute to different degradation processes in paintings, affecting
both the mechanical and chemical stability of painted surfaces. Similarly to lead white,
it can promote the saponification of the oil binder, leading to the formation of zinc
soaps (zinc carboxylates). These compounds may migrate through the paint layers,
crystallize, and accumulate, resulting in physical damage such as brittleness, cracking,
and increased transparency of the paint layers [61, 79]. In addition to soap formation,
zinc oxide is known to exhibit photocatalytic activity under light exposure, particularly
in the presence of UV radiation. Interestingly, this photocatalytic property has been
intentionally exploited in recent applications, where zinc oxide is incorporated into
the formulation of self-cleaning paints for outdoor use. In these modern materials,
ZnO nanoparticles help degrade organic pollutants deposited on surfaces by triggering
oxidative degradation under light exposure [80, 81]. However, this reactivity, similar to
that observed in titanium dioxide, can initiate or accelerate photooxidative degradation
processes of both the oil binder and other pigments, further compromising the stability

and appearance of the paint film.
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1.2.2 Binders

Binders are of fundamental importance in paint formulations, as they act as the medium
that binds pigment particles together and facilitates their adherence to the substrate.
Beyond their role in cohesion, binders contribute to the texture, gloss, elasticity, and
stability of the paint.
Throughout art history, binders have evolved significantly, aligning with the technical
and artistic demands. The main binders employed in painting can be divided into
three types [82], as outlined below:

e tempera, derived from protein-based materials (such as egg yolk or animal glue)

or polysaccharide-based materials (such as vegetable gums);

e oils, valued for their ability to form transparent, flexible, and durable films;

e synthetic polymers, such as alkyd and acrylic resins.
Notwithstanding the advent of synthetic binders in the 20th century, siccative oils
remain the most widely used medium in painting techniques, with applications also in
modern and contemporary art.
From antiquity to the present, linseed, walnut, and poppy oil have been the most
common drying oils employed in painting [83]. These oil binders are a complex mixture
of triacylglycerides (TAGs), which consist of glycerol molecules esterified with three
fatty acids. The fatty acids typically present in siccative oils include saturated acids
(such as myristic, palmitic, and stearic acids) and polyunsaturated acids (such as oleic,
linoleic, and linolenic acids), which are differentiated by the number of conjugated
double bonds. A distinguishing feature of these oils is their high concentration of
polyunsaturated fatty acids, which renders them highly susceptible to oxidation and
polymerization, leading to the formation of durable and elastic paint films.
The drying process of siccative oils is characterized by oxidation and polymerization
reactions, resulting in chemical and physical variations of the paint film [84, 85].
Known as curing, this process involves the absorption of atmospheric oxygen and the
crosslinking of unsaturated fatty acids. The result of these reactions is the formation of
a high-molecular-weight, three-dimensional polymer network, leading to a strong and
stable paint film. However, external factors such as light, temperature, and humidity
can accelerate the aging processes. Over time, these conditions may lead to yellowing
and a loss of elasticity, thereby compromising the film’s properties. The drying and
aging of oils are subjects of significant interest in the scientific literature. Indeed, a
comprehensive understanding of these processes is fundamental for the conservation

and restoration of painted artworks.
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Linseed oil

Among all drying oils, linseed oil is known for its excellent drying properties and
mechanical strength, making it the most widely used binder in the artistic field.
Linseed oil is extracted from the seeds of Linum usitatissimum, and the high content
of polyunsaturated fatty acids characterizes it. In particular, a-linolenic acid (Cjg.3),
a triply unsaturated fatty acid with an 18-carbon chain and three double bonds,
constitutes approximately 48-60% of linseed oil composition. Other significant saturated
fatty acids present are oleic acid (Cyg.1, 14-24%) and linoleic acid (Cis.o, 14-19%),
which contain one and two double bonds, respectively. Additionally, smaller amounts
of saturated fatty acids, such as palmitic acid (Cyg.0, 6-7%) and stearic acid (Cis.o,
3-6%), contribute to the overall structure of the oil [86, 87].

Figure 1.6 illustrates the molecular structure of the main fatty acids of linseed oil.

a-linolenic acid  C,q;  C,;5H;,0,
HO

Linoleic acid C18:2 C18H3202 )W/W
HO
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HO

o]

Palmitic acid C 16:0 C 16H3202 /U\/\/\/\/\/\/\/\
HO

o]

Stearic acid Cigo  CgH360, /U\/\/\/\/\/\/\/\/\
HO

Figure 1.6 Schematic representation of the molecular structures of the main fatty acids
present in linseed oil [36]. From top to bottom: a-linolenic acid, linoleic acid, oleic acid,
palmitic acid, and stearic acid.
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This chapter provides an overview of the techniques employed both to characterize the
materials used in the sample preparation and to investigate the variations induced by
artificial aging processes. The analysis of materials in the field of cultural heritage,
including pigments, binders, and paints, requires a multidisciplinary approach that
incorporates different analytical techniques. Specifically, the multi-technique approach
ensures the acquisition of detailed information regarding the chemical composition,
structural characteristics, and state of conservation of the artworks while preserving their
integrity. The methodologies employed in this field can be classified into non-invasive
and invasive techniques, with invasive methods further divided into non-destructive

and micro-destructive methods [82].

e Non-invasive techniques enable the analysis of materials without requiring sam-
pling or direct contact, making them essential for studying artworks and artifacts
of significant historical value. These methods preserve the integrity of the object
while providing detailed information. They operate based on electromagnetic
radiation, with specific wavelengths selected according to the type of information
required. Among the most common techniques in this field are photography

under various lighting conditions, UV fluorescence, and infrared reflectography.

e Invasive non-destructive techniques enable material analysis without altering
the sample, even though some require direct contact. These methods, widely
employed in cultural heritage studies, are based on the interaction between elec-
tromagnetic radiation and matter to obtain elemental and chemical information.

Some of the most commonly used techniques are scanning electron microscopy
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(SEM), X-ray fluorescence (XRF), and photoluminescence spectroscopy (PL).
Molecular spectroscopy techniques, such as Fourier transform infrared (FTIR)
and Raman spectroscopy, are particularly valuable in this field. Identifying func-
tional groups and comparing spectra with reference databases provides insight

into the molecular composition of both organic and inorganic materials.

e Invasive micro-destructive techniques, on the other hand, involve the collection of
small quantities of material, chemical treatment, or partial removal of the sample
during analysis. Commonly applied micro-destructive techniques in cultural
heritage studies include thermal methods as well as mass spectrometry. In
particular, secondary ion mass spectrometry (SIMS) is used to identify organic
materials such as polymers, synthetic pigments, and oils, providing high surface
sensitivity. SIMS is considered a micro-destructive technique because it bombards
the sample with a beam of primary ions, resulting in surface ablation and material
removal at the nanometric scale. Furthermore, because this technique requires

small sample sizes, it often involves the sampling of material from the artwork.

To gain a comprehensive understanding of the interactions and degradation processes
occurring between organic and inorganic pigments under aging processes, a multi-
technique approach was designed, using a combination of the techniques outlined below.
The choice of the most suitable technique depends on both the material and the type
of information to be obtained. In the context of studies on the artificial aging of
pigments and paints, an important factor in the selection of the technique is the depth
of analysis, or penetration depth (d,), which refers to the ability of the instrument
to probe the surface layers or the deeper internal layers of the material. Table 2.1
provides the penetration depth of the analytical techniques used in this Ph.D., with

the main factors that can influence it, excluding the material type.

Table 2.1 Comparison of penetration depth of the analytical techniques employed.

Technique | Penetration depth d, | Main influencing factors

FTIR-ATR 0.5 10 um IR wavelength
ATR crystal (Ge < Si < ZnSe)

Raman 10 nm — 5 um Laser wavelength
(UV < VIS < near-IR)
ToF-SIMS 1 —-10 nm Energy of the primary ions

Acquisition time
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2.1 Colorimetry

Colorimetry is a non-invasive technique used for color measurement based on objective
methods that quantify the color perceived by the human eye. It employs instruments
called colorimeters that detect the intensity of light reflected from a surface across
different wavelengths. The measured data are expressed in standardized color spaces
that provide a quantitative representation of color perception. In the field of cultural
heritage, the most commonly used color space is the CIE L*a*b* (commonly referred
to as CIELAB), developed in 1976 by the Commission Internationale de 'Eclairage
(CIE, International Commission on Illumination) [9, 88]. With this technique, the color
of an object is represented as a point in the three-dimensional CIELAB color space

through three chromatic coordinates:
e L*, the luminosity, is the z-axis ranging from black (L* = 0) to white (L* = 100);
e a*, the red-green chromatic, is the abscissa axis, from +a* (red) to —a* (green);
e b*, the yellow-blue chromatic, is the ordinate axis, from +b* (yellow) to —b*

(blue).

This color space exhibits non-uniform distributed color domains, as schematically
illustrated in Figure 2.1 [89], and is based on the opponent color model, in which colors
located on the same axis but with opposite coordinates (such as green-red on the a*

axis and blue-yellow on the b* axis) cannot be perceived simultaneously.

L* 100

-a" Green

L' 0

Figure 2.1 1976 CIELAB color space [89].
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The nature of illumination significantly influences the perception and quantification of
the color of an object [90]. The CIE recommended standard illuminants and optical
geometries for use in colorimetry. Illuminant A represents the spectral distribution of
a tungsten filament incandescent light source (color temperature 2856 K). Illuminants
B and C are derived from Illuminant A by applying appropriate filters to simulate,
respectively, noon sunlight (B) and average daylight conditions (C). The D series
represents daylight simulants under different conditions: D75 (7500 K) corresponds
to northern daylight, D65 (6500 K) to average daylight, and D55 (5500 K) to a
combination of direct sunlight and skylight. Finally, the F series represents various
types of fluorescent lamps, although none are classified as standard illuminants. In
addition, two standard geometries are recommended: the 2° geometry, which simulates
foveal (central) vision for focused color perception, and the 10° geometry, which
represents peripheral vision with a wider field of view. The D65 illuminant and the 10°
standard observer geometry are generally preferred for most applications.

Colorimetry has been used to quantify the first variations observed after artificial aging
in terms of color perception, thereby providing numerical data on color variations.
The total color change (AF) between two color points is calculated as the Euclidean

distance between these points in the CIELAB color space:

AE = /(AL*)2 + (Aa*)? + (Ab*)?

where A refers to the difference in color parameters between the aged sample and the
unaged reference. When the value of AL* is positive, the luminosity of the aged sample
is lighter than the reference, and when AL* is negative, the aged sample appears
darker. A positive value of Aa* indicates that the aged sample is redder than the
reference, while a negative value suggests that it is greener. A positive value of Ab* in-

dicates that the aged sample is yellower, while a negative value indicates that it is bluer.
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2.2 Fourier transform infrared spectroscopy

FTIR spectroscopy is an analytical technique that utilizes the absorption of infrared
(IR) radiation by molecules to study the chemical composition of various materials.
Molecules absorb infrared radiation at specific wavelengths corresponding to the
vibrations of their chemical bonds [91]. This absorption generates a specific infrared
spectrum, characteristic of the analyzed compound, providing valuable information
about its chemical structure.

When a molecule absorbs an IR photon with a specific frequency v, it transitions
from its ground state to an excited vibrational energy state. The energy released by
the IR radiation is thus converted into vibrational energy. For energy to be transferred
from an IR photon to a molecule through absorption, the molecular vibration must
induce a change in the dipole moment of the molecule [92, 93]. The intensity of the IR
absorption Ijg is proportional to the square of the change in the dipole moment pu,

caused by the change in the vibrational amplitude Q:

P 2
s (2)

Only under these conditions, the alternating electric field of the IR radiation interacts
with the molecule, causing changes in the amplitude of one of its vibrational motions.
For this reason, not all molecular vibrations are IR-active, particularly in highly
symmetrical molecules, where these vibrations do not produce a change in the dipole

moment. The condition required for absorption is:

o
(aQ) 70

A typical IR spectrometer emits infrared radiation across a broad spectrum, conven-
tionally divided into three regions:

e near-IR 14000-4000 cm ™1,

e mid-IR 4000-400 cm ™!,

e far-IR 400-0 cm L.
The mid-IR region, particularly useful for identifying a wide range of organic and
inorganic materials, including binding media, pigments, paints, and varnishes, is
further divided into two subregions, each providing specific information about the
composition and structure of the analyzed materials. The region 4000-2000 cm ™!,

known as the functional group region, contains absorption frequencies characteristic

of organic functional groups, such as C=0, C=C, C-H, and O—H. These functional
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groups exhibit distinct absorption peaks at specific frequencies, regardless of the overall
molecular structure. The region 2000-400 cm™!, known as the fingerprint region,
contains absorption peaks influenced by the overall skeletal structure of the molecule.
The IR signals in this region are characteristic to each molecule, as even minor structural
variations alter the distribution of absorption peaks. For this reason, no two molecules
have the same IR features, making infrared spectroscopy a powerful tool for compound
identification through database comparisons.

Molecular vibrations in IR spectroscopy can be classified as stretching and bending.
Stretching vibrations involve changes in bond length along the axis connecting two
atoms and can occur in either a symmetric or asymmetric mode. Bending vibrations, on
the other hand, involve changes in bond angles and can also be classified as symmetric
or asymmetric. These deformations can occur in-plane or out-of-plane, commonly
referred to as rocking, scissoring, wagging, and twisting. A schematic representation of

these vibrational modes is shown in Figure 2.2.

W W

Symmetric Asymmetric

(a) Stretching vibrations

e

In-plane rocking In-plane scissoring
Out-of-plane wagging Out-of-plane twisting

(b) Bending vibrations

Figure 2.2 Types of molecular vibrations: (a) stretching and (b) bending vibrations. In
out-of-plane vibrations, the + symbols + and - indicate the movement towards the reader
and the page, respectively [91].

FTIR spectroscopy was performed in different modes, including transmission, reflection,
and attenuated total reflection (ATR). The following section specifically examines the

ATR mode, as it was the main method used in our experiments.
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2.2.1 Attenuated total reflection mode

ATR is a widely used modality in FTIR spectroscopy that enables the direct analysis of
solid, liquid, and semi-solid samples with minimal preparation. This technique relies on
the principle of total internal reflection, allowing infrared radiation to interact with the
sample at the surface of a high-refractive-index crystal, such as diamond, germanium
(Ge), or zinc selenide (ZnSe) [94]. Specifically, infrared radiation propagates from the
optically denser ATR crystal to the less dense sample, which is in direct contact with
the crystal. As the angle of incidence increases, a fraction of the incident beam is
reflected until it exceeds a certain threshold, known as the critical angle, and total
internal reflection occurs. The beam penetrates a small distance into the medium
until the reflection occurs, creating an evanescent wave, an electromagnetic field that
extends into the sample. During the reflections, the evanescent wave interacts with
the sample, resulting in partial absorption of its energy. The corresponding intensity
attenuation is measured by the detector. A schematic principle of the ATR mode is

shown in Figure 2.3.

o Evanescent

Sample v wave
ATR crystal .
IR beam Detector

Figure 2.3 Schematic representation of the ATR mode (left), and a graphical detail of a
single reflection with the evanescent wave, the penetration depth d,, and the angle 6 (right).

The depth of penetration d,, of the evanescent wave, which varies from a fraction of
a wavelength to several wavelengths, determines the interaction between the infrared
radiation and the sample, and is approximated as:

A
21 [n2sinf —n2]1/2

dy =

where A is the wavelength of light, n. is the refractive index of the ATR crystal, ng is
the refractive index of the sample, and @ is the angle between the incident IR beam
and the surface normal of the crystal, as illustrated in Figure 2.3. Typical penetration
depth in ATR ranges from approximately 0.5 to 10 um, depending on the wavelength
of the incident infrared light, the refractive index of the ATR crystal, and the sample

under investigation.
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2.3 Raman spectroscopy

Raman spectroscopy is an analytical technique based on the inelastic scattering of light
by matter. When a sample is irradiated with a monochromatic light source, the light
scatters in all directions, giving rise to the Raman effect [91]. In Raman experiments,
this monochromatic light is provided by a laser source with an excitation wavelength
in the UV, VIS, or near-IR spectral region (248-1064 nm).

In the Raman process, a molecule can absorb an incident photon with energy hv,,
exciting the system from the ground vibrational state v =0 to a virtual energy level j.
After excitation, the molecule relaxes by emitting a photon from the virtual state, either
elastically or inelastically. In elastic scattering, called Rayleigh scattering, the emitted
photon has the same frequency (ve,) as the incident photon. In inelastic scattering,
the wavelength of the scattered light shifts towards lower frequencies (Vey — vyip) Or
higher frequencies (Vey + 14y5) compared to the incident radiation, where v, represents
the molecular vibration frequency. These shifts are known as Stokes and anti-Stokes
scattering, respectively. Specifically, Stokes scattering occurs when molecules in the
ground vibrational state are excited to the virtual state, while anti-Stokes scattering
arises from molecules already in an excited vibrational state. A schematic diagram of
the energy levels involved in the Raman process, using a simplified system with two

vibrational energy levels v =0 and v =1, is illustrated in Figure 2.4.

Stokes Raman Rayleigh Anti-Stokes Raman
Scattering Scattering Scattering
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Figure 2.4 Energy levels diagrams of the vibrational transitions involved in the Raman
scattering [91].
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Rayleigh scattering is the most probable event, with its observed intensity being
approximately 1072 times lower than that of the original incident radiation. Stokes and
anti-Stokes Raman scattering are considerably less intense, around 1079 of the incident
intensity. Additionally, at ambient temperature, Stokes transitions are typically more
intense than the corresponding anti-Stokes transitions, as most molecular vibrations
are in the ground vibrational state [92, 93].

The intensity of the Raman scattering I is proportional to the square of the variation

of the polarizability «, with respect to the variation in the vibrational amplitude Q:

P 2
Ip x (E)é;)

Only the molecular vibrational modes that cause a change in polarizability are Raman-

active, such that they satisfy the condition:

ox
(a@) 70

In Raman spectroscopy, the penetration depth is strongly influenced by both the optical
properties of the material and the selected excitation wavelength, generally following
the trend: d,(UV) < d,(VIS) < dy(near-IR). Indeed, shorter wavelengths, such as
UV lasers, result in less deep penetration, whereas longer wavelengths in the VIS and
near-IR regions allow for deeper light penetration into the sample [95]. For example,
in silicon, the penetration depth ranges from 3 pum with a 633 nm laser, approximately
300 nm with a 485 nm laser, to ~15 nm with a 364 nm UV laser [96].

Raman spectroscopy is a widely used technique in the field of cultural heritage. While
both Raman and IR spectroscopy are employed to study molecular vibrations, they
provide different but complementary information. When comparing Raman and
FTIR spectra, similarities can be observed, particularly in the functional groups and
fingerprint regions, which are essential for identifying specific compounds. However,
the types of molecular vibrations that are Raman- or IR-active differ significantly. As
already seen, in Raman spectroscopy, the active vibrations are related to changes in
the polarizability of the molecule, whereas in IR spectroscopy, a change in the dipole
moment is required. This distinction generally means that non-polar or symmetrical
molecules are typically Raman-active, while polar and asymmetrical molecules are

predominantly IR-active.
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2.4 Time-of-flight mass spectrometry

ToF-SIMS is a highly sensitive surface analytical technique, widely used in both
industrial and research applications, including the analysis of materials in the cultural
heritage field, such as ceramics, polymers, paints, coatings, and more [97]. This
technique provides detailed elemental and molecular information about the surface of
materials, making it invaluable for characterizing complex surfaces and thin films.
This technique offers two modes of analysis: static and dynamic SIMS mode. The
static SIMS mode provides detailed chemical information from the surface layers of the
material through surface spectrometry or high-resolution spatial imaging via surface
imaging. This mode generates a mass spectrum and chemical maps of the surface
distribution of the elements or compounds detected in the spectrum. The dynamic
SIMS mode, on the other hand, enables the analysis of the material at different depths
by sputtering the surface. This results in depth profiling measurements, as well as
in-plane (2D) and in-depth (3D) ToF-SIMS data set reconstruction. Depending on
the selected SIMS mode, different characteristics of the material can be explored, from
surface composition to depth-dependent variations [91, 98].

Figure 2.5 illustrates the operating principle of the ToF-SIMS technique, which includes
the primary ion gun, the secondary ion beam in orange analyzed by the ToF analyzer,

the detector, the sputter ion gun for depth profiling, and the electron flood gun.

ToF analyzer

Primary p—
ion gun —I
Sputter
\ ion gun
Pulsing\
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RastA. / — - Electron
flood gun

Samples holder

Figure 2.5 Schematic representation of the main components of the ToF-SIMS system.
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The primary ion beam consists of high-energy ions (typically 1-30 keV), which are
directed onto the sample surface under ultra-high vacuum conditions (UHV). This
primary ion beam is pulsed, providing a well-defined start signal for the measurement
of the flight time of the secondary ions. Upon striking the surface, the primary ions
transfer energy to the atoms in the outermost atomic layers of the sample, leading to
the ejection of surface atoms, molecules, fragments, and clusters.

Among the species ejected from the surface, only a small fraction are ionized, typically
less than 1%. These ionized species form the secondary ion beam. The secondary
ions are extracted and accelerated into the mass analyzer, where, upon reaching the
detector, a mass spectrum is generated, plotting the mass-to-charge ratio (m/z) versus
the intensity, expressed in counts. This spectrum allows for the identification of the
various species present on the surface, providing high-precision chemical analysis and
detailed insights into the composition of the materials.

In dynamic mode, a sputter ion gun is used to study the underlying layers of a
material. The sputter ion gun bombards the surface with a high-energy ion beam,
causing controlled erosion (or sputtering) of the sample, which is combined with static
surface analysis. By repeatedly sputtering and analyzing the secondary ions emitted
from each successive layer, ToF-SIMS generates a depth profile that reveals how the
chemical composition varies with distance from the surface. Dynamic analysis is crucial
for applications that require the study of multi-layered structures, such as coatings,
composite materials, and thin films.

Another main component of the ToF-SIMS system is the electron flood gun, which is
used to compensate for the electrostatic charge that can accumulate on insulating or
non-conductive materials during SIMS analysis. The flood gun is an electron source that
emits low-energy electrons (0-21 eV) to neutralize the surface charge while preventing
any damage to the sample between primary ion pulses.

The penetration depth of ToF-SIMS in static mode depends mainly on the type of
material, the primary ion beam used, and the specific conditions of the analysis, such
as the acquisition time. Generally, the penetration depth is limited to the uppermost
surface layers, providing chemical information from the top 1 to 10 nm of the material.
ToF-SIMS was employed to investigate the potential degradation of organic pigments
in the presence of inorganic white pigments, as well as their possible interactions, after
artificial aging. By comparison of the mass spectra acquired before and after the aging
process, it was possible to assess the stability of the pigment within the outermost
surface layers probed by ToF-SIMS.
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2.4.1 Time-of-flight analyzer

The basic principle of a ToF detector, as schematized in Figure 2.6, is the separation

of secondary ions based on their mass-to-charge ratio (m/z) [99].
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Figure 2.6 Schematic illustration of the working principle of a ToF detector [99].

When ions are subjected to an extraction electric potential V| the ions generated by
bombardment acquire a fixed kinetic energy, Ky = zeV/, where z is the ion charge and
e is the electronic charge (1.6-1071C). These ions then travel through a field-free
drift tube of known length L at a certain velocity v. The kinetic energy of the emitted

ions with mass m is given by:

1
Ep=ezV = imvz

Since all ions enter the field-free region with the same kinetic energy, their velocity
is inversely proportional to their mass. Therefore, lighter ions have higher velocities,
arriving at the detector earlier than heavier ions. The time of flight ¢ is directly
proportional to the m/z ratio, according to the following equation:
RN L
v 2zeV
In ToF-SIMS, mass separation takes place along the spectrometer axis. A fundamental

factor determining the quality of the mass spectrum is the mass resolution, expressed as
m/Am. Two adjacent masses, mg and mg+ Am, reach the detector at different times,
to and tg+ At, respectively. To resolve these two masses, the difference in their arrival
times at the detector, At, must be sufficiently large. The ToF system is equipped with
a reflectron-type mass analyzer. It consists of a series of electrostatic lenses that focus
the ions and reverse their direction, increasing the total flight time without requiring
a physically larger spectrometer. The resulting extended flight path enables better
separation of ions with nearly identical masses, thereby enhancing the overall mass
resolution. The high resolution of the ToF-SIMS instrument (10000 m/Am) allows

the precise identification of molecular fragments and minimizes spectral interferences.
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2.5 X-Ray diffraction

X-ray diffraction (XRD) is an analytical technique widely employed to characterize
crystalline materials. Its fundamental principle relies on the interaction between
incident X-rays and the periodic atomic planes within a crystal lattice, resulting in
diffraction patterns characteristic of the material [100, 101], as illustrated in Figure
2.7.

X-ray incoming beam X-ray diffracted beam

1
i
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i
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1

Figure 2.7 Schematic view of X-ray diffraction within a crystal lattice planes.

The condition for constructive diffraction is described by Bragg’s Law:
n\x= thkl sin 97

where n is the order of diffraction, A is the wavelength of the incident X-rays, dp; is
the lattice spacing corresponding to the Miller indices (hkl), and @ is the diffraction
angle. In polycrystalline materials, diffraction occurs from multiple crystallographic
planes that simultaneously satisfy the Bragg condition.

Each crystalline phase present in the sample generates a distinct diffraction pattern that
is uniquely determined by its atomic arrangement and space group symmetry. Therefore,
the analysis of these diffraction patterns enables qualitative phase identification of the
material. In multiphase systems, the resulting diffraction pattern is a superposition
of the individual phase patterns. For this reason, XRD is extensively used for phase
identification through comparison with standard diffraction data or crystallographic
databases. Furthermore, the relative intensities of the diffraction peaks associated
with each phase are proportional to their respective concentrations in the sample,
enabling quantitative phase analysis as well. Therefore, XRD are widely used both for
qualitative and quantitative analysis.

XRD is a powerful technique not only for the identification of crystalline phases but

also for the extraction of structural information, such as the average crystallite size.
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In particular, the broadening of the diffraction peaks can be analyzed through peak
fitting procedures to estimate the crystallite size D through the following equation,
known as the Scherrer equation:

kA
FW HM cos6
where k is a dimensionless shape factor or Scherrer constant, A is the wavelength of
the incident X-rays, FWHM is the full width at half maximum of the XRD peaks in
radians, and 6 is the diffraction angle.

D:

This technique was applied to the characterization of inorganic pigment powders,
specifically titanium dioxide and zinc oxide, to identify the crystalline phases present
and estimate the average crystallite size. The structural information obtained through
XRD provided valuable information on the photocatalytic activity of these oxides
during the aging process.
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2.6 Aging processes

During this Ph.D. research, four distinct accelerated aging processes were examined to
investigate the stability of the selected synthetic organic pigments when combined with
inorganic white pigments. These methods simulate stresses and conditions, including
UV, UV-VIS or solar radiation, relative humidity, and temperature. In the following
sections, the four aging processes developed and applied in this study will be described

in detail, highlighting their specific conditions.

2.6.1 UV- and humidity-related aging

A custom-designed aging chamber was designed and built to simulate a UV- and
humidity-related aging process, reported in Figure 2.8a. The aging chamber was
equipped with four Philips Lighting TL 20W /12 RS SLV /25 UVB broadband lamps
[26]. The emitted radiation was exclusively in the UV spectrum, ranging from 270 to
420 nm, with a peak intensity of around 320 nm within the "B" bandwidth of the UV
spectrum. The lamps were arranged to ensure a uniform distribution of radiation via a
custom-made holder.
The samples were subjected to UVB radiation for a total exposure duration of 665
hours. During the aging process, the samples were placed in two lines, exactly under
the central lamps at a distance of 1.5 cm, as illustrated in Figure 2.8b. The total UV
irradiance emitted was estimated through Keitz’s formula [102, 103]:
Icos?f(a+sinacosa)

w2hL
I is the UV flux of the lamp in Watt, h and L are the distance of the point P from the

lamp and its length respectively, « is the half angle under which the source is observed

E=

in all its extension at the point P in radians, and 6 is the angle orientation of the point
P respect to the plane parallel to the lamp in radians, as schematically illustrated
in Figure 2.8c. At this distance, the total UV irradiance emitted was 50.264 W /m?,
considering the contributions of all lamps. This measurement is in agreement with the
data obtained using a ThorLabs S302C Thermal Power Sensor Head on the surface of
the aging chamber.

The relative humidity inside the chamber was maintained within the range of 70-90%
RH by employing a saturated solution of NaCl in distilled water [104, 105]. Both
temperature and relative humidity were continuously monitored throughout the aging

process using a Grove Temperature and Humidity Sensor DHT11. The sensor was
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connected by Arduino hardware and software to a PC, providing data at regular intervals
throughout the experiment. Based on the measurements, the average temperature was
approximately 30°C, and the relative humidity was maintained within the range of
70-90%. This aging process was employed to evaluate preliminary variations and assess

the response of the materials under UV- and humidity-related conditions.

Figure 2.8 (a) Custom-designed aging chamber with PC monitoring. (b) A detailed view
of samples under the UVB lamps before the aging process. (c¢) Schematic geometry for the
radiance calculation system at point P used in the Keitz method.

2.6.2 UV-VIS artificial aging

The UV-VIS artificial aging process was conducted in a climate chamber under con-
trolled conditions to simulate long-term material degradation. The chamber is an ACS
Angelantoni climatic chamber (Model DY200C, Angelantoni Test Technologies Srl,
Italy) with reflective walls, equipped with a high-power 125W Hg lamp. The lamp
emits radiation in all directions, ranging from 220 nm to 630 nm, from the UV to the

visible range. This radiation source is commonly employed for aging tests on paints,
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plastics, rubbers, and other polymer-based products.

The irradiation measurements provided by the manufacturer in UVA, UVB, and UVC
range, in contact with the lamp’s quartz, are:

UVA - 430 W/m?, UVB - 356 W/m?, and UVC - 224 W/m?.

The samples were exposed to high and controlled temperature and humidity conditions
to accelerate aging, simulating environmental stress conditions. The temperature was
set at 30°C, and the relative humidity was maintained between 60-70% RH.
Depending on the case study, the aging processes were carried out in the climatic
chamber under controlled conditions with the samples positioned under the lamp to
ensure uniform irradiation, as illustrated in Figure 2.9. Specifically, the aging processes
were carried out under controlled conditions of radiation, temperature, and relative
humidity, for a specific period: 30°C, 60%RH for 410 hours for yellow paint samples
(Chapter 3); 30°C, 70% RH for three steps of 50 hours, for cobalt phthalocyanine
powder samples (Chapter 4).

The use of the climatic chamber led to an improvement in the aging procedure, en-
abling a time-controlled mechanism that considers radiation, temperature, and humidity.
Specifically, the implementation of a more powerful UV-VIS lamp, in comparison to
the previous aging setup, combined with precise and consistent control over both tem-

perature and relative humidity, ensures an accurate and reproducible aging simulation.

,
Figure 2.9 A detailed view of the samples positioned under the UV-VIS lamp inside the
climatic chamber, before the artificial aging process.
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2.6.3 Solar natural aging

The solar natural aging was performed exclusively on powder samples containing mix-
tures of organic and inorganic pigments (Chapter 4). Special attention was given to the
design of the "solar box", which was constructed using a specific polymer transparent
to most UV radiation from the sun. Specifically, a transparent UVD plexiglass with a
thickness of 2 mm (Tomea Materie Plastiche Srl, Ttaly) and a high light transmittance
above 300 nm was selected. The samples were placed inside the solar box with a
custom-made support that ensured adequate spacing and prevented contamination
between them during the process. As illustrated in Figure 2.10, half of the samples
were covered to exclude the radiation component, providing unaged reference samples.
The box was equipped with holes to allow airflow and prevent humidity condensation
while ensuring the exclusion of external contaminants through the use of cotton.

All the samples were exposed to natural solar radiation for 40 days during the summer
period, from 28 July to 6 September, in Rome (University of Roma Tre - 41°51'24"'N
latitude and 12°28'01"E longitude), with a southward orientation. The average tem-
perature and relative humidity, measured both day and night, were 27°C and 67% RH,
respectively, as recorded by the "atlante italiano della radiazione solare', an online
service of ENEA [106].

Figure 2.10 Powder samples exposed to natural solar aging inside the aging box, positioned
on the custom-designed sample holder.
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2.6.4 Solar simulator aging

The solar simulator aging was conducted in collaboration with Professor Andreas
Ruediger’s research group at INRS-EMT in Canada, where an advanced solar simulation
system was employed to accelerate the aging process of powder samples (Chapter 4).
In this experimental setup, the samples were directly exposed to irradiation for a total
duration ranging between 50 and 100 hours. The solar simulator used is a SS50AAA
150-Watt Solar Simulator (Photo Emission Tech, Inc.), equipped with a Xenon Short
Arc lamp. The device model is presented in Figure 2.11, showing also the touch
screen panel used for controlling the lamp parameters. The total light irradiance on
the samples was nominally of about 1000 W/m?, corresponding to 1 sun, with an
illuminated area of 50 mm x 50 mm. The solar simulator used in this study operates
under the global solar irradiation standard AM 1.5 G, which simulates sunlight passing
through the Earth’s atmosphere at an oblique angle, similar to the Sun at approximately
48° from the zenith, typical of midday on a clear day in many temperate regions.
The high power output of the solar simulator provided valuable insights into the long-
term photostability of a highly stable pigment, a cobalt phthalocyanine, in combination
with titanium dioxide.

Figure 2.11 Solar simulator SS50AAA device used for the aging process, with the light
intensity control panel.
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Stability of monoazo and isoindoline
yellows mixed with white pigments

This chapter presents the main results of the study on the stability of paints containing
modern yellow pigments in interaction with inorganic white pigments.

The long-term stability and degradation mechanisms of synthetic organic pigments
in combination with reactive white inorganic pigments represent a research topic of
significant relevance in both materials science and cultural heritage conservation.

In particular, this study investigates the effect of UV-VIS radiation on the stability of
two yellow synthetic organic pigments, commonly used in modern artistic practices,
the monoazo pigment PY1 and the isoindoline pigment PY139. The effects of artificial
aging were studied on three-component paint samples composed of a yellow pigment,
linseed oil as a binder, and a white pigment, realized as simplified paint model samples
to replicate the main components and interactions in artworks. Three inorganic white
pigments were tested: lead white (2PbCO3-Pb(OH)z2), zinc white (ZnO), and titanium
white (TiO2). This study extends a preliminary work published in the Acta IMEKO
journal to a deeper investigation into the interactions between organic and inorganic
components in painted systems. Specifically, in this case, organic-inorganic mixed
paint samples, rather than bilayer configurations, were prepared to promote greater
interaction between the organic pigment and the inorganic compound. Indeed, the
reactive inorganic pigments are frequently combined with colored synthetic and organic
pigments, both in traditional paintings and in contemporary street art, where exposure
to light and environmental factors can significantly impact the stability of pigments.
This study investigated the visible color changes induced by a UV-VIS aging process
under controlled conditions. A multi-technique approach was employed to investigate

the physical and chemical modifications occurring at the sample surfaces, selecting



58 Stability of monoazo and isoindoline yellows mixed with white pigments

methods with different sampling depths, including colorimetry, Fourier transform
infrared spectroscopy in attenuated total reflectance mode (ATR-FTIR), micro-Raman
spectroscopy (-RS), and time-of-flight secondary ion mass spectrometry (ToF-SIMS).
The aging process was performed under controlled conditions, and the integration of a
highly surface-sensitive technique like ToF-SIMS into the multi-technique approach
enabled a detailed investigation of the degradation processes occurring at the surface
of the samples.

The results obtained from ATR-FTIR and p-RS support the hypothesis that light-
induced degradation occurred on the samples in the presence of the inorganic whites,
as evidenced by the decrease in the signal intensities of the binder and the yellow
pigments. ToF-SIMS provided further insights, confirming the photodegradation of
the yellow pigments related to the uppermost surface levels following the interaction
with UV-VIS radiation, according to the different penetration depths characteristic of
the employed techniques.

A key aspect of this work is the rapid color fading induced by the effective aging.
Through the multi-technique approach, it was possible to understand these color
variations as the degradation process affecting the organic pigments on the surface
of the samples, due to the combined action of reactive white pigments and UV-VIS
radiation. This work was published with the Dyes and Pigments journal. Supplementary

materials are provided in Appendix A.
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3.1 Materials and methods

3.1.1 Materials

Monoazo (commercial names: Studio Yellow, Pigment Yellow 1 - PY1, C.I. 11680)
and isoindoline (commercial names: Isoindole Yellow-Orange, Pigment Yellow 139 -
PY139, C.I. 56298) pigments have been selected for the aging process, both purchased
by Kremer (Kremer Pigmente GmbH & Co. KG, Aichstetten, Germany) and labeled
as PY. The three inorganic white pigments are labeled as W and provided by Sigma-
Aldrich/Merck (Merk Life Science S.r.l. | Italy - Sigma-Aldrich) as standard materials:
titanium dioxide (634662 - titanium (IV) oxide, a mixture of rutile and anatase in
nanopowder form with <100nm particle size (BET), 99.5% trace metal basis), zinc
oxide (96479 - zinc oxide, puriss. p.a., ACS reagent, >99.0% (KT)), and basic lead
carbonate (243582 - lead (II) carbonate basic -325 mesh). The whites have been used
in interaction as a mixture with the yellows, using linseed oil (Linseed oil, cold-pressed,
#73054) by Kremer (Kremer Pigmente GmbH & Co. KG, Aichstetten, Germany) as
a binder for the formulation of samples. The materials and their classifications are

shown in Figure 3.1a.

3.1.2 Samples preparation

In order to have reference samples to be compared with the different multi-component

paintings, three typologies of samples were prepared as follows (see also Table 3.1):

1. Reference samples of pure materials: solo yellow pigment powders (PY), solo
white pigment powders (W), and solo linseed oil (oil), prepared through isopropyl
alcohol deposition [13] (6 samples).

2. Reference samples of two-component paint for each yellow (PY + oil) and the
inorganic pigments (W + oil), with a binder-to-powder mass ratio of 1:2; the
paints obtained were cast on glass slides, creating a homogeneous layer by doctor

blade method [107], obtaining quite homogeneous film of about 1 mm (5 samples).

3. Main samples of three-component paint (PY + W + oil) were obtained through
the same method and binder-to-powder mass ratio as above; for each combination,
two mass ratios between the pigments (PY:W) were tested: 1:10 and 1:100 (6+6

samples).
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All the paint samples were dried at room conditions for 1 month. The resulting
thickness of each sample was estimated to be around 1 mm. During the aging process,
half of each prepared sample was covered by an aluminum foil to obtain a reference for
the unaged parts. The schematic representation of the sample preparation is reported

in Figure 3.1b.

Table 3.1 Description of the samples with the corresponding labels used for their identification.
The samples are categorized as reference pure materials, binary mixtures of single yellow or
white pigments in oil, and ternary mixtures combining yellow and white pigments in oil. The
white pigments are abbreviated as Pb (lead white), Zn (zinc white), and Ti (titanium white).
For ternary mixtures, the two mass ratios between the yellow pigment and white pigment
(PY:W) are shown; in these cases, the oil component is implicit and omitted from the labels.

Reference Binary Ternary mixtures
pure mixtures PY + W + oil
materials PY/W + oil PY:W 1:10 PY:W 1:100
PY1 + Pb 1:10 PY1 + Pb 1:100
PY1 PY1 + oil PY1 + 7Zn 1:10 PY1 + Zn 1:100
Py PY1 + Ti1:10 PY1 + Ti 1:100
PY139 + Pb 1:10 | PY139 + Pb 1:100
PY139 PY139 + oil | PY139 + Zn 1:10 | PY139 + Zn 1:100
PY139 + Ti 1:10 | PY139 + Ti 1:100
2PbCO3-Pb(OH), Pb + oil
w Zn0 Zn + oil
TiO9 Ti + oil
Oil Oil
Tot 6 5 6 6

3.1.3 Accelerated aging

All the samples were exposed to an accelerated aging process in an ACS Angelantoni
climatic chamber (Model DY200C, Angelantoni Test Technologies S.r.1., Italy) equipped
with a 125W Hg lamp (see Chapter 2.6.2). As reported by the manufacturer, the aging
lamp has a spectrum extending from ultraviolet to visible, with emission from 220 nm
to 630 nm (Figure A.1), commonly used for aging tests on paints, plastic materials,
rubber, etc. The aging process was conducted under controlled conditions of radiation,
temperature, and relative humidity, for a specific period: 30°C, 60% RH for 410 hours.

The schematic representation of the aging process is reported in Figure 3.1c.
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Figure 3.1 Schematic representation of materials and methods considered in our experiments.
(a) Pure compounds used to obtain the samples: formulas and molecular structures of yellow
organic pigments PY1 and PY139, linseed oil binder with its main component fatty acids,
and inorganic white pigments of basic lead carbonate, zinc oxide, and titanium dioxide
with their respective chemical formulas. (b) Sample preparation of the three-component
paints deposited on glass support through the doctor-blade technique. (c) Artificial aging
process-controlled parameters (temperature and relative humidity) and the resulting two
unaged and aged halves of the samples.

3.1.4 Methods

Stereomicroscope. High-definition images were acquired with a Leica EZ4 Dig-
ital Stereo Microscope (Leica Microsystems S.r.l., Milan, Italy) integrated with a
5-megapixel HD camera. The microscope has a 4.4:1 zoom, with a magnification range
from 8x to 35x, and 7-way LED illumination. The samples were photographed with
35x magnification and radial LED lighting and collected with LAS EZ software 3.0
(Leica Microsystems S.r.l., Milan, Italy).

Colorimetry. Colorimetry was performed with an Eoptis CLM-194 portable digital
tristimulus colorimeter (Eoptis S.r.l., Trento, Italy) using a standard D65 daylight
illuminant and 10° standard observer. Sample geometry and measurement area were
kept fixed at 45° and 10 mm, respectively. Data were measured in the CIE 1976
L*a*b* color space with CLM-19X software licensed by Eoptis S.r.l. The colorimetric
coordinates L*a*b* were calculated as the average of 5 measurements acquired for
each sample, obtaining the standard deviation. The total color change AE between

the unaged and aged parts of the samples was calculated according to the CIELAB
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equation:

AE = /(AL*)2 4 (Ab*)2 + (Aa*)2, (3.1)

Fourier-Transformed Infrared Spectroscopy. Fourier-Transformed Infrared Spec-
troscopy in ATR mode was carried out with a Thermo Scientific™ Nicolet™ iS50 FTIR
Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), coupled with a DTGS
ATR detector. The ATR module is equipped with a built-in, all-reflective diamond
crystal with a 45° incident beam, and a KBr beamsplitter in the MID-IR spectral range
and a solid substrate beamsplitter in the FAR-IR spectral range. The spectra were
acquired in the range of 4000 a 450 cm ™!, for the MID-IR range, and 1800-100 cm ™!,
for the FAR-IR range, performing a total of 120 scans with a spectral resolution of 4
cm~!. The optical velocity and optical aperture were fixed at 0.4747 cm/s and 150,
respectively. Several spectra were acquired for each sample at different random points.
IR spectra were collected and elaborated with OMNIC™ software 6.0 (Thermo Fisher
Scientific, Waltham, MA, USA), for acquisition, subtraction of the contribution of
CO2, mathematical average of different spectra, and baseline correction, and graphed
with OriginPro® 2023 software (OriginLab Corporation, Northampton, MA, USA).

Micro-Raman Spectroscopy. A ®Renishaw Raman InVia Qontor micro-
Spectrometer (Renishaw plc, Wotton-under-Edge, UK), equipped with a CCD detector
(10240% 256 pixels, Peltier cooled cells at -70°C) and with a high pass Edge filter, was
employed. Analyses were performed in backscattered configuration under a Leica DM
2700 M confocal microscope. A diode laser in the near IR region with a wavelength of
785 nm and a nominal output power of 180 mW was used since the investigation of the
samples with the laser at 532 nm caused fluorescence. The spectra were acquired at
room temperature both in extended and static mode, with a nominal spectral resolution
of about 1 ecm™!, by using a long working distance 50x objective, providing a laser
spot size of about 2 um?. The laser power was filtered at about 0.5-50% of the output
power by using neutral density (ND) absorptive filters. In extended mode, the spectra
were acquired in the 100-3800 cm ™! spectral range, setting the laser power at 18 mW
for the samples with PY1 and 0.9 mW for the samples with PY139, with an integration
time of 10 seconds, and 5 accumulations. In static mode, the spectra were acquired
by selecting a limited spectral range centered on the fingerprint region, to enhance
spectral resolution and signal intensity, setting the laser power at 90 mW, with an
integration time of 1 second, and 100 accumulations. Using the static acquisition mode,
a semi-quantitative analysis was performed on the three-component samples. The

percentage variation in the signal intensity of the yellow pigments before and after the



3.1 Materials and methods 63

aging process was calculated according to the following equation:

%A = A“XUA“ x 100 (3.2)
Where A, and A, represent the area under selected Raman bands (specifically, the
most intense bands for the yellow pigments, at 1623 cm ™! for PY1 and 1564 cm ™! for
PY139), calculated by a fitting procedure for the unaged and aged spectra, respectively.
A preliminary investigation was carried out to verify homogeneity over the sample
surface by exploring the Raman response. Afterward, at least three acquisitions were
obtained randomly for each sample, and a representative one was here reported. Raman
spectra were collected and elaborated with WiRE software 5.6 licensed by Renishaw,
for measurement set-up, acquisition, subtraction of systematic errors (i.e., cosmic rays),
and baseline correction. Data fitting and graphing were performed using OriginPro®
2023 software (OriginLab Corporation, Northampton, MA, USA).
Time-of-Flight Secondary Ion Mass Spectrometry. Ion bombardment mass
spectrometry was performed using a TOF.SIMS; (ION-TOF GmbH, Miinster, Ger-
many) secondary ion mass spectrometer, equipped with bismuth Bi LMIG (liquid
metal ion gun) and cesium Cs™ ion sputter gun. Static surface analysis data were
acquired, both in positive and negative polarity, using Bif“ gun (60 keV) with a pulse
width of 18.4 ns and a current emission of 0.35 pA. The surface areas were analyzed
in random mode, acquiring 256x256 pixels, and selecting a field of view (FoV) of
500x500 pm?. Depth profiling measurements were performed in dual-beam mode using
BigLJr as primary gun and Cs™ (3 keV, current of about 155 nA) as sputter beam. The
analysis area (250x250 pm?) was set at the center of the sputter region (400x400 xm?).
Secondary ions were extracted at 2 kV and detected with a ToF mass analyzer with a
cycle time of 150 us [(1+1000) m/z mass range]. Charge compensation was achieved
using low-energy electrons (20 eV) with the electron flood gun. Mass spectra were
user-calibrated using H*, Hj , CT, CH*, CHJ, CHJ, and Tit/Zn* /Pb™ in positive
ion mode and H™, Hy, C~, CH™, CH;, CH3, O™, OH™, and TiO~ /ZnO~/PbO~ in
negative mode. The analysis was repeated at least three times on different areas for
each sample. All ToF-SIMS data were acquired, calibrated, normalized, and processed
using SurfaceLab 6.5 software (ION-TOF GmbH, Munster, Germany). Specifically,
the mass spectra were normalized to total counts and graphed with OriginPro® 2023
software (OriginLab Corporation, Northampton, MA, USA), and the chemical maps
were normalized to the total ion image to reduce possible topographic effects.
X-Ray Diffraction. XRD analyses were carried out to study the crystalline structure

and phase composition of the pure inorganic white pigments. A Rigaku Geiger-Flex
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X-ray diffractometer (Rigaku Holdings Corporation, Tokyo, Japan) with a Co Ka radi-
ation (1.7902 A), current range 0-30 mA, and voltage 30 kV was used. The crystallite

size D was calculated with the Scherrer equation:

k-
D= FwEN cost (3:3)
where k is the shape factor 0.94 for spherical crystallites, A the X-ray wavelength (1.7902
A), 6 the Bragg angle, and FWHM the full width at half maximum calculated by a fit

procedure of the main peaks with OriginPro® 2023 software (OriginLab Corporation,

Northampton, MA, USA). Phase identification and quantification were performed with
Profex 5.4.1 software [108] using Rietveld XRD powder refinement.

Scanning Electron Microscopy. SEM analysis was conducted to investigate the
surface morphology of the white powder pigments using a Sigma 300 Carl Zeiss
microscope (ZEISS AG, Oberkochen, Germany) under high vacuum conditions (1076~
10~7 mbar) with a secondary electron detector at a 3 keV accelerating voltage and a
working distance of 6mm. Dispersions of a few milligrams of white pigment in 1.5 mL
of distilled water were prepared, sonicated for 10 minutes, drop-cast onto pure silicon
substrates, and left to dry. The dried powders were then gold-coated with a thickness
of 20 nm before SEM analysis.

Stylus Profiler. Topographic maps were acquired with a KLA-Tencor® P-7 Stylus
Profiler (KLA Corporation, CA, USA), using a constant force of 0.50 mg, a scan
speed of 10 um/s, and a sampling rate of 200 Hz, with Profiler 7.45 software (KLA
Corporation, CA, USA).
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3.2 Results

3.2.1 Pure materials characterization

The pure materials characterization through a multi-technique approach enabled an
in-depth investigation of the selected pigments and binder, but above all, supported the
identification and interpretation of potential chemical variations, degradation pathways,
and physical modifications that may occur due to the artificial aging process. Such
information was fundamental to evaluating modern pigments’ stability in complex,

multi-component samples.

ATR-FTIR

The characterization analyses of the two yellow pigments, three inorganic whites, and
linseed oil with ATR-FTIR spectroscopy are reported.

The ATR-FTIR spectrum of the monoazo PY1 is illustrated in Figure 3.2 in the

wavenumber range of 4000-450 cm ™.
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Figure 3.2 ATR-FTIR normalized spectra in the range 4000-450 cm ™! of PY1.

The monoazo pigment PY1 exhibits several characteristic bands in the FTIR spectrum.
In the functional groups region (4000-2300 cm ™), broad and weak bands of the O-H
stretching vibrations within the 3700-3400 cm™! range, signals of the N-H stretching
in the amide group between 3400-3090 cm~!, C-H stretching signals at 3090 cm ™! in
the aromatic ring and 2926 cm™! in the methyl substituent, are identified. Moreover,

numerous intense and sharp peaks characterize the fingerprint region (1800-450 cm™!).



66 Stability of monoazo and isoindoline yellows mixed with white pigments

Very intense peaks are identified in the spectrum at 1505, 1489, 1137, and 1110 cm™!.
The signals at 1505 and 1489 em™! are indicative of the contribution of C=C stretching
in the aromatic ring and C-N stretching, and the skeletal vibrations of the benzene ring,
respectively. The other two intense peaks are both associated with the C-N stretching
and C-H bending out-of-plane vibrations. The stretching vibrations of double bonds
C=0 and C=C in conjugated aromatic rings are observed at 1666 and 1600 cm™!,
respectively. The N=N stretching in the azo group is detected at 1559 cm™", thereby
confirming the presence of the azo-chromophore in the PY1 structure. Furthermore,
C-H in-plane bending vibrations are observed at 1449 cm~!. The substituents present
within the aromatic ring of the pigment are identified in the signals recorded at 1388
ecm ™! of the C-H bending in methyl group and at 1342 cm™" of the N=0O symmetric
stretching mode in nitro substituent. The strong bands observed at 1291 and 1269
cm ™! are attributed to a combination of C-N stretching and C-H bending vibrations,
while the band at 1173 cm™! corresponds to additional C-N stretching, and the band
at 1035 cm ™! is attributed to C-H stretching vibrations. At low wavenumbers, bending
modes of C-H deformations are observed, as evidenced by the bands observed at 951,
913, 692, and 670 cm ™!, corresponding to C-H out-of-plane bending in the substituted
aromatic ring. Additional out-of-plane modes are identified at 803 and 770 cm ™" for
specific substitutions in para- and ortho-position, respectively. The bands at 597 and
532 cm ™! are attributed to C-H rocking in methyl and aromatic groups.

The ATR-FTIR spectrum of the isoindoline PY139 is illustrated in Figure 3.3 in the

wavenumber range of 4000-450 cm ™.
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Figure 3.3 ATR-FTIR normalized spectra in the range 4000-450 cm ™' of PY139.
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The infrared spectrum of the isoindoline pigment PY139 reveals characteristic vibra-
tional modes associated with its molecular structure. In particular, in the region of
functional groups, the broad bands between 3200 and 3000 cm ™! are attributed to
N-H stretching vibrations, which are characteristic of amide groups. Furthermore,
weaker bands observed at 2919 and 2840 cm ™! correspond to the asymmetric and
symmetric stretching of C-H bonds, respectively. In the high-wavenumber fingerprint
region, spectroscopic vibrations due to double bonds present in the pigment at 1730,
1651, and 1580 cm ™! are observed. These signals are attributed to the stretching
vibration of the unconjugated C=0 groups, the conjugated C=0O stretching, and the
-C=C stretching vibrations within the aromatic rings. Intense bands at 1506, 1432,
1390, and 1352 em™! are identified as indicators of in-plane C-H bending deformations
in aromatic rings. The spectral region between 1300 and 1000 cm ™! exhibits several
strong bands related to the C-N stretching vibrations within the amide groups of the
pigment. Specifically, these signals are observed at 1299, 1255, 1234, 1135, 1073, and
1198 ecm~!. The peak at 1255 em ™! may also include contributions from N-H bending
vibrations. Out-of-plane bending vibrations are observed in the region below 1000
em™!. The bands at 904, 832, 776, 741, and 678 cm ™! are attributed to out-of-plane
C-H bending in the aromatic rings. The bands at 599, 553, and 512 cm ™! are assigned
to out-of-plane C-N bending vibrations.

The characteristic signals of the two yellow pigments were characterized according to
the existing literature and databases [42, 109-112]. The main IR vibrational modes of
these pigments with their assignments are summarized in Tables 3.2 and 3.3, for the

monoazo PY1 and isoindoline PY139, respectively.



68 Stability of monoazo and isoindoline yellows mixed with white pigments

Table 3.2 Assignment of the main IR bands for monoazo PY1.

Wavenumber (cm™1)?

IR assignment®

3700-3400 (w)
3400-3090 (w)
3090 (w)
2926 (vw)
1666 (s)

1600 (m)

1559 (m)

1505 (vs)
1489 (vs)
1449 (w)
1388 (w)
1342 (m)
1291 (s)
1269 (s)
1173 (s)

1137 (vs)
1110 (vs)

1035 (s)

951 (s)
913 (m)

803 (m)
770 (s)

m

VS

W

m

S

v(O-H)

v(N-H) in amide group
v(C-H) aromatic ring
vs(C-H) in methyl substituent
v(C=0)
v(C=C) in conjugated aromatic rings
v(~N=N-) in azo group
v(C=C) in aromatic ring / v(C-N)
benzene ring skeleton
d(C-H) in-plane
d(C-H) in methyl substituent

vs(N=0) in nitro substituent

v(C-N) / 6(C-H)

v(C-N)
v(C-N) / 6(C-H) out-of-plane

v(C-H) aliphatic/aromatic

d(C-H) out-of-plane in substituted aromatic ring

d(C-H) out-of-plane in methyl para-substituted
d(C-H) out-of-plane in nitro ortho-substituted

d(C—-H) out-of-plane in substituted aromatic ring

p(C—H) in methyl and aromatic groups

& Relative intensities - very strong (vs), strong (s), medium (m), weak (w), very weak (vw).
P Types of vibrations - v: stretching, d: bending, p: rocking, s: symmetric.
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Table 3.3 Assignment of the main IR bands for isoindoline PY139.

Wavenumber (cm~1)?

IR assignment®

3200-3000 (m)
2019 (w)
2840 (w)
1730 (m)

1651 (s)

1580 (vw)

1506 (vs)
1432 (s)
1390 (s)
1352 (m)

1299

v(N-H)
Vas(C-H)
vs(C-H)

v(C=0) unconjugated
v(C=0) conjugated
v(—C=C) in aromatic rings

d(C-H) in-plane in aromatic rings

v(C-N) in amide groups
v(C-N) in amide groups / §(N-H)

v(C-N) in amide groups

d(C-H) out-of-plane in aromatic rings

d(C-N) out-of-plane

& Relative intensities - very strong (vs), strong (s), medium (m), weak (w).
b Types of vibrations - v: stretching, §: bending, s: symmetric, 45: asymmetric.
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The ATR-FTIR spectrum of lead white 2PbCO3-Pb(OH)3 is dominated by its character-

1

istic absorption signals in the fingerprint spectral region 1800-250 cm ™", as illustrated

in Figure 3.4.

2PbCO;-Pb(OH),
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Figure 3.4 ATR-FTIR normalized spectrum in the range 1800-250 cm ™! of lead carbonate

basic.

According to the literature [113-115], the infrared signals associated with the carbonate
group CO3°~ exhibit several characteristic signals that are crucial for its identification
of lead white in spectroscopic analysis. Specifically, the asymmetric C-O stretching
vibrations v,5(CO32~) appear as a prominent band in the range 1390-1350 cm~!. The
symmetric stretching v(CO327), give rise to a sharp and well-defined peak at 1043
cem ™!, contributing to the distinct spectral fingerprint of the carbonate group. The
peaks at 855-834 cm™! are attributable to the out-of-plane bending mode §(CO3%7),
while the intense peak at 680 cm™! is attributable to the out-of-plane rocking bend-
ing p(CO3%7), accompanied by a small shoulder at 690 cm~!. Furthermore, in the
high-wavenumber region of the spectrum (not shown), a sharp signal of the hydroxyl
stretching vibrations v(OH) is observed at 3537 cm™!, which may be associated with

hydrated carbonate species.
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Titanium dioxide exhibits a distinctive FTIR band within the 380-800 cm ™! spectral
range, as displayed in Figure 3.5. The extensive band in the spectrum indicates the
lattice vibrations of TiOg [116], yet no further insights into the crystalline phases can

be derived. In addition, no notable absorption signals are discerned above 800 cm ™.
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Figure 3.5 ATR-FTIR normalized spectrum in the range 1800-250 cm ™! of titanium dioxide.

Zinc oxide exhibits a single broad FTIR band in the 600-250 cm ™! spectral range, as
shown in Figure 3.6. The low-frequency band in the spectrum is attributed to Zn-O
stretching vibrations and serves as a distinctive marker for the inorganic compound

ZnO. Additionally, no other significant bands are present above 600 cm™!.
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Figure 3.6 ATR-FTIR normalized spectrum in the range 1800-250 cm™! of zinc oxide.
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Linseed oil was characterized in fresh and dried forms, as illustrated in Figure 3.7.
All the observed FTIR drying variations are consistent with the curing of linseed oil,

involving oxidation, polymerization, and isomerization processes.
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Figure 3.7 ATR-FTIR normalized spectra in the range 4000-450 cm ™! of the fresh (top)
and dried (bottom) linseed oil.

The broad band observed at approximately 3450 cm ™! is attributed to the OH stretching
vibrations. This band is absent in the spectrum of fresh oil but appears in the spectrum
of dried oil as a result of oxidation occurring during the drying process. The band
at 3010 em ™! corresponds to the C-H stretching of cis double bonds in unsaturated
fatty acids. The total decrease of this band during drying is a key indicator of the
isomerization process, whereby the cis double bonds in the fresh oil are converted
into trans configurations in the dried one or are involved in other chemical reactions.
Additional bands related to C-H stretching are observed at 2962 cm ™! (asymmetric
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in CH3), 2924 cm~! (asymmetric in CHs), and 2854 cm ™! (symmetric in CHy). The
decrease in intensity of these bands during the drying process indicates hydrocarbon
loss resulting from chain cleavage reactions that generate volatile oxidation products.
In the spectral region below 2000 cm ™!, the most intense peak corresponds to the C=0
stretching vibrations. This peak, originally located at 1742 em ™!, shifts slightly to 1737
cm~! and shows a broadening effect. The variations in this carbonyl band are further
influenced by the formation of shoulders at 1785 cm ™!, attributed to v(C=0) vibrations
in secondary oxidation products, and at 1712 cm ™!, associated with v(C=0) vibrations
in carboxylic acid products. A small band observed at 1652 cm™! is attributed to the
cis -HC=CH- stretching vibrations of double bonds. As with the other oil cis double
bond signals, this band decreases after drying due to the isomerization process. The
signal at 1460 cm ™! is related to the C-H bending deformation in the methylene and
methyl groups. After drying, a slight increase in its intensity is noted, likely reflecting
the polymerization and cross-linking of fatty acid chains. Two small signals present at
1416 and 1377 cm ™! are attributed to different phenomena: the stretching of C-O bonds
in carboxylic acid products (COOH) and the wagging of the methyl groups, respectively.
These signals, although very weak in fresh oil, show an increase in intensity upon drying.
Furthermore, characteristic C-O stretching vibrations associated with triglyceride ester
linkages are identified through peaks at 1238, 1160, 1097, and 1066 cm™'. Although
the peaks of this C-O pattern appear to lose definition following the drying of the
oil, the observed increase in intensity suggests the oxidative polymerization of the
fatty acids. The formation of a small signal at 972 cm ™! and the strong decrease of
the signal at 722 cm™! during the drying process provide additional evidence of the
isomerization process. Indeed, the signals correspond to the out-of-plane deformation
of C-H bonds present in unconjugated trans and cis double bonds, respectively. These
spectral changes reflect structural modifications that confirm the conversion from cis
to trans configuration during the drying process.

The assignments of the main characteristic bands and their variations during the oil

drying are summarized in Table 3.4, according to the literature [86, 117-119].
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Table 3.4 Assignments of the main IR signals for linseed oil with the respective
intensity variations observed due to the oil drying.

Wavenumbers (cm™1) IR assignment? Drying variations
~ 3450 v(OH) Formation

3010 cis v(C-H) in C=C-H Disappear
2962 vas(C—H) in CHg Decrease
2924 Vas(C—H) in CHy Decrease
2854 vs(C-H) in CHy Decrease
1742 v(C=0) Shift /broadening
1652 cis v(C=C) in -HC=CH-  Decrease/shoulder
1460 d(CH) in CHg, CHg3 Increase slightly
1416 v(C-0) in COOH Increase
1377 w(CHa) Increase
1238 v(C-0) Increase
1160
1097
1066
972 trans 6(C-H) in C=C-H Formation
722 cis (C-H) in C=C-H Decrease

@ Types of vibrations - v: stretching, §: bending, w: wagging, s: symmetric, 45: asymmetric.
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Raman

The characterization analyses of the two yellow pigments, three inorganic whites, and
linseed oil using Raman spectroscopy are presented.
The monoazo yellow pigment PY1 exhibits a complex Raman spectrum in the wavenum-

ber range 100-1800 cm ™!, as illustrated in Figure 3.8.
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Figure 3.8 Raman normalized spectra in the wavenumber range 100-1800 cm~! of PY1.

Four bands with very strong intensity were observed at 1141 em™', 1314 cm™?, 1489
em™!, and 1625 cm™!. These bands are assigned to the C-N symmetric stretching, the
aromatic nitro group modes, the azobenzene ring, and the nitro asymmetric stretching,
respectively. The azo chromophore of the pigment is identified by the N=N stretching

! (resulting

signal at 1391 1. The bands of the benzenamide vibrations at 953 cm™
from amide group attached to benzene ring), the amide III band at 1260 cm ™!, and
the amide I band at 1674 cm™!, are observed. The bands designated as "amide’
are characteristic Raman vibrations associated with amide groups within a molecule.
An amide group is a functional group constituted by the combination of a carbon
atom bonded to an oxygen atom (-C=0) and a nitrogen atom (N-H). Specifically,
amide I band is attributed to the C=0 stretching vibration influenced by the amide
group, amide II band results from C-N stretching with contribution from N-H bending,
and amide IIT band corresponds to the N-H bending with a contribution from C-N
stretching. Furthermore, the Raman spectrum of the pigment contains evidence of
vibrations attributable to the nitro substituent in the aromatic ring. These vibrations
are consistent with the NOg aromatic stretching vibrations at 1314-1327-1341 cm ™!, the

aromatic asymmetric stretching vibrations at 1568 cm ™!, and the aromatic scissoring
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modes at 827 cm~!. The other substituent in the aromatic ring exhibits vibrations
at 1453 cm ™!, attributed to the C-H deformation of the CHs group. Other typical
Raman bands attributed to the benzene skeletal vibrations at 392 ecm™!, to the C=0
bending vibrations at 462 cm™!, to the aromatic C-C ring deformations at 620 cm ™!,
to the aromatic C-H out-of-plane bending at 789 cm™!, to the benzene ring breathing
mode at 1003 cm™!, to the C-N symmetric bending at 1197 and 1220 cm™!, and to

1 were observed.

the aromatic C=C vibrations in benzene ring at 1537 and 1604 cm™
Regarding the isoindoline pigment PY139, the Raman spectrum shows characteristic

features in the wavenumber range 100-1800 cm ™!, as illustrated in Figure 3.9.
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Figure 3.9 Raman normalized spectra in the wavenumber range 100-1800 cm~! of PY139.

The most intense signal at 1564 cm™! is attributed to the amide II band, which helps
identify the pigment among others. Confirmation of amide groups in the pigment is
also provided by the weak band at 1660 cm ™!, corresponding to the C=0 stretching
in the amide I band. The C-N stretching vibrations in the aromatic rings are detected
in the doublet band at 1241 and 1257 cm™!. In addition, the band at 1586 ¢cm™!
corresponds to C=C stretching in the aromatic ring, while the band at 1381 cm™!
is related to aromatic C-C stretching and C-H bending. The band at 693 cm™ is
attributed to out-of-plane C-H deformation, and the band at 607 cm™! is assigned
to C-C stretching in the aromatic system. The doublet band at 245 and 237 cm ™!

corresponds to the molecule’s torsional C-C and C-N vibrations.
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The characteristic signals of the two yellow pigments were identified according to
the existing literature and databases [120-125]. The main Raman bands of these
pigments with their assignments are presented in Tables 3.5 and 3.6, respectively, for
the monoazo PY1 and isoindoline PY139.

Table 3.5 Main Raman vibrational assignments of monoazo PY1.

Wavenumber (cm™1)? Raman assignment”

392 (m) Benzene skeletal vibrations

462 (w) 6(C=0)

620 (w) J(C-C) aromatic ring

789 (m) §(C—H) aromatic out-of-plane
827 (w) d(NO2) in-plane aromatic substituent
953 (w) Benzamide vibrations

1003 (m) Benzene ring breathing mode
1141 (vs) vs(C-N)

1197 (w) ds(C-N)

1220 (s)

1260 (s) Amide I

1314 (vs) v(NOg) aromatic substituent
1327 (s

1341 (m)

1391 (s) v(N=N)
1453 (vw) d(C-H) in CHj3 aromatic substituent
1489 (vs v(C=C) azobenzene

v(C=C) benzene ring

vas(NO2) aromatic substituent

1604 (m v(C=C) benzene ring
1625 (vs vas(NOg2) aromatic substituent
1674 (m) Amide I
& Relative intensities - very strong (vs), strong (s), medium (m), weak (w), very
weak (vw).

P Types of vibrations - v: stretching, 6: bending, s: symmetric, 45: asymmetric.
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Table 3.6 Main Raman vibrational assignments of isoindoline PY139.

Wavenumber (cm~1)? Raman assignment”
237 (m) 7(C-C) / 7(C-N) in conjugated system
245 (m)
607 (w) v(C-C) aromatic
693 (w) d(C-H) out-of-plane aromatic
1241 (w) v(C-N) aromatic
1257 (w)
1370 (sh) 0(C-H) aromatic
1381 (m) v(C-C) in benzene skeletal structure
1564 (vs) Amide II
1586 (m) v(C=C) in conjugated systems
1660 (w) Amide I

& Relative intensities - very strong (vs), medium (m), weak (w), shoulder (sh).
b Types of vibrations - v: stretching, J: bending, 7: twisting.

Raman spectrum of lead white presents characteristic bands in the wavenumber range
100-1800 cm ™!, as illustrated in Figure 3.10.
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Figure 3.10 Raman normalized spectrum in the wavenumber range 100-1800 cm™! of
2PbCO3-Pb(OH)s.
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According to the literature [126, 127], the intense douplet band at 1055 cm ™!, corre-
sponding to the symmetric stretching vibration of the carbonate group v(CO327), is a
distinctive feature of this white pigment. Additionally, bands of medium intensity were
recorded at 110, 416, and 1367 cm™!. These were assigned to the lattice vibrations,
the lead oxide stretching mode v(PbO), and the asymmetric carbonate vibration mode
Vas(CO327), respectively [128, 129]. These spectral signals are essential for identifying
lead white among other lead-based pigments in Raman spectroscopic analysis. Weaker
bands were also observed at 680, 840, and 1480 cm™!, attributable to the presence of
cerussite and corresponding to the stretching vibrations v(PbCOg) [58].

Titanium white presents characteristic Raman bands within the 100-700 cm™! wavenum-

ber range, as illustrated in Figure 3.11.
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Figure 3.11 Raman normalized spectrum in the wavenumber range 100-1800 cm ™" of TiOs.

The spectrum reveals characteristic Raman bands associated with TiO9 anatase and
rutile phases [130-132]. The anatase structural modes correspond to four well-defined
bands at 146, 399, 520, and 641 cm ™!, corresponding to the Raman-active modes of Ey,
By, A14, and E, respectively. Regarding the modes of the rutile phase, although less
intense than those of the anatase ones, they are distinguishable at 236, 450, and 610
ecm ™! (shoulder of the anatase band at 641 cm™1!), corresponding to the Raman-active
modes of the multi-phonon process, F, and Ajg4, respectively. The vibration bands in
titanium dioxide are Raman-active vibrational modes that depend on the crystalline
symmetry of the material. Specifically, the identified Raman modes of TiOg represent
the symmetric stretching F;, symmetric bending B4, and antisymmetric bending A1,
vibrations specific to O-Ti-O bonds [133, 134]. The E, vibration observed at 146 cm ™1,

is the most intense band of the anatase phase, and it identifies this white pigment.
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Zinc white, although a weak Raman scatterer [135], presents bands in the Raman

spectrum characteristic of its crystalline structure, as illustrated in Figure 3.12.
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Figure 3.12 Raman normalized spectrum in the wavenumber range 100-1800 cm™! of ZnO.

The most intense peak at 440 cm™! is attributable to the high-frequency Egig h mode,
while the expected low-frequency Es mode at circa 100 cm™! could not be measured
due to the wavenumber range limit [125]. The Raman bands related to the A;(TO)
transverse and E;(LO) longitudinal phonon modes were recorded at 383 and 582
em ™! respectively [136]. Furthermore, multi-phonon processes were observed due to
the secondary-order Raman spectrum originating from phonons located at the zone
boundary: the band at 206, 333 cm™! (2E; of zinc oxide ZnO), and the broadband
with two maximums at 1105 and 1156 cm ™! [137, 138].
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Figure 3.13 illustrates the Raman spectra of both fresh and dried linseed oil, highlighting
the main oil signals and the spectral variations that may occur during the drying

process of the oil.
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Figure 3.13 Raman normalized spectra in the wavenumber range 100-3500 cm ™, for the
fresh (top) and dried (bottom) linseed oil. Spectra were acquired with the 785 nm laser, 7
mW laser power, 10 seconds integration time, and 5 accumulations.

The Raman spectrum of linseed oil reveals characteristic bands that reflect the chemical
composition and structure of its predominant unsaturated fatty acids. In particular,
in the spectral region below 1800 cm™!, the band at 869 cm ™! is attributed to the
stretching vibrations of C—C bonds in the aliphatic chains, while the band at 973

1

cm™ -+ corresponds to the wagging deformation of the CH=CH group, indicative of the

cts configuration of double bonds. In the dried oil, the first band shows a significant
broadening, while the absence of the second band at 973 cm™! is related to the

polymerization and oxidation processes of the double bonds. The bands at 1025 cm ™!
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and 1080 cm ™! are associated with the stretching vibrations of C-C bonds, reflecting
the structure of the carbon chains. The observed variations in the C-C stretching
bands during the drying of linseed oil may be attributed to structural changes that
occur with polymerization, cross-linking, or hardening of the molecular matrix. The
signal at 1265 cm™! is associated with the rocking motion of CH=CH groups in the
cis configuration and is visible only in the fresh oil. Due to the natural drying, this
band becomes a shoulder and exhibits inverted intensity to its neighbor band at 1305
em ™!, related to the in-phase methylene twisting deformation. The band at 1444 cm ™!
is also associated with CH deformation of CHg groups. During drying, the intensity
of this band increases, along with the intensity of the 1305 cm™! band, which can be
attributed to structural alterations in the aliphatic chains. Moreover, the band at 1660
cm ™! represents the stretching vibrations of C=C cis double bonds. After drying, this
band decreases in intensity and shows a broadening. This variation is a clear indicator
of the progressive cross-linking of the aliphatic chains, resulting in a reduction in the
number of double bonds and, consequently, a decrease in the intensity of the Raman
band associated with C=C bonds. The band at 1745 cm ™! represents the stretching
vibrations of C=0 bonds. During the drying process, this band exhibits an increase in
intensity and a broadening effect. The observed increase in the carbonyl region is a
consequence of the oxidation of unsaturated fatty acids, which leads to the formation
of C=0 groups. Additionally, the spectrum of linseed oil presents a characteristic
region around 2900 cm ™!, attributable to the symmetric and asymmetric vibrations of
the C-H stretching of the methyl -CHs and methylene -CHa- groups. As part of the
cross-linking process, the aliphatic chains of fatty acids exhibit increased rigidity and
reduced mobility, leading to variations in intensity. In the C-H region, the band at
3014 cm~! is associated with the symmetric =C-H vibrations of the cis double bonds.
This peak is distinctive to fresh linseed oil, as it is no longer present in the Raman

spectrum of dried oil after the natural curing process.
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The assignments of the main Raman bands and their variations during the oil drying

are summarized in Table 3.7, according to the literature [139-143].

Table 3.7 Main Raman vibrational assignments of linseed oil with the respective
intensity variations observed due to the oil drying.

Wavenumbers (cm~!) Raman assignment® Drying variations

869 v(C-C) Broadening

973 cis w(CH=CH) Disappear

1025 v(C-C) Shoulder

1080 v(C-C) Broadening

1265 cis p(CH=CH) Decrease/shoulder

1305 7(CHz) in-phase Increase

1444 d(CHa) Increase

1660 cis v(C=C) Decrease/broadening

1745 v(C=0) Increase/broadening
2850-2950 Vs /as(C-H) Increase

3014 cis vs(=C-H) Disappear

& Types of vibrations - v: stretching, 0: bending, w: wagging, p: rocking, 7: twisting (7),
st symmetric, 55: asymmetric.
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ToF-SIMS

The powder of the monoazo pigment PY1 was also investigated by ToF-SIMS spec-
trometry in positive and negative ion modes. The resulting mass spectra are presented
in Figure 3.14. PY1 was characterized by the identification of its molecular peak:
[M-+H] ™ at m/z 341 in positive ion mode and [M-H]~ at m/z 339 in negative ion mode.
This peak was confirmed by its isotope pattern, which corresponds to the expected
molecular composition of PY1 (C17H16N4O4). In addition to the molecular peak,
several fragment ions were identified in both acquisition modes, corresponding to the
main molecular breaking points induced by ion bombardment, providing insights into

the structural characteristics of the pigment.
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Figure 3.14 ToF-SIMS mass spectra normalized to total counts of PY1 in the mass-to-charge

range m/z 35-400, acquired in positive (top) and negative (bottom) ion modes. The main

molecular fragments and their corresponding chemical structures are highlighted.




3.2 Results 85

In agreement with the scientific literature on both SIMS [144, 145] and Pyrolysis—Gas
Chromatography (PyGC) [146, 147], four principal breaking points induced by ion
bombardment were identified for PY1, leading to the formation of five characteristic

molecular fragments, as illustrated in Figure 3.15.
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Figure 3.15 Molecular structure of the monoazo pigment showing the principal breaking
points (left) and the molecular fragments produced by ion bombardment (right) [36].

The most intense peak in the spectrum appears at m/z 93 in positive ion mode,
corresponding to fragment c, resulting from the loss of the aniline ion from the
molecular structure. Conversely, in negative ion mode, the cleavage of the azo N=N
chromophore bond generates a high-intensity signal corresponding to fragment b,
detected at m/z 151. The strong intensity of these peaks is diagnostic of the monoazo
pigment PY1.
In both polarity acquisitions, the following main fragments were recorded:
e fragment a — l-methyl-nitrobenzene ion C;H7NOsg detected at m/z 137 in
positive ion mode (along with subfragments at m/z 73 and 65), and at m/z 136
as its deprotonated form in negative ion mode (along with subfragments at m/z
120 and 46);
e fragment b — 4-methyl-2-nitroaniline ion C7HgN2O2 detected at m/z 153 as its
protonated form in positive ion mode, and at m/z 151 as its deprotonated form
in negative ion mode (along with a subfragment at m/z 106);
e fragment ¢ — aniline ion C¢H7N detected at m/z 93 in positive ion mode (along
with a subfragment at m/z 77), and atm/z 92 as its deprotonated form in negative
ion mode (along with a dimeric fragment at m/z 185);
e fragment d — isocyanatobenzene ion C;7H5NO detected at m/z 120 as its pro-
tonated form in positive ion mode (along with subfragments at m/z 106 and
94), and at m/z 118 as its deprotonated form in negative ion mode (along with
subfragments at m/z 104, 66, 50 and 42);
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e fragment b-d — acetyl cyanide ion C3H3NO detected at m/z 69 in positive
ion mode (along with subfragments at m/z 55 and 43), and at m/z 68 as its
deprotonated form in negative ion mode.

Characteristic intense signals were observed at lower mass-to-charge values. Specifically,
in positive mode, peaks at m/z 43, corresponding to the acetyl ion (CoH3Ov), and
at m/z 77, corresponding to the phenyl ion (CgH5"), are prominent. In contrast,
in negative mode, two intense peaks were detected at m/z 42, corresponding to the
isocyanate ion (CNO™), and at m/z 46, corresponding to the nitro ion (NOg™). All
the molecular fragments identified in positive and negative ion modes are listed in

Tables 3.8 and 3.9, respectively.

Table 3.8 List of PY1 molecular signals detected with ToF-SIMS in positive ion mode.

Positive polarity

Molecular signal

ion m/z
C17H17N4,O4 " 341.13
Molecular fragments
a b ¢
ion m/z | ion m/z | ion m/z
C7H7NOo™ 137.08 C7HygNoOo™ 153.08 CeH7NT 93.06
CoH3NOo™ 73.05 CeHs™ 77.04
CyH3N™* 65.04
d b-d
ion m/z ‘ ion m/z
C7HgNO™ 120.05 C3H3NO™ 69.08
C7HgN™ 106.07 C3Hs N 55.06
C¢HsN™ 94.07 CoH30™" 43.02
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Table 3.9 List of PY1 molecular signals detected with ToF-SIMS in negative ion mode.

Negative polarity

Molecular signal
ion m/z

Ci7H15N404~ 339.11

Molecular fragments

a b ¢
ion m/z | ion m/z | ion m/z
C7rHgNOy~ 136.04 | C7H7N2Oo~  151.06 | CgHgN ™~ 92.05
CrHgNO~ 120.04 | C7HsN~ 106.06 | C19H13N9~ 185.11
NOy™ 45.99
d b-d other fragments
ion m/z | ion m/z | ion m/z
C;HNO~ 118.03 | C3HoNO~ 68.02 | CoH4NOy~ 74.02
C7HgN~ 104.05 CsHNOy~  83.02
CsNO~ 65.99
CsN~— 50.00
CNO~ 41.99

About the isoindoline pigment PY139, ToF-SIMS analysis was conducted exclusively
in negative ion mode, as the molecular peak of the pigment was undetectable in the
positive one. The resulting mass spectrum is shown in Figure 3.16. In particular, the
PY139 signal was detected as [M-H|™ at m/z 366, and more intensely as [M]|™ at m/z
367, corresponding to the expected molecular composition (C16HgN5Og), as further
confirmed by its isotope pattern [145]. In addition to the molecular ion peak, the mass
spectrum exhibits several signals associated with organic species. The identification of
the molecular fragments was performed by analyzing the m/z values of the detected
peaks and their isotopic patterns, taking into account the structure of the PY139
molecule. This approach led to the hypothesis of the main molecular breakpoints
induced by the ion bombardment process, suggesting the possible molecular fragments

generated, which do not necessarily correspond to stable species.
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Based on the PyGC literature on compounds structurally similar to isoindoline [146,
148], and considering its molecular symmetry, three main breakpoints induced by ion
bombardment have been hypothesized for PY139. The resulting fragmentation pattern

is expected to generate five molecular fragments, as illustrated in Figure 3.17.

O

fragment a fragment b fragment a-a

fragment ¢ fragment c-c

Figure 3.17 Molecular structure of the isoindoline pigment showing the principal breaking
points (left) and the molecular fragments produced by ion bombardment (right) [36].

The following main fragments were recorded:
e fragment a — 1,3-diazinane-2,4,6-trione ion in its deprotonated form C4H3N2Og3
detected at m/z 127,
e fragment b — intense signal in the mass spectrum detected at m/z 152, corre-

sponding to the deprotonated CsH3N303 structure;
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e fragment a-a — 2H-isoindole CgH7N detected at m/z 117 (along with possible
dimeric fragment at m/z 236);
e fragment ¢ — characteristic signal at m/z 281 corresponding to the C14H7N304
structure (along with its deprotonated form at m/z 280);
e fragment c-c — characteristic signal at m/z 194 corresponding to the deprotonated
C12H5NOg9 structure.
Other characteristic signals of the pigment were observed at lower mass-to-charge values.
Specifically, intense peaks were detected at m/z 42, corresponding to the isocyanate
ion (CNO™), at m/z 50, corresponding to the cyanoethynyl ion (C3N7), and at m/z
66, corresponding to the 2-isocyanoethynolate ion (C3NO™). Two less intense peaks
were also observed at m/z 74 and 90, corresponding to the CoH4NO2 ™ and CoH4NO3™
ions, respectively. All the molecular fragments identified in the negative ion mode are
listed in Table 3.10.

Table 3.10 List of PY139 molecular signals detected with ToF-SIMS in negative ion mode.

Negative polarity

Molecular signal

ion m/z
C16HoN506~ 367.06
C16HgN506~ 366.05

Molecular fragments

a b a-a

ion m/z | ion m/z | ion m/z
C4H3N>O3~ 127.02 | C5HaN3O3~ 152.01 | CsH7 N~ 117.02
CheHigNo~  236.13

¢ c-c other fragments
ion m/z | ion m/z | ion m/z
CiuH-N3O4~ 281.05 | CioHyNOy~ 194.02 | CNO~ 42.00
C14HgN30O4~  280.05 CsN~ 50.00
CsNO™ 66.00

CoHsNO9y~  74.02
CoH,;NO3~  90.02
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The powder of lead white was also investigated using ToF-SIMS spectrometry, acquiring
secondary ions in both positive and negative ion polarities, as illustrated in Figures
3.18 and 3.19, respectively. The ability to analyze this compound in both positive
and negative modes provided a more comprehensive characterization. Lead is present
as a mixture of four stable isotopes: 2%*Pb (1.40%), 2°Pb (24.10%), 2°"Pb (22.10%),
and 2°Pb (52.40%). The isotopic pattern of lead facilitated the identification of all
lead-containing species within the range of m/z 200-1000, in positive and negative
mass spectra. To improve the visualization of all the detected signals, the spectra of

both polarities are presented in two separate mass-to-charge ranges.
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Figure 3.18 ToF-SIMS mass spectra normalized to total counts of lead carbonate basic in
the range m/z 200-600 (top) and m/z 600-1000 (bottom), in positive ion mode. The main
signals related to lead clusters (yellow), lead oxides (magenta), lead hydroxides (cyan), lead
carbonates (green) are highlighted.



3.2 Results 91

=
<124 240 e 213bCO3'Pb(OH)2
241 negative ion mode
104 465
~~
2
= 8 ><2
S —
p—
26 v
37
b=
Q
g
416 g .
432 505 524 v
t T T "m'\ ) T — “Mu T
375 400 425 450 475 500 525 550 575 600
m/z
=
%12 688
104
—_
2
2 %] %
15) >
~ 689
206 912
37
5
- 44
g 731
913
2_
624 720 744 832 g4g

v

600 625 650 675 700 725 750 775 800 825 850 875 900 925 950 975 1000
m/z

Figure 3.19 ToF-SIMS mass spectra normalized to total counts of lead carbonate basic in
the range m/z 200-600 (top) and m/z 600-1000 (bottom), in negative ion mode. The main
signals related to lead clusters (yellow), lead oxides (magenta), lead hydroxides (cyan), lead
carbonates (green), and lead sulfate species (gray triangles) are highlighted.

According to the literature and database [149-153], all the detected ion signals identified
in the mass spectra of lead white are listed in Tables 3.11 and 3.12, corresponding to
positive and negative polarity, respectively. The signals are distinguished between lead
ion clusters, lead oxides, lead hydroxides, and lead carbonate species.

e Lead clusters Pb,, were observed at m/z 208 for Pb¥, at m/z 416 for Pby™, at
m/z 624 for Pbg™, and at m/z 831 for Pby™, both in positive and negative ion
modes (highlighted in yellow in the mass spectra). These signals are more intense
in positive acquisition, as in mass spectrometry Pb-related ions are typically

observed in positive polarity.
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e Lead oxide signals are clearly visible in both polarities (highlighted in magenta).
In particular, in positive ion mode, the most intense signals related to the lead
oxides species were detected at m/z 224 for PbO™, at m/z 432 for PboOt, and
at m/z 448 for PboOy™t. At higher mass-to-charge values, less intense signals
were observed for Pb3O™ at m/z 640, Pb3Oo™ at m/z 656, Pb3O3™ at m/z 672,
PbsO3™ at m/z 880, and PbsO4™ at m/z 896. In contrast, in negative mode,
among all the signals, those at m/z 224 for PbO~, at m/z 240 for PbOy™, at
m/z 432 for PboO~, at m/z 448 for PboO2~, and at m/z 464 for PbyO3~ stand
out. Less intense signals at higher mass-to-charge values were observed at m/z
672, 688, and 912 for Pb3O3~, Pb3O4~ and PbsO5~, respectively.

e Lead hydroxide ions were identified in conjunction with the most intense signals
of lead oxides in both polarities (highlighted in cyan). Specifically, in positive
mode, the lead hydroxides recorded are of the type Pb,O,H", with n ranging
from 1 to 4: PbOH™ at m/z 225, PboOoHT at m/z 449, PbsOsH™ at m/z 673,
and PbyO4HT at m/z 897. In negative mode, the hydroxide recorded signals
correspond to Pby,,Op,+1H™, with m ranging from 1 to 4: PbOoH™ at m/z 241,
PbyOsH™ at m/z 465, PbsO4H™ at m/z 689, and PbsOsH™ at m/z 913.

e Lead carbonate species were identified in both polarities, although with relatively
low intensity (highlighted in green). Nine combinations of Pb,,O,,(CO)2" species
were recorded in positive mode, with n ranging from 2 to 4 and m assuming
the values between n-2 and n. Specifically, for n=2: Pby(CO)9™ at m/z 472,
PbyO(CO)y™ at m/z 488, and PbyO2(CO)o at m/z 504; for n=3: Pb3O(CO)s™
at m/z 696, Pb3O2(CO)o™ at m/z 712, and Pb3O3(CO)y™ at m/z 728; for n=4:
PbyO2(CO)2™ at m/z 920, PbsO3(CO)at at m/z 936, and PbyO4(CO)™ at
m/z 952. Lead carbonate signals of the type Pb,O,_1C3Hs™*, with n ranging
from 1 to 3, were also observed: PbC3Hs™ at m/z 247, PboOC3Hs™ at m/z 471,
Pb302C3Hs™ at m/z 695, and PbyO3C3Hs™ at m/z 919. In negative mode, two
types of signals related to lead carbonates were identified. Signals of lead ions
linked to the carbonate group (COgz) were detected at m/z 268 for Pb(COs3)~,
at m/z 344 for PbO(CO3)2™, at m/z 524 for PbaO3(CO3)~, and at m/z 744 for
Pb3(CO3)2~. Signals of the type Pb,0,CoH,0O27, in which y varies from 1 to 3
and z can be 1 or 3, were observed at m/z 281/283 for PbOC2H, 3027, at m/z
505/507 for PbaO2CoH; /3027, and at m/z 729/731 for Pb303C2H; /3027

Additionally, in negative ion mode, signals of lead sulfates attributed to the manufac-
turing process (marked with gray triangles) were detected at m/z 304 for PbSO4 ™,
m/z 321 for PbOHSO4~, m/z 545 for PbaOo2HSO4 ™, and m/z 769 for PbsO3HSO,4™.
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Table 3.11 List of 2PbCO3-Pb(OH); signals detected with ToF-SIMS in positive ion mode.

Positive polarity

Pb-clusters

Lead oxides

Lead hydroxides

Lead carbonates

ion m/z | ion m/z | ion m/z | ion m/z
PbT™ 20798 | PbO™ 223.98 | PbOH™ 224.98 | PbC3H3™ 246.97
Pbyt 41595 | PboOt  431.95 PbyOC3H3™ 470.93
PboOgt 447.95 | PbyOoHT  448.95 | Pbe(CO)a™ 471.93

Pb,O(CO)9™  487.88

PbyO2(CO)2™ 503.90

Pbs™ 623.93 | PbsOT  639.91 PbsO9C3H3™  694.89
Pb3O2  655.91 PbsO(CO)2™  695.88

PbsOs™  671.92 | PbsOsH™ 672.92 | PbsO2(CO)s™  711.83
Pb3O3(CO)o™  727.86

Pbyt 831.91 | PbyO3™ 879.86 PbyO3C3H3™  918.88
PbsO4"  895.87 | PbyO4H™ 896.87 | PbyO2(CO)s™  919.92
PbyO3(CO)y*  935.81

Pb404(00)2+ 951.81

Table 3.12 List of 2PbCO3-Pb(OH); signals detected with ToF-SIMS in negative ion mode.

Negative polarity

Pb-clusters

Lead oxides

Lead hydroxides

Lead carbonates

ion m/z | ion m/z | ion m/z | ion m/z
Pb— 20798 | PbO~ 22397 Pb(CO3)~ 267.96
PbOy~  239.97 | PbOoH~  240.97 | PbOC2HOy~ 280.96
PbOCyH309~  282.97
PbO(CO3)2~ 343.98
Pby™ 41596 | PboO~  431.95 PbyO2CoHO2~  504.93
PbyOy~  447.95 PbyO2C9H302~  506.95
PbaO3~  463.95 | PboOsH~ 464.95 | PbaO3(CO3)~  523.92
Pbs™ 623.92 | PbsO3~ 671.92 Pb3sO3CyHO2~ 72890
PbsO4~ 687.92 | PbsO4H~ 688.92 | PbsO3CyH3O9~  730.89
Pb3(CO3)2~ 743.88
Pby~ 831.89 | PbyO~  847.85
PbyOs~ 911.88 | PbyOsH~ 912.88
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Titanium dioxide pigment was also characterized using the ToF-SIMS technique, as
illustrated in Figure 3.20. Titanium is composed of five stable isotopes: 46Ti (8.25%),
4T (7.44%), *8Ti (73.72%), 49Ti (5.41%), 59Ti (5.18%). The isotopic pattern facilitated
the identification of all titanium-containing species within the range of m/z 50-350, in
the negative mass spectrum. The analysis in positive ion mode did not yield significant
findings, as the titanium-based signals were either too weak or undetectable.

According to the literature and database [154-156], all the detected ion signals identified
in the mass spectrum of titanium dioxide are listed in Table 3.13, corresponding to
negative polarity. The signals are distinguished between titanium oxides, titanium

dioxide clusters, and titanium hydroxide species.
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Figure 3.20 ToF-SIMS mass spectra normalized to total counts of titanium dioxide in the
mass-to-charge range m/z 50-350, acquired in negative ion mode. The main ion signals are
highlighted.

Table 3.13 List of TiO; signals detected with ToF-SIMS in negative ion mode.

Negative polarity

Titanium oxides TiOg-clusters Titanium hydroxides
ion m/z ion m/z ion m/z
T:0~ 63.95 | (TWO2)~ 7994 | (TiO2)OH~  96.93

(TiOs) (T02)
TiO3~ 95.92 ( ) ( )QOHi 176.82
Ti90O3~ 143.86 (TiOQ)g_ 239.74 (TiOz)gOH_ 256.73
TisOs~ 175.82 | (TiOs) (TiO2)sOH~  336.64
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In negative ion mode, SIMS analysis of titanium dioxide powder highlighted the
formation of species during the ion bombardment process, including signals indicative
of titanium oxides, as well as hydroxides and clusters of titanium dioxide.

e Titanium oxide ions Ti,0O,, were observed at m/z 64 for TiO™, and at m/z 96
for TiO3~. At higher mass-to-charge ratios, the mass spectrum reveals two other
low-intensity signals related to titanium oxide at m/z 143 and 176, for TisO3~
and TigO5~, respectively.

e Titanium dioxide ion represents the most intense signal acquired in the mass
spectrum at m/z 80 for TiO5 , confirmed by its theoretical isotopic distribution.
In addition, titanium dioxide clusters (TiOz),;, with n ranging from 2 to 4, were
observed at m/z 160 for n=2 as (TiO2)5, at m/z 240 for n=3 as (TiOz)3, and
at m/z 320 for n=4 as (TiO2), .

e Titanium hydroxide signals appear as [(TiO2),+OH] ™ ions, with n ranging from
1 to 4, and are directly associated with the corresponding TiOs-species. These
signals are observed at an m/z shift of about 17, corresponding to an OH™ ion,
relative to the previously detected titanium dioxide species. Specifically, they are
recorded at m/z 97 for n=1 as (TiO2)OH™, at m/z 177 for n=2 as (TiO2)2OH ™,
at m/z 257 for n=3 as (TiO2)3OH™, and at m/z 337 for n=/4 as (TiO2)4OH™.

Furthermore, the analysis of the mass spectrum at mass-to-charge values greater than
m,/z 350 revealed the presence of other species displaying titanium-based patterns (not
shown), including (TiOz2),, accompanied by its hydroxide ion (TiO32), OH™. However,

the low intensity of these signals prevented a more detailed analysis.
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Finally, ToF-SIMS analysis was performed to analyze zinc white, acquiring secondary
ions in negative ion polarity, as illustrated in Figure 3.21. Zinc has five stable isotopes:
647n (48.63%), %7Zn (27.90%), 7Zn (4.10%), 8Zn (18.75%), and "°Zn (0.62%). The
distinct isotopic pattern of zinc enabled the identification of all zinc-containing species
within the range of m/z 70-550 in the negative mass spectrum. Notably, the combination
of zinc oxide and hydroxide species generates characteristic isotopic patterns, allowing
for the characterization of this pigment. As observed for titanium white, the analysis
in positive ion mode did not yield significant findings.

According to the literature and database [157, 158], all the detected ion signals identified
in the mass spectrum of zinc oxide are listed in Table 3.14, corresponding to negative
polarity. The signals are distinguished between zinc oxide clusters, zinc oxides, and

zinc hydroxide species.
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Figure 3.21 ToF-SIMS mass spectra normalized to total counts of zinc oxide in the mass-to-

charge range m/z 70-550, acquired in negative ion mode. The main ion signals are highlighted.
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Table 3.14 List of ZnO signals detected with ToF-SIMS in negative ion mode.

Negative polarity

ZnO-clusters Zinc oxides Zinc hydroxides
ion m/z ion m/z ion m/z
(ZnO)~  79.93 ZnOH~ 80.93

Zn0y~ 95.92 | ZnO2H~  96.93
ZnOs~  111.92
(ZnO)y~ 159.85 | ZnoOs~ 175.85 | ZnoOsH™ 176.86
ZnoOy4~  191.85
(ZnO)s~ 239.79 | ZngO4~ 255.78 | ZnsO4H~  256.79
(ZnO)s~ 319.72 | ZnaOs~ 335.70 | ZnyOsH~ 336.71
(ZnO)s~ 399.67 | ZnsOg~ 415.64 | ZnsOgH~  416.65
( )6~ 479.60 | ZngO7~ 495.56 | ZngO7H~ 496.57

In negative ion mode, SIMS analysis of zinc oxide powder highlighted the formation of
different species during the ion bombardment process, including signals of zinc oxide
clusters, as well as oxide and hydroxide species.

e Zinc oxide represents one of the most intense signals acquired at m/z 80 for
ZnO~, confirmed by its theoretical isotopic distribution. In addition, zinc oxide
clusters of the type (Zn0O),,, with n ranging from 2 to 6, were observed at m/z
160 for n=2 as (Zn0);, at m/z 240 for n=3 as (Zn0O)3, at m/z 320 for n=4 as
(ZnO)y , at m/z 400 for n=5 as (ZnO);, and at m/z 480 for n=6 as (ZnO); .

e Among the zinc oxide species detected in the mass spectrum, the signals corre-
sponding to the form Zn,0O,11~, with n ranging from 1 to 6, are particularly
distinctive. Specifically, these signals are observed at m/z 96 for ZnO2~, at m/z
176 for ZnyO3~, at m/z 256 for Zn3O4~, at m/z 336 for ZnsO5~, at m/z 416
for ZnsO ™, and at m/z 496 for ZngO7~. Other two signals of zinc oxide species
were recorded at m/z 112 for ZnO3~, and at m/z 192 for ZnaO4~.

e The zinc hydroxide signal ZnOH™ was observed at m/z 81, along with other
zinc hydroxide species detected as Zn,O,+1H™ ions, with n ranging from 1 to
6. These last signals are directly associated with the previously mentioned zinc
oxide signals (Zn,,O,41), forming the distinctive isotopic patterns of zinc white.
Specifically, they are recorded at m/z 97 for ZnOo2H™, at m/z 177 for ZnyOsH™,
at m/z 257 for ZngO4H™, at m/z 337 for ZnsOsH ™, at m/z 417 for Zn;OgH™,
and at m/z 497 for ZngO7H™.
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XRD

XRD measurements were performed to analyze the crystalline structure of TiOo and
Zn0O powders. In particular, the percentage of the predominant phases and the
crystallite size were quantified by the analysis of peak intensities and positions.

TiO2 powder reveals the characteristic crystalline phases of titanium dioxide, with
the main diffraction peaks corresponding to anatase and rutile phases [159, 160], as
illustrated in Figure 3.22. The anatase phase presents diffraction peaks at 26 of 29.76°,
44.61°, 56.69°, and 65.23°. The rutile phase exhibits diffraction peaks at 26 of 32.27°,
42.65°, 48.45°, and 63.98°.

The low definition of the XRD pattern suggests that the powder is partially amorphous,
indicating an initial stage of crystallinity formation [161]. The crystallite size was
measured using the Scherrer formula by fitting the two main peaks, corresponding to the
peak reflection of anatase (101) at 29.8° and rutile (110) at 32.3°. The analysis revealed
a composition of 79.5% anatase phase and 20.5% rutile phase, with the calculated

crystallite sizes ranging from approximately 13 to 17 nm.
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Figure 3.22 XRD patterns of TiOy powder acquired with Co-Ka source, with the diffraction
peaks corresponding to the anatase (A) and rutile (R) phases indicated.
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7Zn0O powder reveal a hexagonal wurtzite phase, as illustrated in Figure 3.23, according
to the literature on XRD analysis using a Cu Ka source [162, 163]. Zinc oxide exhibits
distinct diffraction peaks in the 260 range of 30°-90°, specifically at 37.4°, 40.5°, 42.7°,
56.1°, 67.0°, 74.8°, 79.2°, 81.2°, and 82.6°. These diffraction peaks correspond to the
characteristic crystalline planes of ZnO: (100), (002), (101), (102), (110), (103), (200),
(112), and (201).

The sharpness and high intensity of the XRD peaks indicate that the powder is highly
crystalline. The average crystallite size, determined using the Scherrer formula by

fitting the first three main diffraction peaks corresponding to the (100), (002), and
(101) planes, is approximately 42 nm.

500
s Zinc oxide
400
g
5 300 2
‘A
a —~
2 8
=
= 200 =
S —
S = 8 7
o = =
100 Z =
—~ O
(o] [\l
S |~
| ) A @LM
0 Sy Ju k‘ T Y 1 ¥ 1 } f
30 40 50 60 70 80 90

20
Figure 3.23 XRD patterns of ZnO powder acquired with Co-Ka source, with the main
diffraction peaks and the corresponding crystal planes indicated.
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3.2.2 Instrumental and visual evaluation of color changes

The stereomicroscope images and the colorimetric variations in the CIELAB a* vs b*
and L* diagrams of the three-component paint samples are reported in Figure 3.24.
After artificial aging, a general fading of the colors can be easily appreciated by the
naked eye for the ternary mixtures, as shown in Figure 3.24a. In detail, the unaged
part of the samples displays glossy and broad roughness surfaces, whereas the aged
ones exhibit more homogeneous, satin-like, and flattened surfaces, especially in the
case of samples with lead white. Samples with higher white pigment content (1:100
ratio) exhibit similar color variations, as reported in Figure A.2a.

The total color changes AE of the ternary mixtures range from a minimum of 23 to a
maximum of 73 (Figure A.2b). This implies that the color change after aging is far
beyond the sensitivity of the human eye (fixed at AE=3) and classified as significant
(AE>5) in literature [164, 165]. In particular, the three-component samples realized
with titanium dioxide show the largest color changes AE after the artificial aging (AE
= 63.0840.95 for the sample with PY1 and AE = 73.39+0.96 for the sample with
PY139); this effect is less marked in the samples containing lead and zinc white. To
further interpret the total color change AE, variations in the colorimetric coordinates
(L*, a*, b*) were examined. In the CIELAB a* vs b* diagram in Figure 3.24b, following
aging, the three-component samples present a strong decrease in the b* component
(yellowness/blueness), as a higher color variation. This is more evident in the presence
of titanium white (Ab* = -62.93+0.12 for the sample with PY1 and Ab* =-71.574+0.11
for the sample with PY139). In contrast, the a* component (redness/greenness) follows
a different trend: mock-ups containing PY1 show a slight increase in a* values, whereas
those with PY139 display a decrease. Despite the discrepancy in the sign of Aa*, after
the aging, the colors of all three-component mock-ups are in the unsaturated region
of the CIELAB diagram, because of the different extent of the gray area at different
L* values. Indeed, as shown by the arrows, the colorimetric coordinates of the three-
component samples moved towards the white reference samples, close to the center of
the CIELAB colour space. Figure 3.24c shows L* values (brightening/darkening) for
unaged and aged mixtures paints, the differences being small in the case of samples
containing PY1 and larger in the case of the ones containing PY1309.

In a general view of the colorimetric results, significant discolorations were observed in
the ternary mixtures due to a substantial loss of the yellow component b*, accompanied
by an increase in the brightness L* (particularly evident in the samples containing
PY139). Both the increase of L* and the decrease of the yellow chromatic component

b* towards the center of the axis contributed to a loss of color saturation. Such
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desaturation is thus considered evidence of yellow pigment degradation. For the
samples containing Pb and Zn white, we argue that the surface texture variation is due
to different siccative effects operated by the inorganic pigments, leading to a change in
the volumetric shrinkage and, as a consequence, to a different surface light scattering.
On the other hand, the loss of color saturation is more evident in the samples with

titanium dioxide, which show the most evident discoloration after aging.
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Figure 3.24 (a) Pictures of the ternary (1:10) and binary mixture samples acquired with
the stereomicroscope (scale bar denotes 500 pm length). The images show the unaged (left)
and aged (right) parts. (b) Diagram a* vs b* and (¢) L* component of the CIELAB colour
space: unaged (empty symbols) and aged (filled symbols) samples prepared with lead white
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