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AIM OF THE WORK

Main purpose of this thesis is the identificatidnddferent types of photo-luminescent
additives for the formulation of innovative waterbe self-diagnostic protective
coatings which could serve in the field of cultureritage conservation, enabling to
monitor the coating’s health status. The reseaodudes on the characterization of
structure and photo-oxidative degradation of someroercial fluorescent products;
specifically, dispersions of water-insoluble addis (pigments) have been formulated,
after having selected and characterized four prsdddie selected emitting substances
have been shown to be BaMg@O,:Mn*’EW¢* and Y,0,S:EU* as inorganic and
EC*(TTA)3(TPPO) (tris (2-thenoyltrifluoroacetonate)-(bis-triphenkipsphinoxide)
europium chelate) and HPQ (2-2’hydroxyphenyl-4(3jd)pazolinone) as organic
pigments.

In order to assess their performances in reldbatme particle size, the pigments have
also been ground to nanometric sizes with the lmedidtechnique. In particular, the
influence of external conditions on the emissiospomse, such as the inclusion in an
acrylic matrix and a prolonged ultraviolet irradost, has been investigated for three
different particle size distributions. Also the lugnce of the additives on the photo-
oxidative degradation and plasma removability of agrylic coating have been
evaluated. The research is part of the EuropegegrBANNA (Plasma and Nano for
New Age soft conservation), therefore the remowgbiésts have been carried out by
means of a portable atmospheric cold plasma toeVeldped within the project
framework. The obtained results and their chemical and phisidferences allow one
to declare the two organic samples as complemefitargescent additives, combinable

and suitable for various applications in the fiefdconservation dedicated coatings.
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INTRODUCTION

The aim of this work is to evaluate various lumoerg compounds to be used in the
field of restoration as self-diagnostic additives,order to define candidates that
retain their activity even after exposure to straftcaviolet light, and to examine the
correlations between ageing and fluorescence &ctiVhe outcome will therefore
offer the restorers an innovative tool to solvea@ng issues regarding conservation
practice and focus on concepts such as completersibiity and ease of
functionality monitoring in the protective coatirtgchnology. The possibility to
impart self-diagnostic properties to a coating véllow an easy evaluation of
presence, uniformity and functionality of the cogtiall at the same time. As the
coating erodes from a surface the amount of addiiecreases; it is therefore also
possible to use the spectroscopic response as sureeaf coating thickness, which
may be related to its specific features. Self-dasgic coatings will provide a prompt
knowledge of the coating’s health status, thus gméuag further form of degradation.
Photo-luminescent molecules and additives activahm infrared region of the
electromagnetic spectrum are good candidates taringelf-diagnostic properties to
the coatings. They do not absorb in the visiblgeaand so do not alter the aesthetic
properties of the artefact and of the coatingfita®hile IR active additives require a
portable FTIR device, for photo-luminescent adesiv absorbing UV-light and
emitting in the visible range, a hand-held UV-ligfdurce could be sufficient to
detect and evaluate the coating status. Once thevlmir of each fluorescent coating
in time is known in respect to its thickness ansbfophore concentration, the health
status analysis could be performed.

The fluorescence excitation energy varies from &ulte to substance. In particular,
the common UV-lamp excitation wavelength of 365nan de safely used by
restorers. It ensures invisibility of the additivesder normal lighting conditions,
while enabling to assess the quality of the coatind to determine the need for re-
application of each specific coating without arskrior the operator.

The selection criteria for the best additive aredabon the intensity of the response

in both waterbased matrices and coatings. The msgphias to fulfil two main
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features: be definite enough to be detectable usism a portable device, and allow
its conversion into coating thickness by means chlbration curve. Fluorescent
additives will thus enable the restorer to effeglffvmap the erosion of the coating,
without the need for expensive monitoring devieas] also to avoid scaffolding that
may hinders the artefact view. It is of course imapige that the additives do not
impair the transparency of the coating nor its bpthiobicity, removability, water
vapour permeability, and corrosion protection. déheproperties must remain
unaltered or preferably be improved by the addstiia this thesis, the influence of
four selected pigments on the colorimetric behavand on the plasma removability
of a simple waterborne acrylic coating has beedistl The thesis is part of the FP7
EU-project 'Plasma And Nano for New Age soft comaigon' (PANNA) focused on
the development of a cultural heritage dedicatedmph jet for coating removal and
deposition. The formulation of the removable cogdithemselves is also included in
the project.

The cleaning and preservation of cultural heritageets must take into account a
variety of substrates. These include stone, metatal paintings, and a variety of
'dirt' types such as soot, graffiti, corrosion prois, oil paint and wax. Although a
wide range of organic and inorganic protective icqgt are commercially available,
most of them cannot be removed with sustainablénoast such as dissolution by
means of organic solvents or laser ablation, witltamages for the artefact. Thus,
when they no longer serve their purpose, optiomsafeontinued preservation are
limited. The plasma jet cleaning technique willoall for the removal of organic
substances in a 'green' and non-contact way withaytthermal, mechanical or
chemical damage to the artefacts.

The objective of this thesis is the study of orgasnd inorganic photo-luminescent
molecules to be applied as self-diagnostic additiire waterborne coatings. The
study focuses on pigments dispersions, their ehsenwovability by means of cold
plasma and their fluorescent behaviour. Subsequettiese properties will be
evaluated also in respect to the presence in thgngpof dyes instead of pigments.
The reason for choosing pigments mainly lies onr tloaver interaction with the
matrix and their higher resistance to light expesoompared to dyes. These are

useful characteristics when speaking of coatingosahility and decay monitoring.
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Fluorescent dyes within microspheres are very stdbbking less than 1% of their
fluorescent signal in six months, however once rtherospheres are dissolved in
solvent, stability decreases. Exposure to sunligdg been shown to significantly
degrade dyes in less than one week.

This study focuses on those commercialize produetiching the basic conservation
requirements (see chapter 2), given the vastnesxisfing fluorescent molecules.
The choice of water-based formulations, insteadsal¥ent-based, comes from a
simple consideration: acqueous media are safereastbr to work with, avoiding

solvent emission problems and reducing solventaserfinteractions. On the other
hand, once selected the fluorescent additive, wlavdde challenging to formulate

completely removable high performances waterbowetticg for cultural heritage

requirements. In fact, in order to impart the dasircharacteristics (e.qg.

hydropobicity), the formulation usually includesganic-inorganic hybrids matrices
(e.g. acryl-silane/siloxane) (see chapter 5); ohiigng inorganic bonds, these may
reduce the coating removability by means of atmesphcold plasma torch (see

chapter 6).

In function of its fluorescence evaluation it ispenative to perform a thorough study
of the selected additive itself, its fluorescencechanism and deterioration. The
workflow can be divided in three parts, each orspoading to key-questions:
e 1° Part (Chapter 2 and 3): screening, selectionaaadlysis of the pigments:
Is fluorescence affected by the matrix (e.g. sotkaiomic behavior, etc.)?
How does the luminescence mechanism works foetbetsed additives?
In this part a screening of the available commeérc@ourless fluorescent
additives’ properties, in three matrices with difiet polarity, was performed.
For the selection, the pigments were then divigetivio categories: organic and
inorganic. The properties tested were: dispersgsblubility, dispersion aspect,
fluorescence colour/peaks and intensity (in powdad 1% mixture) and
weather-fastness. For studying the latter, the tavédi were embedded in a
hydrophobic coating developed for the PANNA projedhe main criteria for
the selection were the intensities of the charetieremission peak after one

month of exposure to atmospheric conditions. Thalmer of the samples to be



Introduction

embedded was reduced on the base of their IR spewtch, dividing as such
the pigments in IR families and testing only omlelifve out of each family.
Two pigments for each category (i.e. organic armganic) were selected, and
several physical and chemical analyses performedrder to identify the
fluorescent molecules. Another pigment was alsqestilof study owing to its
singular fluorescent behaviour: a variation infli®rescent output was observed
as function of the sample’s weathering. This opemgdhew scenarios, such as
the possibility of using a mixture of different pignts with different aging
behaviours as meter for coating health statugbt kxposure.

2° Part (Chapter 4 and 5): particles de-agglonmmaand milling, coating
formulation and application:

Do the pigments’ particles milling and/or the coafiformulation influence the
fluorescent output?

Do the pigments presence and/or particle size émfbe the properties of a
waterborne coating or vice versa?

This part was focused on the determination of aming particle size-
fluorescence response relation. Milling was caroetlon the selected products;
in this context other additives, such as dispessasurfactants and thickeners,
were evaluated in order to obtain a stable dispersAlso a basic coating
formulation was optimized.

3° Part (Chapter 6) : fluorescence, coating yelhgvand plasma removability
evaluation in relation to UV ageing:

Do the pigments presence and/or particle size emfte the properties of the
aged coating?

Does the exposure to UV light influence the pigseminescence?

Is there a correlation between thickness, concéianaand fluorescence giving
the chance to the restorer to easily acquire infation on the coating health
statu®

The coatings obtained in the second part, withedkffit pigments particle size
distributions, were artificially aged. 15years oatural UV exposure were

simulated, and several coatings’ properties tested.main property concerning
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the PANNA project being the plasma removabilityfdoe and after different
aging periods the coatings removal has been ewaluat

The matrix behaviour in the presence of differenéd pigment’s particles is of great
interest since the presence of additives could ihgrafound changes to the coating
properties. At best, it could give multifunctionalaterials with predictable and
tailored properties, raise the resistance to pbatdative oxidation and/or termal
excursion or improve generally the chemical andhaatal properties.

Not only focuses this thesis on the characterinatibuseful commercial products,
but also on the correlation of thickness and flaocemce, giving the chance to the
restorer to easily acquire information on the cwathealth status (e.g. eroded %).
The fluorescence being influenced by matrix effe(dee chapter 6), all the
investigated properties (fluorescence decay antbuente on matrix stability,
yellowing and removability) will need to be relatdd a particular coating
formulation.
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INTRODUCTION TO

FLUORESCENCE

1.1 - LUMINESCENCE THEORY

Fluorescence occurs when a molecule absorbs lightibps from the u.v.-visible light
spectrum, known as excitation, and then rapidlytetight photons as it returns to its
ground state (I1810° seconds, while phosphorescence emission are nunger).
Fluorimetry characterizes the relationship betwabsorbed and emitted photons at
specified wavelengths: it is a precise quantitatialytical technique, inexpensive and
easily mastered.

All chemical compounds absorb energy which caugegation of electrons bound in
the molecule, such as increased vibrational energynder appropriate conditions,
transitions between discrete electronic energyestafor a transition to occur, the
absorbed energy must be equivalent to the differdetween the initial electronic state
and a high-energy state. This value is constant cratacteristic of the molecular
structure. This is termed excitation wavelength.ctnditions permit, an excited
molecule will return to ground state by emissiorenérgy through heat and/or emission
of energy quanta such as photons. The emissiogiesesr wavelengths of these quanta
are also equivalent to the difference between twsrrete energy states and are
characteristic of the molecular structure. Fluosescompounds or fluorophors can be
identified and quantified on the basis of theiritation and emission properti&s

The so called “excitation spectrum” is obtained sugmg the luminescent intensity at a
fixed wavelength while varying the excitation engrgconversely the “emission
spectrum” record the emission intensity as a famctdf wavelength using a fixed
excitation energ$’.

The principal advantage of fluorescence over radioidy and absorption spectroscopy
is the ability to separate compounds on the bdsestloer their excitation or emission
spectra, as opposed to a single spectrum. Thisngaly@a is further enhanced by

commercial fluorescent dyes that have narrow astndily separated excitation and
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emission spectra. Although, maximum emission ocouig for specific excitation and
emission wavelength pairs, the magnitude of fluogas intensity is dependent on both
intrinsic properties of the compound and on readdgtrolled experimental parameters,

including intensity of the absorbed light and cortcation of the fluorophor in solution.

Singlet excived states Triplet excited state
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Figure 1.1 - Jablonsky diagram for a photoluminesogolecule

1.1.1 - PROCESS STAGES

As shown in Fig. 1.Absorption transitions can occur from the groundlst electronic
state (%) to various vibrational levels of the excited daigelectronic states (Sand
S,). Molecules excited to electronic statgsaid $, rapidly lose any excess vibrational
energy and relax to the ground vibrational leveltlwdt electronic state. This non
radiative process is termed ‘vibrational relaxatiaddote that direct excitation to the
triplet state is not shown because this transitimolves a change in multiplicity, it has
a very low probability of occurrence, hence isedla ‘forbidden transition’

The fluorescence process could be divided in tatages®>:

+ Stage 1 : ExcitationA photon of energyix is supplied by an external source
such as an incandescent lamp or a laser and aldstwpehe fluorophore,
creating an excited electronic singlet statg.($he rate of photon absorption is
very rapid and takes place in about'1.

« Stage 2 : Excited-State Lifetim&he excited state exists for a finite time
(typically 10° to 10 s). During this time, the fluorophore undergoes
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conformational changes and is also subjected to udtitade of possible
interactions with its molecular environment. Thepeocesses have two
important consequences. First, the energy.a$ Partially dissipated, yielding a
relaxed singlet excited state;JSrom which fluorescence emission originates.
Second, not all the molecules initially excited dlysorption (Stage 1) return to
the ground state (p by fluorescence emission. Other processes such as
collisional quenching, fluorescence resonance endrgnsfer (FRET) and
intersystem crossing may also de-populate S1. Mioeelscence quantum yield,
which is the ratio of the number of fluorescencetphs emitted (Stage 3) to the
number of photons absorbed (Stage 1), is a meadullee relative extent to
which these processes occur.

e Stage 3 : Fluorescence Emissiirphoton of energy by is emitted, returning
the fluorophore to its ground state. ue to energy dissipation during the
excited-state lifetime, the energy of this photetower, and therefore of longer
wavelength, than the excitation photongh The difference in energy or
wavelength represented byvk— hvgy) is called the Stokes shift. The Stokes
shift is fundamental to the sensitivity of fluoreace techniques because it
allows emission photons to be detected againstvébbrkground, isolated from
excitation photons. In contrast, absorption sp@ttobometry requires
measurement of transmitted light relative to higbident light levels at the

same wavelength.

The entire fluorescence process is cyclical. Unldss fluorophore is irreversibly
destroyed in the excited state (phenomenon knowrphadobleaching), it can be
repeatedly excited and detected. The fact thabg@lesifluorophore can generate many
thousands of detectable photons is fundamentdieddigh sensitivity of fluorescence
detection techniques. For polyatomic molecules ofuteon, the discrete electronic
transitions represented bydx and hgy are replaced by rather broad energy spectra
called the fluorescence excitation spectrum andréiscence emission spectrum,
respectively. The bandwidths of these spectra aranpeters of particular importance
for applications in which two or more different diophores are simultaneously

detected?.

10
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Photoluminescence is limited to systems incorpogastructural and environmental
features that cause the rate of radiationless atax or deactivation processes to be

slowed to a point where the emission process campete kinetically.

1.1.2 - DEACTIVATION PROCESSES

Vibrational Relaxation

Collisions between molecules of the excited speaie$ those of the solvent lead to
rapid energy transfer with a minuscule increasetamperature of the solvent.
Vibrational relaxation is so efficient that the eage lifetime of avibrationallv excited
molecule is 18% or less, a period significantly shorter than therage lifetime of an
electronically excited state. As a consequence, fluorescence Bolution always
involves a transition from the lowest vibrationalvél of an excited electronic state
several closely spaced emission lines are produlcediever, and the transition can
terminate in any of the vibrational levels of theownd state. A consequence of the
efficiency of vibrational relaxation is that theidirescence band for a given electronic
transition is displaced toward lower frequencies l@amger wavelengths from the
absorption band (the Stokes shift). Overlap ocoom$y for the resonance peak
involving transitions between the lowest vibratiblevel of the ground state and the
corresponding level of an excited staté!

Internal Conversion

A molecule could pass to a lower energy electr@tate, between two states of the
same multiplicity, without emission of radiation tiviintramolecular processes. The
transition is often highly efficient when thereais overlap in vibrational wave function.

Internal conversion through overlapping vibratioleaels is usually more probable than
the loss of energy by fluorescence from a highesitead state. When the excited

molecule proceeds from the higher electronic dtatde lowest vibrational state of the
lower electronic excited state via internal cosuan and vibrational relaxations, the
fluorescence occurs at a certain wavelengttegardless of whether radiation withor

L2 was responsible for the excitation. Quinine presic classical example of this type
of behaviour (Fig. 1.2

11
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Internal conversion may also result in the phenameof predissociationHere, the
electron moves from a higher electronic state taper vibrational level of a lower
electronic state in which the vibrational energygreat enough to cause rupture of a
bond. Large molecules have an appreciable probalbii the existence of bonds with
strengths lower than the electronic excitation gnef the chromophores.
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Figure 1.2 - Fluorescence absorption and emisgieotsa for a solution of quinine

Rupture of these bonds can occur as a consequémrsarption by the chromophore
followed by internal conversion of the electronmeegy to vibrational energy associated
with the weak bond. Predissociation should be difigated from dissociatiom which
the absorbed radiation directly excites the elecwba chromophore to a sufficiently
high vibrational level to cause rupture of its bsnbh this case, no internal conversion
is involved. Dissociation processes also competéh e fluorescence process.
Therefore fluorescence seldom results from absmptf ultraviolet radiation of

wavelengths shorter than 250 nm, i.e. highly erterge

External Conversion — Matrix effect

Deactivation of an excited electronic state maylwe interaction and energy transfer
between the excited molecule and the solvent oeratblutes. This process is called
external conversiorkEvidence for external conversion includes a madadent effect
on the fluorescence intensity of most species.Heaniore, those conditions that tend to
reduce the number of collisions between partid®s {emperature and high viscosity)
generally lead to enhanced fluorescence. Unforélypathe details of external

conversion processes are not well underst8od.

12
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1.1.3 - VARIABLES INFLUENCING FLUORESCENCE

Quantum Yield

The emission intensity is proportional to the amople of the fluorescence excitation
spectrum at the excitation wavelength. Absorptiod amission efficiencies are most
usefully quantified in terms of the molar extinctiooefficient §) for absorption and the
quantum vyield (QY) for fluorescence. Both are cantt under specific environmental
conditions. The value af is specified at a single wavelength (usually thsoaption
maximum), whereas QY is a measure of the total gh@mission over the entire
fluorescence spectral profile.. Thguantum yieldor efficiency for fluorescence or
phosphorescence is simply the ratio of the numibenalecules that luminesce to the
total number of excited molecules. For a highlyoflescent molecule, the quantum
efficiency approaches unity under some conditiovisle chemical species that do not
fluoresce appreciably have efficiencies that apghazerd®*!

The fluorescence quantum vyield for a compound igrdened by the relative rate
constants k, for the processes by which the lowesited singlet state is deactivated.
These processes are fluorescengk (ktersystem crossing ik External conversion

(ked, internal conversion (), predissociation (), and dissociation g

K¢
K¢ + Kis + Kee + K + kpd + kg

QY:(p:

Those variables that lead to high values for therfiscence rate constant &nd low
values for the other,kerms enhance fluorescence. The magnitudgqaind k
mainly depend on chemical structure, while the otdomstant are mainly influenced by
the environment.
Fluorescence intensity “F” per molecule is projordl to the product of the molar
absorptivity £” and QY

F=¢ Io(l-e—€bc)

where } is the incident radiant power (dependent on thecsotype, wavelength and
other instrument factors), b is the path lengthtloé cell, and c is the molar

concentration of the fluorescent compolidi

13
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Transition types

Fluorescent emission is confined to the less emtierbetween n°—r andn’— n orbital
transitions (both less energetic than ¢ite-c). Most commonly it is associated witfi
orbital state because such excited states exleilaitively short average lifetimdk, is

larger) and the deactivation processes that compigtefluorescence are less likely to

occurt

Structure

The most intense and the most useful fluorescemdeuind in compounds containing
aromatic functional groups. Most unsubstituted atienhydrocarbons fluoresce in
solution, the quantum efficiency usually increasmith the number of rings and their
degree of condensation. The simple heterocyclesh @s pyridine, furan, thiophene,
and pyrrole, do not exhibit fluorescence. On thkeeothand, fused ring structures
ordinarily do fluoresce. With nitrogen heterocyslicthe lowest-energy electronic
transition is believed to involve ar-n* system that rapidly converts to the triplet state
and prevents fluorescence. The fusion of benzemgsrio a heterocyclic nucleus,
however, results in an increase in the molar alstxpof the absorption band. The
lifetime of an excited state is shorter in suclhidtires, and fluorescence is observed for
compounds such as quinoline, isoquinoline, andleaxddubstitution on the benzene ring
causes shifts in the wavelength of absorption maxamd corresponding changes in the
fluorescence emission. In addition, different sitbsons frequently affect the quantum
efficiency drastically changing the deactivatiorteraconstants magnitude and the
transitions energigs:

Structural rigidity

It is found empirically that fluorescence is pautarly favoured in molecules with rigid
structures, probably by a the internal conversaie fowering. The influence of rigidity
has also been invoked to account for the increasituorescence of certain organic
chelating agents when complexed with a metal iame @art of a non-rigid molecule
can undergo low-frequency vibrations with respectitsé other parts: such motions
undoubtedly account for some energy 85s.

14
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Temperature and Solvent Effects

All fluorophores are subjected to intensity vaoas as a function of temperature. In
general fluorescence intensity decreases with &song temperature due to increased
molecular collisions that occur more frequentlyhagher temperatures. The increased
frequency of collisions at elevated temperaturegraves the probability for
deactivation by external conversion. A decreassoinent viscosity also increases the
likelihood of external conversion and leads toghme result. The degree of response of
an individual compound to temperature variationsngjue to each compound.

The fluorescence of a molecule is decreased byestdvcontaining heavy atoms or
other solutes with such atoms in their structuegbon tetrabromide and ethyl iodide
are examples. The effect is similar to that whicburs when heavy atoms are part of
the fluorescing compounds: orbital spin interacioesult in an increase in the rate of
triplet formation and a corresponding decreasduoréscence. Compounds containing
heavy atoms are frequently incorporated into sak/@&hen enhanced phosphorescence
is desired. The dependence from the solvent is most often wbdewith fluorophores
that have large excited-state dipole moments, tiaguh fluorescence spectral shifts to
longer wavelengths in polar solvents.

Moreover , the presence of dissolved oxygen oféeluces the intensity of fluorescence
in a solution. This effect may be the result offefpchemically induced oxidation of
the fluorescing species. More commonly, howevee, guenching takes place as a
consequence of the paramagnetic properties of miale®xygen, which promotes
intersystem crossing and conversion of excited oudds to the triplet state. Other

paramagnetic species also tend to quench fluoresf&n

Sample pH

The fluorescence of an aromatic compound with acati basic ring substituents is
usually pH dependent and both the wavelength aacmhission intensity are likely to
be different for the protonated and unprotonatechfoof the compound. The changes
in the emission spectra mainly arise from the difig number of resonance species that
are associated with the acidic and basic formdhefmolecules. For example, aniline
has several resonance forms but anilinium ion hdg one. That is, the additional
resonance forms lead to a more stable first excéiae and fluorescence in the

ultraviolet region is the consequert&?!

15
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The fluorescence of certain compounds as a funafopH has been used for the
detection of end points in acid-base titrationsarges in acid or base dissociation
constants with excitation are common and are oonaBly as large as four or five
orders of magnitude. These observations suggestatieytical procedures based on
fluorescence frequently require close control of pH

Fluorophore concentration
The power of fluorescence emission F is proportidoathe radiant power of the

excitation beam that is absorbed by the systemt i§ha
F=@lg(1—g—¢bc) =K' (I,—-1) =K'(I[, - 1)

wherel, is the power of the beam incident on the soluties jts power after traversing
a length b of the mediung is the quantum efficiency of the fluorescence pss¢ and
K" is a constant dependent on geometry and otletora The quantum efficiency of
fluorescence is a constant for a given system,santthe producpK’’ is lumped into a
new constant K’ on the right side of the equatibm.relate F to the concentration of the

fluorescing species, we write Beer's law in therfor

L — lo—ebc
Iy

where 10 is the molar absorptivity of the fluoregcimolecules and “bc” is the

absorbance.
Expanding in McLaurin series, providing 2.308% = A < 0.05, and having lo constant

we have (with a maximum relative error 0,13% causethe series approximation):
F = K'I,( 2,303ebc) = 2,303¢pK" I,ebc = Kc

Thus, a plot of the fluorescence intensity of auBoh versus concentration of the

emitting species should be linear (at low conceiatng) !

Fluorophore—Fluorophore Interactions
Fluorescence quenching can be defined as a bi-mlaleprocess that reduces the
fluorescence quantum yield without changing therbscence emission spectrum; it

can result from transient excited-state interasgtigoollisional quenching) or from
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formation of non-fluorescent ground-state speeswWhen ¢ becomes great enough
that the absorbance is larger than about 0.05hititfeer-order terms for the McLaurin
series becomes important and linearity is lostydntlies below an extrapolation of the
straight-line. This excessive absorption is knowrpamary absorption. Another factor
responsible for negative departures from lineaaityhigh concentration is secondary
absorption, that occurs when the wavelength oksiom overlaps an absorption band.
Fluorescence is then decreased as the emissicatioadiraverses the solution and is
reabsorbed by other molecules in solution. Secgndbsorption can be absorption by
the analyte species itself or absorption by otlpeckes in the solution. The effects of
these phenomena are such that a plot of fluorescarsus concentration may exhibit a
maximum. As the concentration of molecules in autsmh increases, probability
increases that excited molecules will interact vattth other and lose energy through
processes other than fluorescent emission. Absormffects are often termedner
filter effectsand any process that reduces the probability wréscent emission is

known asguenching

Photo-oxidative deterioration

In general, the displacement of the absorption bandhe direction of longer
wavelengths (UV to visible and then to IR) takescplin relation to the extension of the
area within which the molecule is able to relodae peripheral electrons of the atoms
involved. Extended conjugated systems, with moas thix conjugated double bonds,
will therefore show an emission in the visible range. a colour) starting from the
absorption in the violet portion of the spectrajstshowing a pale yellow color to the
naked eye. When a fluorophore underwent photo-tixelaageing, the oxidation of
organic molecules generally leads to an extensfahe unsaturation contained in the
molecule; it may require several specific chemrealctions, with formation of various
intermediates, or can lead to significative transftions (e.g. splitting into two
sections, cyclizations, etc.) or it may be everckénl for many reasons, as particular
conditions of stability. The chemical synthesis ajnpents strongly depends from this
type of evaluations.

As for the fluorescence, the UV light, that is trencipal region of absorption, also
breaks down the chemical bonds within a fluoropboitself, preventing the
fluorescence process to take place. As it wilsben for the pigment and dye samples
studied in this thesis, the excitation spectraveushifts to lower wavelength (more
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energetics) as a consequence of a prolonged UVsarpoThe electronic delocalization
is reduced and the difference between ground siatk excited state increased.
Thereafter the fluorophore progressively loses dbdity to interact with the same
relatively ‘low energetic’ photons that caused thenfluoresce in the first place, i.e. the
fluorescent emission intensity will progressivelgcdease for a fixed excitation

wavelength.

Sample preparation

Fluorescence is a very sensitive technique. Howevas extremely susceptible to

interference by contamination of trace levels afamic chemicals: potential sources of
contamination are ubiquitous since any aromati@migcompound can be a possible
source of fluorescence signal. In addition, carestnine taken to eliminate all forms of
solid interference (suspended particulates suatuasand fibres) causing false signals

due to light scattering’.
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1.2 - INSTRUMENTAL

A light source produces light photons over a breadrgy spectrum, typically ranging
from 200 to 900 nm. Photons impinge on the excatatmonochromator, which
selectively transmits light in a narrow range cedtabout the specified excitation
wavelength. The transmitted light passes throughsgable slits that control magnitude
and resolution by further limiting the range ofnsanitted light. The filtered light passes
into the sample cell causing fluorescent emissiprfliorophores within the sample.
Emitted light enters the emission monochromatoriciwhs positioned at a 90° angle
from the excitation light path to eliminate backgnd signal and minimize noise due to
stray light. Again, emitted light is transmitted annarrow range centered about the
specified emission wavelength and exits througlusadple slits, finally entering the
photomultiplier tube (PMT). The signal is amplifiexhd creates a voltage that is
proportional to the measured emitted intensity.c&igource intensity may vary over
time, most research grade fluorimeters are equippitd an additional “reference
PMT” which measures a fraction of the source oujpsit before it enters the excitation
monochromator, and used to ratio the signal froensmple PMT.

Emission spectra collected on different instrumentd vary because of different
wavelength dependencies of the wavelength seleatmistransducers. The shape of a
properly corrected emission spectrum reflects drdw the luminescence efficiency
varies with excitation wavelength. To correct tmeission spectrum, a calibrated light
source is employed and calibration factors for #mission monochromator and
transducer are determined. The uncorrected emigsisuits are then multiplied by
appropriate correction factors to give the corréctpectrum. There is substantial
machine-to-machine variability between fluorimetergven from the same
manufacturer. When the same sample is analysedtwahdifferent fluorimeters the
fluorescence signals will not necessarily be edaiMalt may be possible to correct for
this variability using the internal controls rungsrto and during a fluorimeter session.
Obviously all samples for a given experiment shobkl analysed with the same
fluorimeter, using identical experimental condi&.

The spectrofluorimeter used to perform the photah@scence and lifetimes

measurements is the Horiba Jobin Yvon Fluorolog@&-8j.1.3), able to perform
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measurements in emission and excitation, in botid s;and liquid samples. The
excitation of the sample occurs through a 450W Xelamnp, which has an emission
spectrum between 250nm and 850nm (selected throaghdouble-grating
monochromator), or through external laser or LEDrses at specific frequencies. The
optical emission of the sample is analyzed by glsigrating monochromator coupled
to a suitable detector: a Hamamatsu photomultit@28 operating between 185 and
900 nm.

[I]

Xenon

source 'l 'r\ I

source

Sampm
holder

Figure 1.3 - Spectrofluorimeter scheme

Fluorescence lifetime

Lifetime measurements can give information aboulistonal deactivation processes,
about energy transfer rates, and about excited-seatctions. Lifetime measurements
can also be used analytically to provide additicedéctivity in the analysis of mixtures
containing luminescent species.

For the lifetimes analysis the fluorimeter can apeiin Time Correlated Single Photon
Counting (TCSPC) or Multi Channel Scaling (MCS) raoth the first case a pulsed
sources at high repetition frequency (1 MHz) isdjsenabling to estimate lifetimes
ranging from hundred picoseconds to a few micrasgspas a NANOLED-370 with
emission at 373 nm and pulse duration of 1.3 nghénsecond case, continuous or
pulsed sources are used at low repetition frequdhgyically 10 Hz) to estimate
lifetimes ranging from a few microseconds to tefsndliseconds, as a pulsed laser
Nd:YAG at 1064 nm included in a system incorpomgtan non-linear crystal for the
generation of photons at different energies: the342/3 /| GRAPE / AW of Ekspla,

with selectable emission from 210 nm to 2300nm. pikse duration is about 6ns with
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a repetition frequency of 10Hz. The maximum eneafjthe pulse is about 3mJ in the
UV, visible and 30mJ 10m;j in the near IR. As armlative, pulsed laser diodes with a
specific wavelength have been used. Among theseexample, SpectraLED-370 with
emission at 377 nm and a bandwidth of 12 nm has beed, in which the duration of

excitation can be freely selected and activatesmittently.

Portable spectrometer

Fiber optics are also employed for “surface reddets transmit light from the
excitation monochromators to the sample surfacetlaga transport emitted light to the
emission monochromators. This setup has the adyantd speed, but has the
disadvantages of the inline geometry and smalléh pangth which increase the
probability of quenching. Fluorescence and refieocta probes work in a similar
manner: the central bundle carries the excitatamination to a sample and the outer core
collects and delivers the fluorescence or reflemtarfrom the sample, to a
monochromator or spectrograph. The collection seterminated with a quick connect
11 mm ferrule and the 6 individual 200 or 400 pbefs are arranged in a single line,
for best coupling efficiency to a slit. On this \getis based the Ocean Optics Jaz -
Portable Wireless Spectrometer, meant to be usedthey restorer for in-situ

measurement, that has been used for the scresisgvith a 365nm LED excitation.

FLUORESCEMCE PROBE
CENTER BUNDLE FROM
SMA CONNECTOR

QOUTER BUNMDLE TO
FIBER SLIT

SRA
COMMECTOR LINE OF
SINGLE
FIBERS
GENTER BUNDLE

TO FIBER SLIT
OUTER BUMDLE FROM

SMA CONNECTOR LIGHT SPECTROGRAPH

REFLECTANCE PROBE SERGE

Fig. 1.4 Portable spectrometer with fluorescenspetion probes
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1.3 - COMMERCIAL PRODUCTS

1.3.1 - DYES, PIGMENTS AND LIGHTFASTNESS

Colour-giving substances can be divided into twoety dyes and pigments. Pigments
are inorganic or organic, coloured, white or blavlaterials which are practically
insoluble in the medium in which they are incorpeda Dyes, unlike pigments, do
dissolve during their application and in the precésse their crystal or particulate
structure. It is thus by physical characteristather than by chemical composition that
pigments are differentiated from dyes. The necgsseolubility for pigments can be
achieved by avoiding solubilizing groups in the emlle or by forming insoluble
organic structures .

For the ender-user, an important difference betwbertwo is their lightfastness. The
degree of lightfastness indicates the degree tahwh colour-giving substance is
affected by ultraviolet light, a constituent of batatural daylight and artificial light.
Blended with paint or ink all dyes have poor to m@de lightfastness, while the
lightfastness of pigments varies from poor to eecel Moreover fluorescent pigments
can be used without losing their fluorescence kentilyes), for short dwell times in
applications with processing temperatures up to °@8de.g. plasticized PVC
formulations) without affecting the colour propesi

Fluorescent pigments are still more lightfast tltamventional pigments, the degree
fading depending on the following factors: 1) Golof the pigment; 2) Pigment
loading and thickness of the end product. The lighe pigment loading and the
coating thickness, the better the lightfastnessiyg@)e of binder polymer; 4) Intensity
and angle of the incident light.

Pigments can be distinguished not only by theiree@f lightfastness but also by other
properties such as opacity, transparency and gindinength. Their quality could be
measured by the particle size distribution, thermstdbility, solvent resistance,
compatibility towards the substrate, brilliancys.etn particular, slight variation in the
particle size affects the physical appearance @fpilgment and compatibility towards
the application. A fine particle size provides gomalerage and good hiding power
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compared against bigger particles. Generally sipaiticles with low strength give
better results than bigger particles with highezrggth.

When mixing two or more compounds, the lightfassnet each compound plays its
independent role, thus the total emission’s coldtinat is the additive sum of the
emitters) will change along the exposure time. Tigletfastness may be improved by
including UV-absorbers in the formulation and/or imaking use of clear overcoats

containing UV-absorber§.

1.3.2 - PHOTOLUMINESCENT MATERIALS

In this section, only a general outlook will be givto the emission/excitation properties
of different photoluminescent materials, considgrine hugeness of this topic both in

physics (explanation of the phenomena) and cheyrfistd (syntesis of new materials).

Rare Earth

In the case of the lanthanides, the emission istalieansitions inside the 4f shell, thus
intra-configurational f-f transitions. The incomgde4f shell is shielded from the
surroundings by the filled 5snd 58 orbitals therefore the effect of the host lattice
of the surrounding organic ligands on the intrardhsition is small but, in any case,
essential. Giving the very small crystal field #pig for this ions the emission curve
presents sharp peaks. Although photoluminescencearaf earths ions can be an
efficient process, only a very low amount of raidiatis absorbed by direct excitation in
the 4f levels due to a molar absorption coefficinaller than 10 L mdicm™.

Rare earth ions presents two differents emissitsadeur. Those with 4f electrons well
shielded from the surroundigs presents sharp emnisisies, with a long (ms) lifetime of
the excited state: this is the case for*@dmission in the UV range), Ei(lines in the
red spectral area), Ti§main emission in the green area, but often thera strong
contribution from high energy levels in the bluea); Dy (transition at 470 nm and
570 nm) and Bf( emission dependent from the host lattice). Otbes emits broad
band, due to the return from 5d orbital into theoddital when 4+5d transition occurs
in the excitation, as C& in this case lifetime is shorter if compared witle other rare

earths (ns).
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Since the luminescence intensity is not only propoal to the luminescence quantum
yield but also to the amount of radiation absorbed, light absorption lead to weak
luminescence. However, dispersing in host latticedvonding the ions with organic
ligand, this problem can be overcome by the sedahtenna effector sensitizatioin
Because of the intense absorption bands of thegamiz matrices or organic
chromophores, much more light can be absorbed sudlsequently, the excitation
energy is transferred from the organic ligandshi® lanthanide ion by intramolecular
energy transfer. There are two possible intercomégional transitions: charge-transfer
transition (47—4f"™'L", where L is a ligand) and %b4f"-5d" transitions. Both
transitions appear as broad absorption bands.Vederat ions (C&, P, Tb*") exhibit
charge-transfer band as well as trivalents ionsitage the tendency to become divalent
(Snt*, EU, Yb®"). On the other hand, divalent ions BrEW*, Yb*") and trivalent
ions (C&", PP, Tm*") that have the tendecy to become tetravalent sH&wd
transition. Considering the divalent ions the masplied is E&" that shows a 5eb4f
decay, whose emission could vary from violet tdoye! Usually decay time for this ion
is around 1us. Lattice, as observed for $hfthat usually emits in the red region)#b
(emission in the ultraviolet/blue region) and*Cestrongly influence the wavelength of
emissior!”!

Regarding the organic compounds containg rare ®atth most diffused are lanthanide
diketonates complexes ¢#diketone ligands (1, 3-diketones) with lanthanides.
These complexes are the most popular and the mesisively investigated on one side
because many differefit-diketones are commercially available and the sgshof the
lanthanide complexes is relatively easy, and orother side because of their excellent
luminescence properties. Finally they are even ebsyersible in organic matrix or

utilized to functionalize nanoparticles.

Transition metals

Transition metal ions are extensively used as photimescence active centres both in
inorganic lattice and with organic complex, represg the most important class of
luminescent centre. They have an incompletely dilieé shell so their electronic
configuration is & 0> n > 10). For example, many°dmetal such as Cu(l), Ag(l),
Au(l), Zn(Il) and Cd(ll) complexes were synthesizaad extensively studied showing

peculiar properties.
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Quantum Dots

Quantum-dots (QDs) are semiconductor nanocrystaterglly composed by atoms
from II-1V groups (e.g. CdSe, CdS, ZnS and ZnSeljlev groups ( e.g. InP and InAs)
defined as particle with a dimension smaller or parable to the exciton Bohr radius,
usually between 2 and 20 nm. The photoluminescegnties of the QDs arise from
interaction between free electrons. When the enefdlge exciting radiation overcome
the band-gap of the materials, light is absorbedhis process, electrons are promoted
from the valence band to the conduction band. Lightission (said “excitonic
fluorescence”) arise from the recombination of foee¢rapped charge carriers (electrons
or holes), and is observed as a sharp peak. In imgi&surements, the excited-state
decay rates are slightly slower than those of aogdyes (1-5 ns), but much faster than
those of lanthanide phosphorsyg&-1 ms). Moreover, by changing the dimension of the
QDs the emitted light can be tuned from the intladl visible range up to the Near-

InfraRed (NIR) due to the particles size inducedrqum effect”

Figure 1.5 Light emission of 2(left) to 6 (right) nm CdSe d&sS capped excited in
the UV range.

Finally it's possible to functionalize the surfaaeQDs with organic ligands in order to
modify the luminescence properties and, at the same avoid cluster aggregation.
Those peculiar properties make the QDs particulartgresting for applications in
many fields such as biodiagnostics, bioimaging, tphics, optoelectronics, and

sensorgl

Organic molecules
Photoluminescence behavior of organic moleculdéskasis of many application, as

sensor and biosensors, displays, laser, OLED amalslain general, photoluminescent
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compounds are aromatic molecule or, at least, highkaturated aliphatic compounds.
In aromatic compounds the lowest-lying transitisrait—n type that is characterized
from a high molecular absorption and high photohascent quantum yield. Modifying
the structure with substituent or hetero atoms Ithmainescence behaviour of the
molecule is strongly affected. Characteristics bé tsubstituents, effects of the
environment (presence of oxygen, nature of theestlypH, concentration of species,
etc), and many other factors strongly influence phetoluminescence properties of

organic compounds.

Photoluminescent polymers

Regarding the polymers field there are two maimeations for obtaining luminescent
materials: firstly the use of intrinsically fluont polymers having conjugated
fluorescent groups. The second route is the syisttoiésnaterial with a polymeric host
material in which the luminescence behaviour isegiby either organic or inorganic
fillers.!”

Various methods of design and synthesis have beealaped: fluorescent polymers
can be synthesized by polymerization of fluoresckmtctional monomers, using
fluorescent compounds as initiator, or using flsoent compounds as chain transfer
agents. The potential use of light-emitting polynmeeultimately limited by their low
guantum efficiency as well as by their poor stépito molecular oxygen. Moreover
even workability is not so easy, nearly always lavg use of solvents. For these
reasons in many applications the use of a polynemnposite is favoured. Dispersing
luminescent fillers in a hosting polymeric matrik is possible to apply standard
techniques of polymer processing to the developrmoephotoactive material. Moreover
standard polymers present improved thermo-mechlampoaperties and a greater
resistance towards ageing compared to intrinsicghlnminescent polymers. On the
other hand, obtaining uniform properties, both @gdtand mechanical, is a challenge as
for all the composite materials. Lately many polyimenatrices were used as hosting
materials for rare earth nanoparticles: PS, PMMgolyethylene glycol, PEO, PVA,
Polycarbonate, PDMS and many more. Some matenialgwaen synthesized by mean

UV-curing both in radical and cationic systems.
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1.3.3 - ORGANIC AND INORGANIC PIGMENTS

Typically, two types of molecules display fluoresce: organic compounds with a high
degree of conjugated unsaturation and extenaedbud structure, or inorganic
compounds where it is relatively easy to promotelastron to a higher vacant energy
level (usually a d- or f- level), and the moleculay be excited to a higher vibrational
and rotational energy stdfté.

A comparison of the respective application propsrtof inorganic versus organic
pigments shows some fundamentally important diffees between the two families. In
some application areas, inorganic pigments are tosad appreciable extent, frequently
in combination with organic pigmen{§:*!

Organic pigments
Organic fluorescent pigments are 0,08-8% dye naterin colourless polar resin
carriers. Only a few commercially available fluarest dyes can be made into
pigments. Typically, a polymer is coloured withlaofescent dye preferably during the
condensation/polymerization process. The resultopured resin is usually clear,
brittle and friable: it is pulverised into a fin@wder (0,5-20 pum), which is the final
fluorescent pigment. In the manufacture of polyesikyd resins or of amide (urea,
melamine, and similar)-formaldehyde condensatetowf molecular weight, to each
type of said resins the colorant is fixed by absorp therefore the applications of such
pigments are in practice limited to inks and paints
Suitable polycondensation resins are, for exantplese wherein the reactants for the
formation of said resins af&*3
* at least one component “A” chosen from aromati¢osi@imides containing 2
hydrogens bonded to the nitrogen of the sulfonamigeup, like
benzenesulfonamide derivatives
* at least one component “B” chosen from substanoataming 2 or more NH
groups, each of the said Nigroups being bonded to a carbon, the said carbon
being bonded by a double bond to an O, S or N atom.

» atleast one aldehyde component “C”.
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A monocarboxylic acid may be added as such or neafobmed in situ by reacting a

monoamine and a dicarboxylic acid in sufficient wmpitg to form the desired

corresponding monocarboxylic co-condensate to fanas terminator and control the

molecular weight of the resin formed.

There are different types of carrier resins foofescent pigmerité!:

28

Thermoplastic and thermoset (Melamine Formaldehyge) used in printing
inks: the oldest types of carrier resins, basedpara-toluene sulfonamide
(PTSA)-melamine-formaldehyden fully condensed anelt at a range of about
115-135C°. In the thermoset resins, through posinguand some chemical
modification of the PTSA-MF resins, solvent resmsi@® was increased and
softening temperature was raised to 175 C°. Melafonmaldehyde resins, of
high transparency and also light-fast and free fygiiowing, are suitable as
carrier resins for organic and inorganic dyes argmpnts, particularly for
organic fluorescent pigments. For the preparatibthese products soluble or
insoluble organic or inorganic dyes and/or pigmemes mixed with the starting
material prior to the condensation, optionally ambination with the modifying
agents. It is also possible to add the dyes anuigrgs to the chemicals used for
preparing the starting materials.

Thermoset (Benzoguanamine Formaldehyde type) uspdnting inks: here the
melamine component of the PTSA-MF is replaced byzbguanamine. This
results in a spherical particle size rather thagged edges, specifically
developed for plastics to minimize the plating tmcly. They are especially
recommended for applications demanding improvedtaesce to polar solvents,
plasticizers, heat, pressure and migration. Ty@palications are in the solvent
based paper coating field, textile field, or thsolvent based silk screen inks,
paints and aerosol coatings, crying manufacturmgaier base paper coatings.
Thermoplastic (Polyamide type) developed for usplastics: they are based on
aliphatic diamines and isophthalic acid with metpoints from 110-150°C, or
on polyfunctional glycols and phthalic anhydridethwa melting point around
90°C, depending on the intended application.

Thermoplastic (Vinyl or Acrylic type): they do nabntain any formaldehyde
and display very high colour strength.
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* Aqueous dispersions (Acrylic type), a newer dewelept in fluorescent
pigment manufacture, are specifically designeddonting and writing inks:
they are manufactured by adding fluorescent dyé&s acrylic monomer and
then polymerizing, thus creating coloured latextipkas (globules). They are
formaldehyde free and have a fine particle sizé (sucron), which is very

suitable for ink manufacture.

Inorganic pigments

Most inorganic pigments are extremely weather &gt many exhibit excellent hiding
power. Their physical properties is usually an ati@ge, being superior to that of most
organic pigments under comparable conditions, aihahey not only exhibit coloristic
limitations but also frequently present applicatmoblems (e.g. sensitivity to acids and
light). There are stabilized versions of such pigtae which claim improved
lightfastness and acid resistance; these produsts caim to be chemically fast to
hydrogen sulphide, which affects the brightness aofcoating through sulphide
formation. However, if the particle surfaces oftsgpes are damaged in the course of
the dispersion process, the above-mentioned dedigs are apparent at the damaged
site[°)

Most inorganic fluorescent pigments (IFP) are eitbelourless or have very pale
colours under daylight, but when excited by UV aidin, they fluoresce in relatively
bright colours. The visible colour of these inorgapigments is due entirely to emitted
radiation and they are additive colours. Thus,emdlof equal parts of a green glowing
and a red glowing pigment results in a yellow glogvpigment*

Instead of being caused by localized electronitesys within the organic molecules, in
the inorganic compounds the luminescence is detexinipy lattice’s structure and thus
their luminescence is altered or disappears comdglethen their crystal structure is
altered in any way (melting, decomposing or bregkimhe average particle size of
inorganic commercial pigments is larger than orggsigments, around 2-4 microns,
although nowadays nanocrystals are commonly syizége®bviating the need of grind
large particles.

The classical IFPs have been based on the zindidal@nd zinc cadmium sulphide
(e.g. [Zn, Cd]S doped (activated) with silver, cepgpor manganese). The activator

used, an intentionally added impurity atom distigolin the host crystal, its type and
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amount, determine the colour of the fluorescenoeekample, when silver is used, the
fluorescence colour ranges from deep blue to demp €Common matrices are
aluminates of alkali earth metals or oxides, sulphiand oxysulphides of rare earth
elementd™

An important use of fluorescent inorganic pigmenss in document security
applications, hence they should possess exceltgrttdstness and superior rub (dry &
wet) fastness other to the fastness to variouseatdvand chemicals ( ethyl acetate,
ethanol, acetone, trichloroethylene, benzene, xyléfeaching solutions, caustic soda,

acetic acid, hydrochloric acid, perspiration, safgiergent, etc.) must be excellfit.

1.4 - COMMON APPLICATIONS

Lightning

In common fluorescent lamps an electric dischangdé tube causes mercury atoms to
emit ultraviolet light at 254 nm. The tube is lingdth a coating of a fluorescent
materials which absorb the ultraviolet radiatiord ae-emits visible light at 436 nm
(blue), 546 nm (green) and 579 nm (yellow-orangeimiodern trichromatic phosphor

systems emitting white light.

Tracing — Biochemistry and Medicine

Expecially in the life-sciences fluorescence isdugenerally as a non-destructive way
of tracking or analyse biological molecules by neeah the fluorescent emission at a
specific frequency where there is no backgrounthftbe excitation light. For example

a protein or other component can be "labelled" wath extrinsic fluorophore, a

fluorescent dye that can be a small molecule, prot@ quantum dot. Fluorescent
probes find a large use in many biological appiwe owing their sensitivity to

physical and chemical conditions.

Tagging/Visualization - Forensic
Notwithstanding its intrinsically very high sensity, molecular fluorescence

spectroscopy is not utilized as a general technifuerensic analysis, because spectra
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tend to be broad and featureless. Fluorescencellaggeoaches currently applies to the
authentication of currency and passports, ideatifon1 of valuables, origin specification
of gun powders and explosives, surveillance, ete photoluminescence phenomenon
is also useful in criminalistics, for ultrasensitivatent fingerprint and body fluids
detection, visualization of fibers, ink discrimirat, and so on.

Fluorescence spectral examination may occasioballysed in areas such as document
examination, specifically for ink differentiation instances of document alteration, but

fluorescence spectra as such tend to pertain ghinbartthe area of research.

With this thesis we aim to exploit the visualizatigpotentiality of fluorescent
compounds linking the spectral emission of a cagaticontaining a specific
commercially available fluorophore to practicalsid evaluation immediately useful to
the restorer, in the case of protective coatingsiation for cultural heritage.
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The objective of this section is the selection ddliives able to impart self-diagnostic
properties to a waterborne protective coating: rtmgesence will allow an instant
evaluation of presence, uniformity and functionaldf the protective film, hence a
prompt restoration intervention. Since the coatsideveloped to ensure a simpler and
more effective restoration of art pieces, it isaiviior those additives not to impair the
coating’s properties. A protective coating for oeation purposes has defined
characteristics, starting with its aesthetic penfance (e.g. transparency) and including
removability as much as physical, chemical and raedal resistance.

Good candidates for this purpose are therefore oomgs that do not absorb in the
visible range while active in other regions of thectromagnetic spectrum, as IR-active
and colourless photoluminescent molecules. Whige fdrmers need a potable FTIR
devices to be detected, for the visualization ef ldtter a simple hand-held UV-light
source is sufficient; for further characterizatiotieen, a simple portable spectrometer
can be used. Photoluminescent molecules can exigtei form of dyes or pigments,
hence giving solutions or dispersions. This studgues on pigments dispersions,
owing their lightfastness and the dependence af thwrescent emission on a number
of factors, as seen in Chapter 1.1. Neverthelesgitbsence of dyes instead of pigments
has been evaluated in course of work.

The additives were selected for waterbased fornaumst none the less, in order to
characterize the additives, the available commepm@ments were screened in three
solvents with different polarity: water, ethanoldaethyl-acetate. The screening of the
colourless  fluorescent  additives  evaluates  their negs properties:
dispersability/solubility, dispersion aspect, flascent output in 1% mixture and/or in
solution. For some of the additives these propeii® shown to be matrix dependent.
Of course, since the needs of restoration is ankgd, also the fluorescent output of
the additives in a coating held indoor and expose@dtmospheric conditions were

evaluated. In this case the pigments were incotpdraas powder in a special
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waterborne coating formulation previously testedhwmi the PANNA project, which
was then applied in order to obtain a 20um drgkifeéss on glass slides.

The primary criterion for the selection was theensity of the main fluorescent
emission peak after weathering, as recovered wpbrtable spectrometer. As a matter
of fact, the incorporation of photoluminescent ncalesinto a protective coating and
the correlation between a long-period aging andréacence output of the coating is
one of the main goals of the European project PANRGY this reason it is essential for
the fluorescence intensity decay to be a slow amtrcllable phenomenon.

For the selection, the pigments were then divided iwo categories: organic and
inorganic. Two additives with emission in differewisible spectral regions were
selected out of each category, basing on the fheerd intensity after one month of
exposure and the decrease percentage in relatidhetaun-weathered sample. The
chosen ones were then taken to the next stagesd@r o obtain a stable dispersion
within a water matrix. As discussed in the previalmpter (Sect.1.3), organic and
inorganic compounds show different chemical prapsrincluding a different response
to UV-light exposure, therefore a specific agindhdaour . For example inorganic
pigments present lower quantum efficiencies buhatsame time higher resistance to
UV rays and heat stability than organic pigments.

Note that giving the backscattering of the incidkgitt in the portable spectrometer
(which covers also the visible blue-violet regiamiu470nm), blue emitting pigments
would hardly be useful for visualization and coat&n purposes, while green to red
emitting phosphors, possibly with sharp band, wdngddnatter of interest.

35



Chapter - 2 -

Commercial Products’ Screening

2.1 - EXPERIMENTAL

A stock of fluorescent colourless (“invisible”) pders, sold as “fluorescent pigments”
with low excitation energy (i.e. 365nm wavelengththe so called long-UV region)
and different emission peaks, were purchased fraskRactor manufacturer: 18
inorganic pigments (“P.F.L.I.") and 11 organic (F..O.").

The available commercial pigments were screendtirge matrices from high to low
degree of polarity: water, ethanol and ethyl-aeetdthe following properties were
evaluated starting from commercial powder mixtune solvent (10g/l): solubility,

aspect, fluorescent emission wavelength and irtensi

Figure 2.1 — Commercial powder mixtures in varieab/ents illuminated with a black-
lamp

The wavelength chosen for illuminating the samples 365nm, both with uv-lamp
(Herolab 15W 60Hz), portable spectrometer (Jaz, a@Optics, LED light EOS
A1217995-1, dedicated paraxial setup) and subseglyenspectrofluorimeter
(Fluorolog®-3, Horiba Jobin Yvon, Xenon lamp). Tf@lowing specifications were
used in the case of Jaz spectrometer measurem@&ntsn vials mixtures: 1,5cm
distance from the probe,1lsec integration, 1 scaawvé&vage; B) on coating (applied on
glass slide): 30° incidence angle, 1cm distancefpoobe, 2 sec integration, 1 scan to
average. The portable spectrometer was used ifirheplace for a fast testing of the
on-field detectability of the pigments (owing tcetifiast sedimentation phenomenon
occurring due to the large size of the pigmentiges).
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Figure 2.2 — Portable spectrometer fiber probedfixiea sample holder and pointed on a

formulation applied on glass slide and on a pigrsenixture in solvent.

For a more precise evaluation of the fluorescencepgsties, the Fluorolog
spectrofluorimeter was instead exploited in thetioga testing (in particular the
percentage of fluorescent intensity loss, regardimg section). This professional
instrument is also equipped with a correction fog incident light fluctuations. Other
than the possibility to obtain accurate photoluregeace (PL) and photoluminescence
excitation (PLE) specra, removing the high sigmaht the reflection of the incident
light, it also presents a 1,5nm shift in the PLrveudetection in respect to the spectra
obtained with the portable instrument, showing hthe instrumental setup could
influence the analyses evaluation.

Though 29 was the total starting number of addstitested, for what concerns the
evaluation of the waterborne coatings the sampbteshber was reduced to 19 (10
inorganic and 9 organic). This reduction was maglithg them in families, basing on
99% matching of the infrared spectra (obtained witBruker Alpha ECO-ATR) and
testing only one additive out of each family. Tlesteéd coatings, made from a 2,5%
pigment in matrix formulation, had been previouspplied with a bar coater in order to
obtain a 20um dry thickness ( TQC VF spiral appticaon microscope glass slide and
oven dried for two hours at 70°C. The chosen comagon was fixed for all the
samples, in this way it was possible to comparé bw percentage of intensity loss and

the final magnitude of fluorescent emission afteathering.
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2.2 — RESULTS AND DISCUSSION

Upon 29 pigments 23 gave fluorescent mixture inewdat4 of them among the coated
ones (Table 2.2). Only 8 of these remained visiltprescent after one month of
exposure to atmospheric weathering (Fig 2.3), falhem appearing in their 10g/l water
mixture as precipitate plus suspension. All thesomng results, dividing inorganic and
organic pigments, are shown in Table 2.1, 2.2 ad 2

- _ Eemission
Colour Solubility NOI:T]II’_]&' Wave|ength
Commercial name N (1% wiw) | EMISSION (nm)
visible / (nm) in PANNA
UV light Et-Ac./ W/ EtOH waterbased coating
INORGANIC PIGMENTS
PF-00 Invisible Blue e part 450 456, 433
s white green/
PF-01 Invisible Green |y nt white-green partino/no 450 537, 462
. . white/ *
PF-02 Invisible Yellow clear green part 545 545, 588, 611
PF-03 Invisible Orange white/ part *587, 611
pink
PF-07 Invisible Blue- white green/ part 500 456. 534. 516
White white ’ ’
PF-09 Invisible Violet Vmgl part/no/no * 545, 583, 610
PF-0B Bright White e part 446, 420, 536
PF-R7 Invisible Red Wr';i;e’ part 626, 70§é$16’ 293,
white/ 625.5, 616, 705.5, 594,
PFLI-R UV Red magenta part/no/part esoégg%gge, 5,
white/
PFLI-P Purple biue no/part/part 419, 524
PFLI-YG Yellow Green gfegrg;“:'m’ part 515, 626
PFLI-B Blue Crengleu:'him/ no/part/part 445 * 440,483
PFLI-G Green Whgfe%fe”/ part 515 515, 458
. white/ *516, 626, 616,
PFLI-W White blue no/part/part 515 594, 706
PFLI-BG Blue Green | "9/ part 616
white/ * 626, 616, 706, 594,
PFLI-O Orange yellow pink no/nolpart 625 510, 563, 586
yellow green white/ 626, 539, 706,
PFLI-Y Yellow yellow-green part/no/part 576 616, 595
‘s pink white/ *
PFLI-O Invisible Orange pink yellow no 520 520, 585
ORGANIC PIGMENTS
DFSB-CO Clear Blue greebrl]uv;'h'm/ part/no/part 450 * 450, 483, 519
cream yellow/ 611-616,
DFSB-C7 Clear Red orange-pink yes/partiyes 592, 650, 687-705
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DFSB-CO Clear Blue, green white / part/no/part 450 *
BBOT blue (recrystallization) 447, 483
PFLORRed | e | espampen | o5 | oo
PFLO-YG Yellow Green brig}’;’::';‘f’e en yes/no/part 495 500-545, 613.5, 616,
PFLO-G Green Creggg]hite’ no 545 497 530
PFLO-B Blue green white / partino/part 460 451, 407
PFLO-Y Yellow ye”‘(’)"vr\‘li_tgr’een part 595 543, 420, 685
white! 458, 433, 408,
PFSO-R Short UV Red ¢ part 610 589-591, 544,
magenta 612-619, 697-701
PFSOB Organic white/
Shortwave Blue blue violet P >0 50 458
DFPD-C2 Invisible cream white/
vellow green-yellow no/part/part 540 535
* Emission wavelength in water 1% suspension (theeig was not applied in coating)
Table 2.1 - Pigments’ initial screening
Probabl iti IR famil Aging
; robapbie composition amily
Commercial name (from SEM, IR and PL data) (99% match) test
INORGANIC PIGMENTS
PF-00 Invisible Blue Mixture with PF-02 A 4
PF-01 Invisible Green Similarity with PF-00 and PFLI-R B v
PF-02 Invisible Yellow Pure (ZnS) X
PF-03 Invisible Orange Similiarity with PF-02 A X
PF-07 Invisible Blue-White | Mixture with PF-00,PF-01,PFLI-R B v
PF-09 Invisible Violet Similiarity with PF-02 A X
PF-0B Bright White Mixture c 4
PF-R7 Invisible Red Aged PFLI-R D v
PFLI-R UV Red Pure (YOS:Eu) E 4
PFLI-P Purple Mixture F v
PFLI-YG Yellow Green Mixture with PF-R7, PFLI-G G v
PFLI-B Blue Similarity with PF-R7 G X
PFLI-G Green Pure (BaMgAlO:Mn,Eu) G v
PFLI-W White Similarity with PF-R7, PFLI-G G X
PFLI-BG Blue Green Similarity with PF-R7, PFLI-G G X
PFLI-O Orange Mixture with PFLI-Y E X
PFLI-Y Yellow Mixture ZnCdS,PF-R7 H v
PFLI-O Invisible Orange A X
ORGANIC PIGMENTS
DFSB-CO Clear Blue A X
DFSB-C7 Clear Red 4
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DFSB-CO Clear Blue, BBOT Aged PFLO-B c X
PFLO-R Red Pure (Eu(TTa)3(TPP0)2) D 4
PFLO-YG Yellow Green Mixture with DFSB-C7 E 4
PFLO-G Green Pure (HPQ) F v
PFLO-B Blue 4
PFLO-Y Yellow G 4
PFSO-R Short UV Red Mixture with DFSB-C0,DFSB-C7 H v
PFSOB Organic Shortwave Blue 4
DFPD-C2 Invisible Yellow G 4

Table 2.2 — Pigments’ families association and agadples.

Emission in PANNA waterbased matrix (365nm excitatin)

Commercial
name Main peak Maximun intensity Loss (%) after 1 month Peak shift (nm)
(and glowing colour) | \avelength (nm) (A.U) natural weathering natauf:glr v%/eg\(t)#é?ing
INORGANIC PIGMENTS
PF-R7 626 99,8 + 68,1 -12,7+83,4
PFLI-R UV 625.5 194,2 -34,6
PFLI-P 419 15,1 35
626 72,9 £ 61,7 16,7 +16,7 d?;’;ggsa’::sge
PFLI-YG 515 21,4+154 -15,1+155
PF-01 537 9,7 82,7 17
PFLI-G 515 42,2 36,2 -29,6 £ 28,5
PF-00 456 36,1 91,8
PF-07 456 27,6 87,6
PF-0B 446 57,9 711 -3
ORGANIC PIGMENTS
DFSB-C7 611-616 165,1 29,9
PFSO-R 458 6,6 26,2 -3
PFLO-R 616 3055,3 + 1398,2 86,8+7,6
543 78,7+ 54,4 11,2+65
535 62,5 +24,1 81+95 +8
PFLO-YG 500-545 40,8 64,7
PFLO-G 497-500 116,8 +51,01 11,8+ 3,9
PFLO-B 451 270,5 74,5 +3
PFSOB 430,458 23,5 50,5 -1

Table 2.3 — Change in the main fluorescence peagsem for the coated samples after

1 month natural weathering. The glowing colourlef pigments is also shown.
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Figure 2.3 — Samples intensities before and afeatlering (1 month outdoor).

Figure 2.4 — PFLO-YG, 365nm excited coating befte) and after (right) weathering

As shown in Table 2.3, not only the aging procedtueénces the intensity of the
photoluminescenct emission but also there couldabghift in the main emission
wavelength or, as can be seen in Fig 2.4, an dvatahsities redistribution in the PL
curve, giving a change in the glowing perceivedual

The pigments that still show an eye-visible fluoessce after the aging process are 4
(one red, two green and one yellow glowing ) inoiggigments and 4 (one red, one
green and two yellow glowing) organic pigments. fa inorganic pigments (all in the
right side of the plot in Fig.2.3) a slight incream fluorescence was noted in the
outdoor sample and ascribed to a probable matfecefThis could be a change in the
matrix polarity or acidity due to the exposure tonhdity and UV light, but more
probably a deterioration of the superficial lay®ith a consequent un-covering of the
fluorescent crystals. As can be seen in the left phthe plot ( Fig.2.3), the lower
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quantum efficiency (i.e. fluorescence intensity)tioése pigments compared to that of
the organic ones, has been reported.

Some observations on the samples composition soepagésented in Table 2.2: many of
the inorganic samples and some organic, appeag tmwimposed by mixture of two or
more separately sold fluorophore. Pigment PFLI-¥ haen reported two times on the
plot in Fig. 2.3 as its colour changes when expdsédlV-light for a month. As reported
afterwards (see Chapter 3 and 4), this pigment nsixaure of two pigments, one of
them giving the green part of the emission spgetna the initial colour to the powder
owing the additivity of colours in fluorescence)ddess UV-resistant. The red glowing
pigment that is light-resistant has the same flseat emission spectra of some other
inorganic pigment tested, like PF-R7 and PFLI-Re ®pectra reported in Fig. 2.5
shows the peaks obtained from both the weatheladifie) and un-weathered sample

(red line).
/ﬁ”"m‘&x
I \'\-\
/
/f o}
M ki o

Wavelength (nmj)
—_— | —

Figure 2.5 — 365nm-excited PL spectra and coatipg®ograp of PFLI-Y before (red

line, green image) and after (blue line, red imdgejonth natural weathering.

The selection was based on a compromise betweelowest percentage of intensity
loss due to the ageing process and the highest™filnorescent emission intensity.
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2.3 — CONCLUSIONS

After an initial screening of their main properti@s solubility and fluorescence output
in three different solvents, the 29 available fesment and colourless pigments were
divided in two categories: organic and inorganibe Temployment of these additives
gualitatively selected in aqueous systems was dbesf of the screening’s subsequent
part.

The ones showing the best fluorescent performamee water-based matrix after UV
and humidity exposure (one month outdoor weathgrivaye been chosen for each
category. Namely these are PFLO-G for the orgamyments and PFLI-G for the
inorganic pigments, both fluorescent in the greenipn of the visible light spectra.
Although the fluorescence yield was not comparabléhe previous two, considering
the peculiar fluorescent behaviour of another agglinamely PFLI-Y (yellow glowing
inorganic pigment), it was decided to proceed algb this one to the identification and
grinding steps. Due to the UV-exposure the addipwesents the disappearance of a
fluorescence peak, thus a change in fluorescensséoni (veering from green to red
glow) that could be proved useful for restoratiamgmses. This pigment opened up new
scenarios, as the possibility of using a mixturditierent pigments with different aging
behaviours as a meter of coating health statuglor éxposition. For this reason it was
decided to consider also two other additives, PR.@ed glowing organic) and PF-R7
(red glowing inorganic), as complementary pigmetdn eventual mixture with the
two previously chosen. These are also the only fhedrescent samples that still
fluoresce visibly after weathering thanks to thegh starting emission intensity.

Further analyses were then conducted on thesectiwemercial additives in order to

identify the composing phosphors and charactehieg photo-oxidative deterioration.
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Once selected the commercial additives presenighg fatness properties from all the
samples a deeper investigation is needed. ThisalNdw to avoid interactions with
other additives, to identify dedicated coating fatations and to define the pigments
chemical and physical behaviour through ages. Hois treasons analytical
characterization of the chosen organic (PFLO-G RRHO-R) and inorganic (PFLI-Y,
PFLI-G and PF-R7) pigments was performed usingerkfit techniques accordingly to
the needs of each one of them for an unambiguaifctation: photoluminescence
and photoluminescence excitation spectroscopy (EEYPX-ray diffraction (XRD),
scanning electron microscopy coupled to an energpetdsive X-ray spectrometer
(SEM-EDS), Fuorier Transformed Infrared Spectrogddf¥-IR), Raman spectroscopy,
mass spectrometry performed either with gas-chrognaphy and electrospray
ionization (GC-MS and ESI-TOF-MS), nuclear magne&sonance (1H-NMR), CHN
elemental analyses.

According to the manufacturer, the pigments arew type of dyeing matter supposed
to have improved fluorescence and being excelleqlylicable in synthetic resins. As
far as this research is concerned, the exact catigosf the fluorescent materials is
not accurately known and still a commercial secféte material safety data sheets,
(given only for the organic pigments) declare trevgers to be composed by “
pigmented melamine-formaldehyde copolymer, flustsed sub-micron dispersion into
a high quality printing ink varnish an approximate lists of the resin ingredientalso

given for each sample.

An exhaustive treatment of each characterizatichrigue is beyond the aim of this
thesis, hence in this context only a general oeenon the above mentioned techniques
[ will be given to explain the reason for their eoyphent:

Photoluminescence
PL/PLE are photoluminescence spectroscopic measmtsirusually performed using a

fluorimeter: the so called “excitation curve” (PLE¥ obtained measuring the
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luminescent intensity at a fixed wavelength whilarying the excitation energy,
conversely the “emission curve” (PL) records theission intensity in function of

wavelength using a fixed excitation energy.

Energy dispersive spectroscopy

EDS is an analytical technique used for the elealeminalysis or chemical
characterization of a sample. The high-energy elacheam (10-30 eV) that interacts
with the sample surface generates a series oflsifmat are recognized by the detector.
In particular, for each point scanned secondargtielas with an energy between 0 and
50 eV emitted from the surface , backscatteredreleavith energy ranging from 50 eV
to that of incidence, and X-rays are produced. Asay§ energies are characteristic of
the energetic difference between two shells anth@fatomic structure of the emitting
element, X-ray microanalysis gives specific infotima about the elemental
composition of the sample, in terms of quantitye(lihtensity of this characteristic
radiation is proportional to the concentration bk telement in the sample) and

distribution.

X-ray diffraction

XRD is a non-destructive analytical technique whaaln yield the unique fingerprint of
Bragg reflections associated with a crystal stmgct&ince most materials have unique
diffraction patterns, compounds and their purity ¢z identified easily by using a
database. The particle size of the powder cant@stetermined by using the Scherrer
formula, which relates the particle size to thekpealth. The databases at our disposal

make this type of analysis mainly useful for therganic pigments characterization.

Infrared spectroscopy

In FT-IR, a beam of infrared light passing throudfie sample records its infrared
spectrum: when the excitation frequency is the samée vibrational frequency of a
particular bond, absorption occurs. FTIR spectrpgas an analytical technique that
allows infrared spectra recording: infrared lighiguided through an interferometer and
then through the sample (or vice versa), recordedrainterferogram and processed
with the Fourier transform technique. Analysis loé fposition, shape and intensity of

peaks in this spectrum reveals details about tHecular structure of the sample.
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Raman spectroscopy

Raman spectroscopy is used to observe vibratiootational, and other low-frequency
modes in a system and relies on inelastic scafferor Raman scattering, of
monochromatic light. A laser light interacts witlolacular vibrations, phonons or other
excitations in the system, resulting in the enesfjyhe laser photons being shifted (to
lower energies in the case of Stokes phenomenaindréd spectroscopy yields similar,
but complementary, information. As a result, a Ras@ectrum is information rich, and
contains data relating to the specific chemicaldtire of the material being analysed,
allowing the detection of weak IR frequencies. Rarspectroscopy is a non-destructive
technique: it is non-contact, non-destructive, eeqglires no sample preparation. The
identification of unknown materials is possiblewihe use of extensive Raman spectral
databases. Databases were not available, thus Repeatra have been mainly useful,

together with infrared spectra, for a correct funrl groups’ interpretation.

Mass spectrometry — (Gas-chromatography and Electspray ionization)

In GC-MS gas-liquid chromatography separates thepoments of a mixture while
mass spectrometry works by ionizing chemical commois to generate charged
molecules or molecule fragments and measuring thess-to-charge ratios. The
molecules in the sample can be identified by catied) known masses to the identified
masses or through a characteristic fragmentatitterpa Electrospray ionization (ESI)
is a technique used in mass spectrometry to progdumseusing an electrospray in which
a high voltage is applied to a liquid to create ammosol. It is especially useful in
producing ions from macromolecules because it @rees the propensity of these
molecules to fragment when ionized. ESI is a steddboft ionization' technique, since
there is very little fragmentation. This can be autageous in the sense that the
molecular ion (or more accurately a pseudo moledalg is always observed, however

very little structural information can be gainedrfr the simple mass spectrum obtained.

Nuclear magnetic resonance

NMR can provide detailed information about the stinoe, dynamics, reaction state, and
chemical environment of molecules. When placed imagnetic field, NMR active
nuclei (such asH or *C) absorb electromagnetic radiation at a frequeayacteristic
of the isotope. Since electron distribution of Hane type of nucleus varies according
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to the local geometry and with it the local magnefield at each nucleus, the
intramolecular magnetic field around an atom in aleoule changes the resonance
frequency. Chemical shift is the resonant frequerfcg nucleus relative to a standard,

thus position and number of chemical shift are asgic of the structure of a molecule.

Elemental analysis

CHN analysis is the most common elemental analgsid is accomplished by

combustion. In this technique, a sample is burmedn excess of oxygen and various
traps collect the combustion products like carbmxide, water, and nitric oxide. The

masses of these combustion products can be usealdwlate the composition of the

unknown sample.

Fluorescence lifetime

FLT is a measure of the time a fluorophore spendbke excited states before returning
to the ground state by emitting a photon. Wheréasltminescence quantum vyield
gives an idea of the luminescence quenching inwthele system, the luminescence
decay time indicates the extent of quenching at émitting site only. Although

influenced by solvent effects, the lifetime is ook the most robust fluorescence
parameters (mostly unaffected by inner filter aBecstatic quenching and
concentration’s variations), useful to discriminabetween and among organic
molecules and organo-metallic complexes owing te tlifferent de-excitation

probabilities.
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3.1 - EXPERIMENTAL

The analyses were performed on PFLO-G, PFLO-R (ocgsamples), PFLI-G and PF-
R7 (inorganic samples) powders, pursued from RiakRe& manufacturer.

In PL/PLE and lifetimes measurements the instrunused was a Horiba Jobin Yvon
Fluorolog®-3 (see Fig.1.3); the emission curve wemitored in the 400-700nm range
with an excitation wavelength of 365nm while thecieation curve was monitored
between 260 and 500nm exciting each sample withchiaracteristic emission
wavelength, basing on the PL results. For all theasarements, front face (FF)
geometry, 1nm slits and 0,5nm increments were ugétknuation filters (optical
density filters OD1 and/or OD2) had to be introdiibecause of the high signal coming
from the samples exceeding the linearity limittod tletector; also absorptive band pass
filters (F390 for the green glowing and F500 foe tred glowing samples) were
introduced after the samples to avoid scatteringnpimena, cutting out the reflected
excitation radiation and its harmonics.

For the lifetimes, a NANOLED-370 with emission &33nm and pulse duration of 1.3
ns was used (in TCSPC mode) and a SpectraLED-3f0emiission at 377 nm and a
bandwidth of 12 nm was used (in MCS mode) (see &hdp2). A 30° incidence angle
with a 110° collecting angle was employed to redscattering phenomena. As in the
case of PL and PLE, optical density filters andoabsve band pass filters were
introduced.

EDS elemental analyses were performed using a Brugkno GmbH instrument, with
primary energy of 20 (or 30) eV, coupled to a soagelectron microscope.

A Philips powder diffractometer equipped with PWIADgoniometer was used for the
XRD analyses with a Bragg Berentano reflection getoyn The radiation used was
CukKa (A = 1,542A) Ni filtered, selected by a monochromatmd a proportional
counter PW1711/10, with a 0,5mm collimation anchih2reception slit.

A Spectrum One from PelkinElmer was used for FTrRiRasurements, ranging from
450 to 4000cr, on samples in the form of KBr pellets.

Raman spectra were recorded for the organic samsegy a Horiba Jobin Yvon
Raman spectrometer equipped with a near infrareitagdon line at 785,19nm of a
diode laser source. A Horiba XploRa Raman-Microscepth a 50x magnification
objective and a 1800line/mm grating was used. Hdeiged fluorescence background
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has led to the preferential use of the diode lasstead of the Argon laser source at
514nm, also present in the equipment.

'H NMR at 289K was performed on the organic sampl&solved in (CB),SO with a
Brucker AC200 instrument working at 200,13MHz.

Mass spectra were obtained only for PFLO-G samptk @erformed both with gas
chromatography and electrospray ionization. Tha firstrument used was a Trace GC-
MS equipped with a quadrupole Thermo Finnigan nsgesctrometer and a HP5-MS
0,25um column . The sample was dissolved and eyleict column with a temperature
ramp of 1 degree/min from 80 to 300°C and a sohdsiay of 4 minutes. Various
solvents were tested, here are presented the agectrenzene (with which the optimal
resolution was obtained). In the case of electapsfonization, the instrument used
was a Mariner ESI-TOF spectrometer from PersepiogBtems equipped with
reflectron. The sample was dissolved to a concéoral0*M in 1% formic acid
water-MeCN, then 1ul of solution was injected arahsported into the spray with a
20ul/min flux by a rheodyne valve. The spray isstiinted by a stainless steel capillary
positively charged at 4500 Volts. Once chargedstdraple’s mass is revealed by a time
of flight analyser.

Also a CHN elemental analysis was performed omyP&LO-G, with a Perkin-Elmer
2400 elemental analyser. The compound is firstligiaed at 950°C and then passes
through a reduction line at 650°C, converting thaments of the sample into simple
gases (CQ H,O, N,). The combustion products are separated by a d@tographic
column and detected by thermal conductivity (TCD)ick gives an output signal
proportional to the concentration of the individw@mponents of the mixture (the

standard utilized was acetanilide).
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3.2 - RESULTS AND DISCUSSION

3.2.1 - PFLO-G

3.2.1a - PFLO-G: RESULTS

The sample appears as a whitish crystalline povedeitting in the blue-green region of
the spectrum when excited with a 365nm light anlgt ealuble in DMSO.

What is known about the pigment is the presenceesis componenté!, see section
3.3, of 2p-anilinesulfonamide (25-35%) and 4hydrtwepnsonitrile (45-55%).

The obtained information on the composition ledhi identification of the fluorophore

as 2-2' hydroxyphenyl-4(3H)quinazolinone, also edlfHPQ".

Photoluminescence

As can be seen in Fig.3.1, with a 365nm excitatiba,emission curve (red line) shows
a broad band with two main peaks at 498 and 52%vimie the excitation curve (blue

line) for the emission at 525nm covers the spdotra 260 to 385nm with a maximum

at 365nm, decreasing until approximately 450nm. flil@escence intensity is shown

to be higher for dispersions in water than in odwvents.
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Figure 3.1 — PL/PLE spectra for PFLO-G powder
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X-ray diffraction
Due to the lack of a comprehensive database nohmiaés been found for the

diffraction pattern.
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Figure 3.2 — XRD pattern
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EDS elemental analysis
EDS analysis reveal the presence of Carbon, Oxydirmgen and trace of Sodium that
may be considered to be reagent residues.
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Figure3.3 EDS spectra and quantitative results
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CHN elemental analysis

For a three times repeated measurement, with a 6fl8taximum error, the obtained
percentages of elements were: 69,43%w Carbon, 404%drogen, 11,07%w
Nitrogen and 15,46%w of other atoms. These infoionahad obviously to be united
with the mass spectrometry results to restrain fiblel of research. The obtained
elemental relative percentage is in accord withEBS results; assuming the molecule
to have a mass below 500 m/z, it corresponds toptlesence of maximum three

Nitrogen atoms and three Oxygen atoms.

Mass spectrometry

The GC-MS spectrometry of the sample dissolvedenzBne gives retention times of
12.50, 13.61 and 14.38 minutes respectively withmalividuated molecular mass of

239.2, 207.3 and 294,2 (Fig. 3.4). The difficulienpretation of a spectra obtained with
chromatographic separation (chemical “hard” ion@at of complex molecules led us

to the employment of a “softer” ionization methad, electrospray ionization. This way
it is possible to most certainly reveal the molacubn. In this case (using as internal
standards 7-hydroxy-metil-cumarine and triptophdassil-glicine) the exact mass for
the protonated molecule is shown to be 239.0813 wit10ppm maximum error

(Fig.3.5), thus the molecule has a ~238 m/z.
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Figure 3.4 — GC-MS Chromatogram and mass specrinéodifferent retention time of

the sample dissolved in benzene
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Figure 3.5 — ESI-MS mass spectra

The molecular formula search for the presence dfi, G\ and O atoms performed with
the mass spectrometer software for the exact md39D&13 gives only one output:

C14H11N20,. The molecular formula of the compound beingHzoN2O, is completely

in accord with the elemental analyses results.

Nuclear magnetic resonance

NMR spectroscopy on the sample solubilized in DMSKkbw the presence of 8
aromatic protons (6,8-8,8 ppm) from 6-membereds;ragdouble peaked broad band
due to two acidic OH or/and NH ( 13,2ppm) and arbenianpurities (8 e 8,5ppm). No

chemical shifts due to other types of protons setente present, excluding as such any

CHs, CH, or non-aromatic CH.

Figure 3.6 -'H NMR spectra showin
solubilized in DMSO

g the chemical shifts (ppm) foe powder
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Infrared and Raman spectrcscopy

In FTHR and Raman specscopy peaks cover the spectra from 487 until 167"

(1683cm in the Raman spec, Fig 3.9 showing seven principal intense absorpt

four at 1513(not Raman activ 1562, 1607, 1674 cthand two at 761(not Ram:
active) and 828cih two strong peaks at 1329 and 1343 are also présé¢hne Rama
spectra. As for the latter, the intensity of peakth Raman shifts below 487 ¢* may

be altered by the inner fluorescence of the sal From the IR spectra absorptic
(Fig.3.7) it is possible to exclude the presenctiple bonds tertiary amines, esters i
nitrogen dioxide. It is instead fsible the presence of phenols, Ket( amides and
carboxylic acids.

Once identified the phosphor aPPQ, thanks to the combination of information fr
the various analyses performed, a more speciferpnétation of the absorption bar
has been possible (Table 3.1).
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Figure 3.7 Frasmittance infrared spectra (FTIR) of the pigmeispersed in KB
pellet
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Figure 3.8 -Raman spectra with 785nm LED excita
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PFLO-G
Peak(cm’) | Assignatior | Peak(cm®) | Assignation | Peakcm™) | Assignation
704-897and primary amine I-H 1069-1254and Quinazoline
1304, 131 C-Ov or O-Hd
3331-3444 ) 1376-1397 C-Hv
regions regions
625-690 region Amidic & 828, 3148, 3204 Ring’'s C-Hd 3449352( O-Hv
1674 C=0v 1608 C=Cv

Table 3.1 — Gmbined IF-Raman spectra interpretatitior HPQ molecul) &

Lifetimes measuremen
If a population of fluorophortis excited, the lifetime is the time it takes fbethumbe

of excited molecules to decay to 1/e or 36.8% efdhginal population according

nE® _ %

R being the decay statistically exponen

1.00
|
\‘\ Exciting Pulse
_..:3' /
=
5 b Fluorescence
=
e | b
:
s
—__
—
p
Time

Figure 3.9 -Lifetime plof

The decay of the intensity a function of time is given by:
t

I(t):(X e’

Where lis the intensity at time ais a normalization term (the pexponential factor)

andt s the lifetime.
The lifetime observedfbor PFLC-G was 629 nanoseconds, compatible with an orgi

molecule lifetime.Giving the nature of the molecul@ CSPC (time correlated sing
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photon counting) method was employed, which cansomeaevents happening in the 1-
100ns range with high repetition frequency (1-10MHasing a NanoLED 373nm
excitation. This method involves the following stefirstly the time difference between
the photon event and the corresponding excitatidsep(1,3ns) is measured converting
the optical events into electronic pulses, thendigéal timing result is used to address
the histogram memory, so that each possible timalge corresponds to one memory
cell; finally the addressed histogram cell is imsemted until sufficient counts have
been collected.

The lifetime is a measure of the probability of thesited state de-excitation, thus in the
case of organic samples this probability will be #ame within all the emission range
independently from the excitation energy, sincedleetronic states do not correspond
to discrete values but rather to continuous bamterefore the excitation wavelength
chosen was 525nm and not the one correspondingng¢omaximum fluorescence
intensity (498nm). In the next chapters this lifegihas been compared to the lifetime of
the sample embedded in a matrix before and afteragivg, since the decay kinetics

can be influenced by chemical environment (see5ky.

3.2.1b — PFLO-G: DISCUSSION

The molecular formula GH10N2O, obtained by mass spectroscopy, the presence of one
NH and one OH bond and the absence of other mumaic protons revealed by
NMR™ and of triple bonds revealed by IR spectroscopy ttethe identification of the
compound as 2-(2'-hydroxyphenyl)-4(3H)-quinazoliediPQ).

HPQ is applied in the preparation of fluorescennpositions of inks and enamels, as
well as fluorescent precipitating substrates foriots enzymed®. After selectively
binding with some metal ions, ESIPT reactions of(HRight be blocked and its
fluorescence quench&t HPQ is used as selective ion sensor with tunesdild state
fluorescence in the selective detection of*Zand Cd* ions, which cause a blue
shifting of the emission curve; also an optode Base HPQ as a fluoroionophore
shows fluorescent response towardReith a wide linear concentration range, high
selectivity and fast response tiffie It is also employed in the design of watersoluble
non-fluorescent probe for the assay and imagingpaticular peptidases without
diffusion-related signal dilutidA and its derivatives are used for the in situ dipof
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phosphatases activity for applications of sensitiv®rescence histochemistry and
cytochemistry?.

Fluorescence mechanism

HPQ is an organic fluorescent material that exhiflitorescence by the excited-state
intramolecular proton transfer (ESIPT) mechanisnstaswn in Fig. 3.26. Fluorescent
dyes that exhibit ESIPT reactions have attractezhtginterest for several decades
because such compounds show good photophysicalemieg such as intense
luminescence, large Stokes shifts and significaotgstability’®.. Many molecules with
an intramolecular hydrogen bond possess two tautorfigms, one of which is stable
in the ground state, whereas the other is mordestahthe first excited singlet state.
When the interconversion of both forms merely iresl movement of a proton along
the hydrogen bond, proton transfer can be a vepydrarocess. After electronic
excitation of the normal form (¥to the first excited state {Sthe excited state ($ of
the tautomer is rapidly formed. Fluorescencé—S Sy’ from the tautomer displays a
large Stokes shift relatively to the absorptign-S> S of the normal form; this fact
leads to the first observation of this effect, latalled excited state intramolecular
proton transfer (ESIPT), by Weller in 1956.
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Figure 3.26 — Basic mechanism for ESIPT reactioH®Q
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ESIPT
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Figure 3.26b -ESIPT mechanis

Fluorescence influencing factor

The conformational twist between the phenyl andhvgrolinone rings of HPQ leads
different molecular packing ithe solid state, giving structures that show setiate
fluorescence around 500 and 51%°%. The fluoresence and precipitation of HF
depend on the concentration of its neutral pherfolim and therefore are pH relat
(the protonation of the acidbile site, i.e. the quinoline nitrogen atom, edhe
ESIPT reaction}®, thus the fluorescent emissior time is not only tied to the phc-
oxidation but also to a possible acidification bétmatrix. The limitecalkalinity of
HPQ, resulting from intramolecular -bonding, kinetically limits the procs of
protonation in acidideficient conditions and offers readout stabilityia
photochemically gated protonation by the light. Bmre, ESIPT becomes much mc
efficient in film than in solution because the toreal motion is virtually frozen fe
below the glass transition teerature, so that the blended conformer is preferr:
energeticall#). The peak positions are also solvent related: f@mmle, HPQ forms
two different polymorphs in TF (tetrahydrofuran) giving speic emission
wavelength$!. As themolecular packingn the solid state assumes a great importz
also does the soligarticle size and prcessil

In summary, when formulating a coating comprisingH fluorophore, the pigme
processing (e.g. particle size) and the matrix ntglapH and viscosity have tbe

considered.
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3.2.2 - PFLO-R

3.2.2a - PFLO-R: RESULTS

The sample appears as a yellowish white crystaimeder fluorescent under long UV
excitation (365nm) emitting in the red region ok thpectrum. The powder is well
soluble in ethyl acetate and partially solubletima@ol, in water it gives precipitate.
What is known about the pigment is the presencee&s components) of m-toluic acid
(30-60%) and 1,10-phenantroline (30-40%). It isoat®tified the presence of K
and a heavy metal content minor to 10mg/Kg is d@eki

The obtained information on the composition ledhi identification of the fluorophore
as the organo-metallic chelate® 5T TA)3(TPPO).

Photoluminescence

The emission curve for a 365nm excitation showsgharp bands with two main peaks
at 616nm and 698nm. The excitation curve, for thénén emission, covers the spectra
from 260nm to 390nm with a maximum at 365nm, desirgp until approximately
470nm; a sharp peak of low intensity is also pres#n465nm. The fluorescence
intensity is shown to be higher for water dispersidghan for solutions. When in a
matrix, the PL peaks are splitted and change $jight
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Figure 3.10 — PL/PLE spectra for PFLO-R
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X-ray diffraction
Due to the lack of a comprehensive database nohmiaés been found for the

diffraction pattern.
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Figure 3.11 — XRD pattern

EDS elemental analysis
EDS analysis revealed the presence of Carbon, Rbnsp Sulphur, Fluorine, Oxygen

and Europium. Traces Chlorine may be considerdx teeagent residues.
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Figure 3.12 — EDS spectra and quantitative resotBFLO-R
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The simultaneous presence of these atoms andapproximate proportion, narrows
the field of research to a few organo-metallic Eiwen coordination complexes which
give red fluorescence, all of them with as firggald 2-thenoyltrifluoroacetonate
(TTA):

Eu(TTA)(TPPO) with ligand triphenylphosphine oxide (a),

Eu(TTA)3(NaPO) with ligand 1,8-bis(diphenylphosphino)najgii¢ine oxide (b),
Eu(TTA)3(DPEPO) with bis(2-diphenylphosphino phenyl)etbeide (c).

Figure 3.13 — Proposed Eu(TT#hosphinoxide ligandd

In this context the main PL peaks in the emissjpecta of our powder corresponds to
the five transitionsDy -> ’F; (J=0-4) energy states of Europium.

To identify the compound, several spectroscopy pushwere used for characterizing
the functional groups present in the compound, @img the results with reference
spectra of the proposed Eu ligands.

Nuclear magnetic resonance

From NMR spectra (Fig. 3.14) it is possible to guae several phenyl (8,8ppm and
7,4-7,7 ppm) and thiophene protons (6-6,7 ppm)thageak at 3,2 is attributable to the
hydrogen in the C=0-CH-C=0O bond of TTA ligand. Noatoh exists for
Eu(TTA)s(NaPO) and Eu(TTA(DPEPO)'H-NMR spectral datd>?, therefore it was

possible to discard both ligands.
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Figure 3.14 *H NMR of the powder dissolved in CDZI

Infrared and Raman spectroscopy

From the FTIR spectra we can see that the fingert pegion (1300-1900cH) is
characteristic of a monosubstituted aromatic ring together with the peaks at 2991,
3037, 3057, 3075 chis typical of the absorption of C-H stretching dnom TPPO
and DPEPO ligand. Other typical bands from thelenil-phosphine-oxide are those
of the groups C-H at 506, 540, 618, 766, 847, 832, 996 crt, C-C at 1438 cih
P=0 at 1028, 1072 and 1183 ¢tmnd P-Phenyl at 696, 722, 749,1095 and 1122 cm
Other absorption bands, and in particular the shadpie absorption in the regions
1028-1355cnt and 1434-1569cth could be ascribed to the ligand thenoyl-trifluoro
acetone (TTA) : thiophenic C=C at 467, 1231,1358611522 crit and C-H at 683
cm?, ethanol form of the betadiketonate at 1592cand C-F stretching at 506, 605,
683, 1161, 1189, 1231, 1248, 1294tm

Once identified the phosphor, thanks to the contlinaf information from the various
analyses performed, a more specific interpretatiotine absorption bands was possible
(Table 3.2, Figure 3.16b).
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Figure 3.15 — Trasmission infrered spectra (FTIRth@ pigment dispersed in KBr

pellet
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Figure 3.16 — Raman sptra with 785nm LED excitatit
PFLO-R
Peak(cm’) | Assignatior | Peak(cm’) | Assignation| Peak(cm?) | Assignation
. TTA typical . TTA typical
473 Eu-O 1142-1415 region . 15031378 regio .
assorbption assorbption
C=C b-diketonate
2991,3037, TPPO CH ring & 642,932
C-Fv 15221612
3057,3075 1301,1355
1438,1484 C=Sv C=0Ov
P=0 1415 1569,163
506, 541, 618,
695, 749, 766, other TPPC
847, 859, 996, tipycal 722,783 Thienyl C-H &
1028, 1072,1095, assorbptio
1122

Table 3.2 - ©mbined IF-Raman spectra interpretatioffor Eu(TTA)3(TPPO)

molecule)*®
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Figure 3.16b — IR spectra of TPPO and TTA lignfad€u** 14!

Our compound was unambiguously identified by a &nmmpelting temperature analysis
since, as found in literatuf&” the molecule with TPPO ligand has significantly é&w

Tm compared to the one with DPEPO. The complexswith pure TPPO is reported to
be 167°C and with DPEPO 253 °C; PFLO-R powder reat¢he melting point around
150 degrees, thus the compound has been iderasi&i(TTAY TPPO).

Lifetime measurement

The lifetime obtained for this complex in the foohpowder is 0,72 ms, in accord with
the average lifetimes measured for Eu(TTA)-basmmhplexes”S]. As it will be seen
also in Chapter 5, this parameter widely changesmthe complex is embedded in a
polymeric matrix owing to quenching phenomena. Tifetime was monitored at
616nm, that is the maximum emission peak correspgni the®Do->'F, transition,
owing the discrete energy levels of the rare earffize de-excitation probability of the
rare earth is much lower than the organic’s omggesthe transitions are mostly intra-
orbitalic and photon-radiationless, thus lifetintddsthe excited states are much longer
(up to tens of milliseconds). This led to the cleoaf a continuous source instead of a
fast-pulsed one, having a 500ns pulse discrironathinor limit. Taking into account
the phosphor nature as lanthanide complex, the adetised for the lifetime analysis
was the MCS (Multi channel scaling) and the measerg performed with a

SpectraLED 377nm excitation.
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3.2.2b — PFLO-R: DISCUSSION

The presence of Europium(lll) in the sample wasealdy declared by the
manufacturer’s technical data-sheet and furthefironad by the PL spectra in the form
of EL*".

Upper levels Lower levels A(nm)
D, 'R, F, 'Fs, 'Fo 538, 554, 583, 655, 701
Do B, F, R, Fs, Fa 580, 596, 614, 651, 694

Table 3.3 -Energy levels and luminescence tramsitfor europiuri®

The phosphor falls within the organo-metallic coexgls category, what still to be
characterized is the type of ligand used. The E&silts widely narrowed the field of

research, leading to the identification of one bé tligands as thenoyl-trifluoro-

acetonate (TTA) owing to the presence and amounksamd S atoms. The elemental
analysis showed also the presence of Phosphorrgfdne the other ligand could be a
phosphine oxide. Only three E(ITA) additional

ligands found in literature contain phosphine ogide @@

DPEPO, NaPO and TPPO, which discrimination is

S e

not possible by means of the substance’s IR spectra “‘],;uf“ \ )
s o=

@\ 0 3

The NMR pattern, compared with the literature gdata

already excluded the presence of DPEPO and NaPO. @p =
The identification as E&(TTA)3(TPPO) is then @
confirmed by the melting point determinatiof. Eu(TTA),(TPPO),

Trivalent lanthanide ions can form, with a variebf organic ligands, stable
coordination complexes or chelates exhibiting hstgility and strong luminescence.
In such complexes, the energy absorbed by the mrgAnromophore is first transferred
to a triplet state of the molecule through the msetem crossing and is then intra-
molecularly transferred to a resonance level oflémthanide ion which finally emits

luminescenc&?.
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Figure 3.16¢ — Jablonski energetic diagram for eanth luminescence in a polymeric

matrix.

The so-called antenna effect is based on the smtgh of the lanthanide ions by
suitable organic chromophore characterized by hegttinction coefficient and
intersystem crossing efficiend}’!; among the most studied ligandsdiketones (as
TTA in our sample) has emerged as one of the impbrantennas. Because the
coordination sphere of the rare-earth ion is umagtd in these six-coordinate
complexes, the rare-earth ion can expand its coatidin sphere by oligomer formation
(with bridging p-diketonates ligands), but also by adduct formatioth Lewis bases,
such as water, 1,10-phenanthroline, 2,2-bipyridin&i-n-octylphosphine oxide. In our
sample the P=0O function operate as a vulnerabl&caimg function for lanthanide
cations™™®, while the TTA chromophoric ligands absorb andsfar energy efficiently
to the central metal but also encapsulate and grdie central ion from the solvent
molecule§®The luminescence observed for a specific lanthaciseplex is therefore
a sensitive function of the energy of the lowetiét level of the complex relative to a
resonance level of the lanthanide ion. Becausedséion of the triplet level depends
on the type of ligand, it is therefore possiblectntrol the luminescence intensity
observed for a given lanthanide ion by variatiothef ligand®:

Because of their excellent luminescent propertigshsas narrow emission bands or
long lifetimes ¥, lanthanide ions complexes are suitable for a widege of
applications: chemical sensors, probes and labedsviariety of biological and chemical
devices, tuneable lasers, amplifiers for opticahswnications, luminescent probes for
analyses, components of the emitting materials ultilyer organic light emitting
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diodes or efficient light conversion molecular dms, among othef§". Specifically,
tri-phenyl-phosphine oxide (TPPO) was often usedasral ligand in LA complexes
[13]

The emission bands at 580 and 652 nm are very wgeae their corresponding
transitions PDo—Fy 3) are forbidden by the selection rules of forcequbté transitions.
The emission band at 593 nm corresponds inste#fteftD,—'F, magnetic transition;
due to the independency of this transition with ligand field it can be used as an
internal standard to account for ligand differenc@s the contrary, theéDo—'F,
transition at 613-614 nm, that is the strongestssion (electric dipole) responsible for
the luminescent colour of the complex, is a typelaictric dipole transition is called
“hypersensitive” : when the interactions of theeraarth complex with local chemical
environment are stronger, the complex becomes mmaresymmetrical, and the
intensity of the electric dipolar transitions be@mmore intens&..

For what concerns the sample composition, the poesef 1,10-phenanthroline could
come as pendant ligand in the resin polymer, ferfdrmation of adducts with trig-

diketonate complexes, for the suppression of teptex dissociation in solutié.

Fluorescence influencing factors

The two main drawbacks of lanthanide ions are:tlj@) low absorption coefficients
because of the Laporte-forbidden 4f—4f transitidnalv prevent direct excitation of the
luminescent of the L ions and (b) the efficient non-radiative deaciivat(e.g. back-
transfer) of their excited states by high energgilladors such as N-H or O-H (also C-
H) bonds coming from solvent molecul&8. For this reason it is rare to observe
photoluminescence of complexes in aqueous solutihgss the ligands are able
outdistance the E{i ion from the molecules of # and show low vibrational
quenching. The presence of O-H groups, which ektelysreduces the luminescence
emission intensity, has therefore to be considéxtt when selecting the support for
the luminescent material and when testing its perémces (e.g. avoiding humidity
changes).

The matrix could confer chemical and thermal sigbéls well as mechanical resistance
to the complex and improve the photoluminescenopeties of the complexes, since
the luminescence intensity is very sensitive to ¢berdination environment of the
metal ion¥”. The efficiency of the intermolecular energy tfensis also strongly
dependent on the distance between the donor areptaccbecause a better energy
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transfer could take place from ligand to®Eion. However, the strength of the complex-
polymer interaction plays a key role in the enetmgnsfer process efficiency: strong
interactions permit a more efficient absorptiorigiit with channeling to the EBliions
giving rise to a change in the electronic statechan the energy transfer probabilities,
i.e. the photo-luminescent propertiés’ 28

3.2.3 - PFLI-G

3.2.3a - PFLI-G: RESULTS

The sample appears as a whitish green powder eqiiti the green region of the
spectrum when excited with a long UV radiation (3@5. The powder is not soluble in
either water, ethanol or ethyl acetate.

After a literature search, the powder was easilyaminguously identified as
BaMgAl;oO:7: Mn**  Euf* .

Photoluminescence

The emission curve for a 365nm excitation (red)lgsi@ows a sharp peak at 515nm and
a weak broad band centred at 465nm. The excitatiore for a 525nm emission covers
the spectra from 260nm to 390nm, showing two nedathaxima at 260-270nm and

305-330nm, decreasing until approximately 450nm.

The fluorescence intensity is greatly affected lg presence of a matrix but not by its
chemical composition, as it is shown in ChapteDé&stroying the lattice structure, the

application of mechanical stresses on the sampte (gessing the powder with a

spatula) causes a progressive blackening and atredwf the fluorescent emission.
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Figure 3.17 — PL/PLE spectra of PFLI-G

X-ray diffraction

The diffraction pattern gives a 84% match for aiBarMagnesium Aluminium Oxide

with chemical formula Bgyse ( Mgo.012Al 10.088) O17
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Figure 3.18 — XRD pattern of the sample and refexquattern for BaMgAHO:7

EDS elemental analysis

This analysis confirms the XRD data, showing thespnce of Aluminum, Oxygen,
Barium and Magnesium, but also reveals the presehbéanganese and/or Europium.
Mn** and EG" are indeed common dopants conferring luminescemoperties to

hexagonal aluminates.
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Figure 3.19 — EDS spectra and quantitative results

Lifetime measurement

The lifetime measured for this sample is of 5,50&®&ne exponential fitting has been
done for the decay curve monitored at 514nm, ghdte maximum emission peak given
the PL spectrum. As for the rare earth, the det&xen probability is much lower than

that of organic compound, since the transitions raostly photon-radiationless, thus
lifetimes of the excited states are much longert@ugens of milliseconds). The method
used for the lifetime analysis was the MCS (Multhannel scaling) and the

measurement performed with a SpectraLED 377nm agiait.

3.2.3b — PFLI-G: DISCUSSION

For what concerns all three inorganic pigmentsjrm&mental starting point is given by
the XRD software matching. The presence of dopantise crystals, though, could not
be spotlighted; here EDS elemental analysis becaseéul. The presence of one or
other fluorescence activators was further confirnbgdparticular peaks or intensity

ratios in the PL/PLE spectra. Photoluminescencetspdor the inorganic phosphors
samples are well known since these compounds adelyiapplied and frequently

combined, mostly in fluorescent lamp.

Many phosphors tend to lose efficiency graduallysbyeral mechanisms: the activators
can undergo change of valence (usually oxidatith®,crystal lattice degrades, atoms

72



Chapter - 3 -

Products Identification

(often the activators) diffuse through the materthle surface undergoes chemical
reactions with the environment with consequent tdssfficiency or build-up of a layer

absorbing either the exciting or the radiated enestr.

In the case of PFLI-G sample, the XRD pattern prese good match with
BaMgAl;c0:7 (BAM), while EDS showed the presence of Manganeskos Europium
atoms. The Mfi" doping is evidenced by the sharp peak in the Ridetsa at 427nm,
corresponding to it&E-*A; ions electronic transitior!é” and the shape of the emission
curve with the peak at 515nm (Kfrdoped BAM is employed as green phosphor). The
Europium co-doping is than confirmed by PL spechaying regard the broad band
centred at 450nm (Eltxdoped BAM is currently used as blue phosphor), taedbroad
and intense PLE curve which corresponds to thed4frBnsition of E' ions .
Therefore the powder has been unambiguously idetitifs BaMgAlO.7: Mn** EL.

The spectral overlap between the emission &f Bod excitation of Mfi’ suggests that
an energy transfer from the two ion types occurs.

The long lifetime of 5,50ms is in accord with |déure data. The long decay time of
Mn?* emission is caused by the parity forbidd@n ->°A; transition, while E&" doped
BAM has a transition time on the order of microset®due to the allowed % 4f’
transition of Eu ions. Therefore as the*Econcentration is increased, the decay time is
gradually decreased, owing the fact that the teanskist between unlike luminescent
centre§°,

Fluorescence influencing factors

The stability of BAM:Eu is not good: this phosphandergoes degradation of colour
quality and luminescent efficiency both during treking process while manufacturing
(thermal damage, caused by the oxidation and niigraff the EG* ions) and the aging
process (i.e. UV irradiation damage). BAM crystadh in spinel blocks spaced by the
so-called conduction layers (created by the magbdftthe B&" ions): when Europium
ions are doped in BAM, they replace Barium, causmgjability in those sites and
easily undergoing oxidation (mostly photo-oxidateomd without migration). In contrast
to ELf*, Mn** substitutes for Mg and is incorporated into the spinel blocks instefd
the conduction layers, occupying only one site.réftge Mn ions are much more stable
and much more difficult to be damaged than Eu ioas\aining unchanged during UV
irradiation. The emission of Mn as an acceptor IAMBEU®*,Mn?" is strongly
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dependent on Eu as donor. Therefore, despite diglist of Mn®*, the emission
intensity will be inevitably reduced if the Etions are damaged during UV irradiation
B The Eu oxidation mechanisms have therefore tacdmesidered not only when
testing the properties of BAM:BUMn?* before and after ageing, but also during the

grinding process.

3.2.4 - PF-R7

3.2.4a - PF-R7: RESULTS

The sample appears as a whitish powder, red glowingn excited in the long-UV
(365nm). The powder is not soluble in water (in ebhiit gives precipitate plus
suspension), ethanol or ethyl acetate (in whigjiviés precipitate).

Mainly thanks to the XRD and EDS analyses, the $anm@as been identified as
Y,0,S:EU”.

Photoluminescence

The PL spectra at 365nm (red line) shows three mbharp peaks at 706, 626 and
616nm, attributable to emissions from a rare e@thopium). The excitation curve, for
the 626nm peak, covers the spectra from 260 to20ith few sharp peaks in the 395-
480nm region.
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Figure 3.20 — PL/PLE spectra for PF-R7
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Figure 3.20b — PL/PLE zoom of PF-R7

X-ray diffraction

The diffraction pattern gives a 54% match for Yutni Oxide Sulfide (with chemical
formula:Y>0,S). The relatively low match could be attributabdelattice alterations
caused by the production process.
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Figure 3.21- XRD pattern of the sample and refexgrattern for PF-R7
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EDS elemental analysis
The elemental analysis confirms the XRD match, shguhe presence of a rare earth

(Europium) as dopant.
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Figure 3.22 — EDS spectra

Lifetime measurement
For this sample, a double exponential fitting hadé& employed for the decay curve

monitored at 626nm. In this case the decay is destby

_t _t
[= oue ™+ aze ™
Wheret; andt, are the fast and slow components of decay timeocananda, are
fitting parameters, respectively. The double exmptaé decay behaviour is often
observed when the excitation energy is efficientitgnsferred from the donor to the

activator. The average decay time can be calcuksed
— 2 2
T= (alrl +a,13) /(T + azrz)
The revealed lifetime is = 0,64ms, much lower than that of PFLI-G. The rodthsed

for the lifetime analysis was the MCS (Multi chahsealing) and the measurement

performed with a SpectraLED 377nm excitation.
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3.2.4b — PF-R7: DISCUSSION

In this case the XRD pattern present a 56% matth ytirium oxysulfide (¥O.S). The
low degree of match is explained by the presencgbleg in the EDS spectra, of
Europium. Eu3+ are clearly doping ions as can lem ¢/ the sharp peaks in the red
range noticeable in the PL spectrum. The phosplsrtherefore been identified as
trivalent-europium-doped yttrium oxysulfide. The FPlspectrum of bulk samples is
governed by the charge transfer bands of O-Eu (@%6and S-Eu (325nm). The
systematic behaviour in the energy needs to tramasfeslectron from the valence band
to a trivalent lanthanide, and then the final statéhe transition is the ground state of
the divalent lanthanide ion. In,®,S crystal, there are two anions, one S &d the
other is &, therefore there are two charge-transfer tramsitirom the 2p orbital of ©

to the 4f orbital of E¥ and from the 3p orbital of °Sto the 4f orbital of Ef,
respectivel{??. The lifetime measured for thBy->'F, transition (626nm) is of 0,64ms,
in accord with what reported in literature for budikstems. For nanometric crystals
(<15nm) the lifetimes reported are significantlyoeef**! owing to the centroid shift
and the crystal-field splitting*.

Y,0,S:EU" has been used as a red “no mill” phosphor foraded®*.Many studies on
the synthesis, control of particle morphology, @amcing luminescence properties have
been carried out during 1970s, and 1980s. It islisprepared by high-temperature
solid state reaction, however, the fabrication ebd Y>0,S:Eu** red phosphors is not

an easy task, the synthesis of nanocrystals (NGs)én more difficult”.

Fluorescence influencing factors

The europium ion is expected to occupy the yttrisite in Y0,S:EU*. The electron
transition of %O,S:EU occurs from theD; (J=0, 1, 2, 3) levels t&F; (J= 0 to 6)
levels. Some emission lines are eliminated by #hection rule and some are too weak
to be observed. The strongest red-emission liné2&tand 616 nm are due to transition
from °Dy to ‘F. level, working by electric dipole transition medfgm B4. This
transition is known to be hypersensitive to crystalicture and chemical surroundings.
In the orange-emission lines, the wavelengths di BB, 583nm 587 and 590 nm
emission light are produced by the electron tr&msiD1-'F» *Do-'Fo, °D1-'Fs andDe-

'F, and work by magnetic dipole transition mechanisnsensitive to the crystals
structure and chemical surroundings. At wavelendginger than 626 nm, only two

77



Chapter - 3 -
Products Identification

small peaks should be observed for the electrarsitian from®Dg to 'F4 2. Unlike
what is expexted, a strong emission is reporté@anm.

As for the case of PFLO-G, the presence of Europaums in substitution of other ions
causes the phosphor to easily undergo degradaticolour quality (e.g. mechanical
stresses). Moreover it is well-known that the ckargnsfer band is sensitive to the
ligand environment (the bonding energy between déetral ion and ligand ions),
sensitivity that becomes more and more importatihénanometric size (<20nm). The
particle size reduction causes a shift in the PuBve (reduction of the excitation
correspondent to the S-Eu CT band), thereforeltimedscent output for the same long-

UV excitation (365nm) will be reduced accordingly.

3.2.5 — PFLI-Y

3.2.5a - PFLI-Y: RESULTS

The sample appears as a whitish yellow powder emith the yellow-green region of
the spectrum when excited in the long-UV (365nfle powder is not soluble either in
water (in which it gives precipitate plus suspenyi@thanol or ethyl acetate (in which
it gives precipitate).

The powder has been unambiguously identified asxéure of two inorganic sulfides:
(Zn*"'Cd™")S and %O,S:EU*

Photoluminescence

The emission curve for a 365nm excitation showsehsharp peaks at 616, 626 and
706nm and a broad band centred at 545nm. The Ba&niteurve, for the main emission
peak at 706nm, covers the spectra from 260 to 400t a few sharp peaks from 395

to 475nm specular to the sharp emission peaks.
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Fig. 3.23 — PL/PLE spectra for PFLI-Y
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Figure 3.23b — PL/PLE specra - zoom

X-ray diffraction
The diffraction pattern gives match for a mixture Zinc Cadmium Sulfide, with

chemical formula ( ZgwLd22 )S (a yellow powder showing green-yellow

fluorescence), and Yttrium oxide sulfide with cheah formula Y,O,S (a greysh

powder showing red fluorescence).
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Fig.3.24 — XRD pattern of the sample (red line)d agference pattern for,0,S (blue
lines) and (ZnCd)S (grey lines)

EDS elemental analysis
The elemental analysis confirms the XRD resulteyshg the presence, as in PF-R7, of
Europium dopant other to Cd, Zn, S, Y and O atoms.
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Figure 3.25 — EDS spectra for PFLI-Y
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3.2.5b — PFLI-Y: DISCUSSION

Similarly to the peaks of PF-R7, the emission cdorea 365nm excitation shows three
sharp peaks, and a broad band centred at 545ns .cdmbination of sharp and broad
bands already led to the interpretation of the pawals a mixture of two different
inorganic phosphors. As seen in Chapter 2 (Fig, th& broad band presented in the PL
spectra, centred in the green visible range, hapfmedisappear owing to UV exposure,
leading to a change in the glowing colour from gellto red, thus the powder is a
mixture of two different compounds with differemnissions and fluorescence decay.
Milling tests, in which the two compounds rapidpsrate (see Chapter 4, Fig. 4.10),
also suggest the presence of Sulphur, since adlubeescent crystals are broken
Sulphur smelling fumes are released. The diffracpattern confirms the presence of
two inorganic compounds containing Sulphur: {0d¢")S and ¥%0,S. As for the
previous sample, the presence of Eu3+ as dopantcard@med by EDS , thus the
second phosphor was identified af¥S:EU™

ZnS-type phosphors have been used since the 8kiision tube$® *1Cds, a mid-
band gap semiconductor (2.4 eV), is an importanmbex of the 1I-VI group of
elements, widely used as a phosphor material in defdces. As ZnS is a phosphor
material with a wide band gap energy of 3.7 eV spasion of the CdS with ZnS can
greatly enhance the luminescence properties2adS is a prominent ternary alloy
among II-VI compound semiconductors for the falirocaof multilayer p—n junction's
devices without mismatch of lattice parameter anectemn affinities “°. The
polycrystalline structure of ZnS phosphors powdea imixed phase of both cubic and
hexagonal and the spectra showed shift of peakipwgrom blue (green) to red as the
CdS contents of the phosphors is increased.

Fluorescence influencing factors

While yttrium oxisulfides are relatively resistatd UV degradation, regarding the
(ZnCd)S part of the mixture, it degrade by reductad the metal ions by captured
electrons: the N ions are reduced to Mtwo M then exchange an electron and
become one Kf and one neutral M atom. The reduced metal can seroéd as a
visible darkening of the phosphor lay&F. The ease of degradation that characterize
(zn?*,CfHS phosphors in respect 063,S:EU" is the cause of the fast colour-change

in fluorescence of PFLI-Y observed in Chapter 2.
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3.3 CONCLUSIONS

Once selected the commercial additives presentgig-fatness properties (PFLO-G
and PFLO-R, PFLI-Y, PFLI-G and PF-R7), pigmentslgincal characterization has
been performed employing various techniques, aaogidto the needs of each one of
them for an unambiguous identification. This stiglyital in order to avoid interactions
with other additives, to identify dedicated coatifigymulations and to define the

pigments chemical and physical behaviour througdsag

Organic samples

Both the organic pigments are identified by the wfacturer as pigmented melamine-
formaldehyde copolymers, flushed as a sub-micr@speatsion into a high quality
printing ink varnish.

The fluorophore in sample PFLO-G (green) has bedentified as 2-(2'-
hydroxyphenyl)-4(3H)-quinazolinone (HPQ). The pigmeorocessing (e.g. particle
size) and the matrix polarity, pH and viscosity éawe be considered when working
with this kind of phosphor in order to evaluate hi@rescence output.

Sample PFLO-R (red) is instead luminescent thaonkant organo-metallic complex:
EC*(TTA)3(TPPO) . In this case the presence of O-H groups, whixtensively
reduces the luminescence emission intensity, hdse toonsidered when selecting the
support for the luminescent material (e.g. siliaayl making sure not to underestimate
parameters as humidity when monitoring its perforoes. Since the luminescence
intensity is very sensitive to the coordination ieowment of the metal ions, the matrix
(i.e. the strength of the complex-polymer intem@a}icould confer chemical and thermal
stability as well as mechanical resistance to tlenmplex and improve the

photoluminescence properties of the complexes.

Inorganic samples:

Sample PFLI-G has been identified as BaMg®i;EW*Mn?". In this kind of
Europium doped aluminates, the?Ewxidation mechanism has to be considered not
only when testing the properties before and aftmiray, but also during the grinding

process, in order to avoid unwanted degradations.
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Sample PF-R7 has been identified ag0)5:EU*. As for the case of PFLO-G, the
presence of Europium ions in substitution of otieers causes the phosphor to easily
undergoing degradation of colour quality (e.g. nastbal stresses). Moreover,
especially when reaching the nanometric size, tierge-transfer band is sensitive to
the ligand environment. Reducing the particle suzé therefore cause a reduction of
the fluorescent output for a certain long-UV exiiita (365nm).

For what concerns sample PFLI-Y, the powder has b@ambiguously identified as a
mixture of two inorganic sulphides: (ZiCd**)S and ¥%0,S:EU*. Regarding (ZnCd)S,
ZnS and CdS phosphors degrade by reduction of #talrnons observed as a visible
darkening of the phosphor layer. The ease of detjad that characterize (Zn,Cd)S
phosphors in respect of ,®,S:EU* causes the modification in fluorescence output
previously observed for PFLI-Y. Although this pigmt@vas not embedded and tested in
Chapter 5 and 6 as the other four, the grindinggs® has been applied in order to

evaluate the effects of a bland milling on thisckof mixtures.
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4.1 - INTRODUCTION

Once selected the additives it is necessary teedispthem into a matrix, avoiding any
“clustering” phenomena (flocculation) and preparitige particles for being included
into a stable coating formulation in order to télseir properties. Decreasing the
commercial particle size of the pigments to theamagtric range could allow obtaining
a colloidal system, reducing the settling tendewnfythe pigments. A mechanical
grinding process is usually needed in this sendeermatively, the needed pigment
particles may also be obtained using emulsion spesion polymerization techniques
M The minimum amount of fluorescent pigments inesmys dispersion is usually 0,5%
(0,08-8% dye materials, see section 1.3.3) withualda3% to about 6% by weight of
dispersant’. Depending on the applying technique, pigmentsirttaparticles with
mean size of about 10nm to about 250nm are paatiguliseful in pen inks while for
applications such as screen printing ink, texti@tpg ink and paper coating, pigment
particles having a mean size of 250nm to 1um aseate

Another aim of the research was to study the parsze influence on fluorescence
output intensity, fluorescence lifetime decay agtitfastness properties of the selected
pigments. Numerous luminescence studies underfiaenmportance of the molecules
clusters size in relation to their excitation wavrgjth, i.e. the emission intensities at a
certain excitation wavelengtf® moreover molecular arrangement in particles or
crystals, shape, particle size and distributiorrfase character, and interaction of
pigments and medium may determine the physical gtigs (and the chemical
structure) of organic pigments. Hence, the dispersiethod is important for advanced
applicationd!®. As the diameter of the particle decreases, itsa@behaviour changes.
Most of the time, its not possible to demonstrate a close opticalgnas’ dependence
on the patrticle size. Definite changes in the dttaraof pigments can be made to
improve mixing and dispersion in medium and ever tiptical properties and
weathering characteristics of paints may be madlifiehe wetting characteristics of the
materials change in accordance with the chemidtthe surface layer. Low degree of
wetting gives a flocculated, high sedimentationunaé with rapid settling, while high
degree of wetting gives a stable suspension whettes slowly to a small but densely
packed sediment. A wetting agent for pigments ineags suspensions reduces the
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surface tension of water and the interfacial tamsa the solid-water interface. A

dispersing agent may have little effect on the aeftension of water but acts to
overcome the adhesive forces between patrticles.

Before the optimum particle size can be calculdibedrefractive index must be known
at various wavelengths throughout the visible gpett since the optical dispersion of
most pigments is so great that the transparenhdewigments, as well as the coloured,
must be treated as materials of complex refradtistex™"

Pigments are found in a distribution of particleesi which is caused by the production
processeS?:

e Primary particles: particles not destroyable duniogmal grinding processes;

» Aggregates: primary particles connected togethethleyr surfaces, difficult to
destroy;

* Agglomerates: clusters up to several i0formed in a pigment powder or in
pigment preparations which are not enough stakilizEhe dispersion of
agglomerates is the main process during the grindin

e Flocculates: interactions between the particlessedlwby binders or additives
which are adsorbed on the pigments surfaces caushanges in the
photoluminescence properties. Permanent de-flotonlas normally achieved

with a minimum inter-particle distance of 20nm.

Mechanical dispersion was performed on the two arily selected pigments (PFLO-G
and PFLI-G) and, because of its particular mixtuaeure, also on PFLI-Y. The particle
size distributions were then obtained by laserraifion (low angle laser light

scattering, LALLS), measuring the angular variationntensity of light scattered as a
laser beam passes through a dispersed particalatples, using the Fraunhofer theory

of light scattering.

In both cases the employment of dispersing agentsecessary: the evaluation of
grinding effectiveness by means of particle sizeasneements and the fluorescence
emission intensity output led to the choice of thest suitable dispersant for each
pigment’s category (organic and inorganic). Ineortb select the optimal size to be
used for a coating, a possible correlation betwigorescence intensity output and

particle size was investigated. Different typesiisipersants can be used in function of
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the kind of pigment: ionic (acting electrostatigglinon-ionic (acting sterically), or a
combination of these two. The principal purposea dispersant are:

» Grinding support: short dispersing time, optimurgrée of grinding;

» Grind viscosity reduction: high pigment contenaidity;

» Dispersion stabilization: colour strength, glosdpar shade stability;

* Flocculation or coagulation prevention;

For this evaluation three different dispersantsentested: two inorganic dedicated and
one organic dedicated. The inorganic mixture (P¥)Llvas tested in combination with
both the dispersants in order to evaluate thefiopaances.

Whenever the particle size should be bigger thaede@ to keep the particles in
dispersion, the addition of a thickening agent Wil required to oppose the settling.
Once chosen the thickener basing on its chemiedllgy and compatibility with the
other compounds of the formulation, the possibitiiyadd it directly in the grinding
phase was therefore examined (see Chapter 5).

Once found the most suitable grinding method amtigha size for each pigment, as
well as the other component needed to obtain desthfpersion, the influence of the
pigment concentration on the fluorescence outpdtitncorrelation with formulation

dilution and coating thickness has been studied.

Bead milling

The bead-mill technique of grindindf’ afford to destroy agglomerates by means of
mechanical forces (shear forces are transferreithdoyiquid phase of the grinding onto
pigments) and physical and chemical interactionstting and entering of the liquid
components into pores of agglomerates, the adhésioas between pigment particles
are substituted by interaction forces of liquid emlles a tenth power lower than the
adhesion forces).

A bead-mill setup (Figure 4.1) is composed by atrot) cylindrical container inside of
which there is a milling base (binder, dispersauldlitives, solvents) and a grinding
medium creating a cascade during the rotation. ghading medium shape is
sometimes spherical, so then the technique is ccdtlell-mill. Physical factors

controlling the dispersion effectiveness of a Inaill-are:
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* Bead-mill size and speed (rpm) Rotating
« Beads load (relative volume), compositic cylindrical
. : container

(density), size and shape

» Mill-base charge relative volume, viscosity -~ —‘--..,_
density and composition (ratio pigmen s .\\
binder/solvent). "F .'

In particular the bead size and shape influer l‘

respectively the shearing contacts and the a ..,{

needed for dispersing the pigment and the fir Grinding

medium

particle size distribution. The more the pigme
cascade

remains on the grinding mills, the more its paetic
size will be reduced, eventually reaching tt Mill base
fluorescent particle break down (e.g. lattice dsian).

Figure 4.1 — Bead-mill scheme

Ultrasonic grinding and mechanical dispersion

Other grinding methods use ultrasounds for breakpayt the agglomerates. This could
be done either by ultrasonic bath or sonicator.ubhothe particle size reached with
these methods is usually larger than the one addawith a bead-mill technique, it still
can be sufficient in order for the pigment not nopair the aesthetic properties of a

coating.

4.2 - DISPERSING TECHNOLOGY

Dispersing process

The role of the dispersants is to make the disperngrocess easier and more stable. In
paint production, the dispersion phase is the rpst- and energy-consuming stage,
due to the different surface tensions of the liguie.g., resin, solvents) and the solids
(e.g., fillers, additives). Pigments and extendare supplied to paint factories as
agglomerates: the grinding process incorporatesettsolid materials into a liquid
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vehicle or grinding resimbtaininga dispersion of particles, which can be as sma
the primary particle siz&.he process consists of three sta

+ Wetting replacement of air and waicovering the pigmeriy the resi;

« Grinding: mechanial breal-up and separation infwrimary particle;

+ Dispersing:distribution of the particles in the liquid vehi;

R o

o N Y
‘ | | =S 3 ~ES
wetting grinding ° stabilisatién *; & e e
0‘ o 0 oS S =0
* 20X 7 &
Zas P\

Figure 4.2 -dispersing process sta

Solubilizedbinder resins as well as polymeric dispersantsigtalthe dispersed state
pigments by adsorbing onto the pigment surfacescanding steric rejlsion betweer
pigment particles.tlis therefore important to consider the interact@tween resin a
pigment. Two kinds oparticleproperties affect wettingnfluencing the surface tensi
properties of pigment and vehi. One is hydrophobicity or hydrophilicity of t
surface, the other is the geometrical structurdn@fpigment agglomerai, as shown by
the Washburn equatiqexplaining therateof penetration of a liquid into a powd:

rotosd r W

V=dh/dt=— - =
C*-2nh C° 2nh

Where “h”is the depth (or height) of penetration during timee “t”, “ ¢” the surface
tension of the wetting liquii“n” its viscosity, ‘0" the wetting angleir’” the mean
radius of capillaries, “Cthe structural coefficie associated with parameters of
porous structure, “W” thenergy (heat) of wettir.

Hydrophobic pigments show larger contact anglesciviead to longer penetratic
times and lower wettingates: under this condition, the geometrical coation (that is
the mechanism of pigment particle agglomeratiorp gadth and length betwee
pigment particles) is remarka**.

The amount of dispersing ag¢required depends on the actual sur area of the
additiveto be dispersed. The smaller the particle sizehitjeer the actual surface ar
hence the larger the area the dispersant has &. For a paint millbase, the additio
of 40% more dispersamn pigment conte is recommended,nze the optimum dos
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(corresponding to the minimal viscosity) has beetedamined, for ensuring a safety
margint*®.

The dispersing agents could be classified as “Lastegular-weight” (1,000 and 2,000
g/mol) and “High-molecular-weight” (5,000 and 3000§mol).

Electrostatic or “lonic” stabilization — Inorganic pigments

Low molecular weight types can be polymeric dispets or surfactants, categorized as
anionic, cationic, electro-neutral and non-ionibeir effectiveness is determined by the
adsorption of the polar group onto the pigmentaefand the behaviour of the non-
polar chain in the medium surrounding the partidfmlecules with only one polar
group attach themselves to the pigment surfaceevthdir non-polar chains extend into
the resin. If the molecules have more than onergplaup, they arrange themselves in
such a way that the free polar groups form hydrogends and build a physical
structure with the pigments. The polar groups aimimig charged ions such as metallic
oxides, have affinity for inorganic pigment surfacevhile not being effective for
pigments consisting of uncharged, covalently bondadon, hydrogen, oxygen and
nitrogen atoms (organic).

Drawbacks of surfactant are: a) Water sensitivityvwled to the final coating; b) Foam
formation leading to surface defects (e.g.. fisesgyraters) on the final coating and, if
it occurs at the milling stage, loss of productaapacity; c) Interference with inter-coat
adhesion. Despite this, specific surfactants hagenbdeveloped to minimize these
defects, and some provide other advantages toiriak daints such as de-foaming or
wetting of difficult substrate.

Dispersants that build up a charged double layaurat the pigment are generally used
to stabilize pigments in water. lonic dispersingm@g act by coating the surfaces of
inorganic mineral particles as the result of amaatton to the charges that develop on
particles, process known as ‘adsorption’. Ordiyarésins are neutralized by more than
the equivalent amount of amines (anionic systerlis849) or acids (cationic systems,
pH 5-6) in order to obtain sufficient solubility.n& charge of the pigment particles
therefore depends on the pH value of the suspemdedjum (positively charged at low
pH values and vice vers&f. The electrostatic repulsion prevents the pigmfnots re-
agglomerating. However, the stabilizing charge easily collapse when subjected to
external influences such as impurities and othes,ior if other pigments with different
zeta potentials are added.
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Steric or “ Non-ionic” stabilization — Organic (and inorganic) pigments
High-molecular-weight dispersing agents are linearbranched molecules with a
polyurethane or polyacrylate structure and pendarthoring groups, which easily
adsorb onto the surface of organic pigment pagichdsorption is achieved through
hydrogen bonding, dipole-dipole interactions anchdan-Van der Waals forces. This
kind of dispersing agents are effective also far thorganic pigments thanks to the
simultaneous bonding to numerous sites on the®irfehe remaining backbone creates
then a steric stabilizatioft

One fundamental requirement for steric stabilizati® to fully solvating the chains,
leaving them free to extend within the medium, ong as such a good barrier to
inter-particulate attractions (i.e. flocculatiofhe nature of the polymeric chain (i.e. its
compatibility with the whole medium) and its amouare therefore critical to the

dispersant performances, and it extends throughtmtfinal drying stages of any

applied coating'®.

Jiy R aAY
~, a;t‘?
Too lithe agent Correct dosage Too much agent
Partial coverage Minimum viscosity Layer collapes
Limited performance Maximum stability Limited performance

Figure 4.3 — Polymeric dispersant amount and sstaigilization

The great steric repulsion generated by the adddfgolymeric dispersants changes
the minimum in the potential energy curve (Figud) 4and thus reduces the overall

viscosity.

Without polymeric dispersant With polymeric dispersant

\ Distance Apart

‘L_,—jf-'_—-k rnation
/

I." Van der Waals aftraction I-" Van der Waals attraction

Distance Apart

Potential Energy
Potential Energy

Figure 4.4 — Potential energy curve changes dtieetdispersant presence
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This stabilization mechanism occurs in solvent-dasgstems and in water-reducible
systems which contain solvated resins. Comprisiggnent affine groups (polar) and
resin-compatible chains (nonpolar), these dispgrsigents do not only stabilize the

pigment dispersion, but they also function as wgtadditives.

Anchoring groups in polymeric dispersants
The anchoring of the dispersant to the particlesctbe conducted throudt:

» Solvent-Insoluble Polymer Blockg is possible, for example, to disperse a
pigment in an aliphatic hydrocarbon using a polymelispersant based on
poly(tert-butylstyrene) chains, which are solvenitsble, and polystyrene
chains, which are not solvent-soluble.

« lonic or Acidic/Basic Groupsexamples of functional groups that can be used to
anchor polymeric chains to charged or acidic/basidaces include amines;
ammonium and quaternary ammonium groups; carbgxydigifonic, and
phosphoric, acid groups and their salts ; and aalghate and phosphate ester
groups.

« Hydrogen-Bonding Groups (Figure 4.5g)igments may have hydrogen-bond
donor or acceptor groups, such as esters, ketanesethers. Polyamines and
polyols are used to anchor via hydrogen bondintheeidonor or acceptor.
Polyethers can be used to anchor via hydrogen-booeptance.

» Polarizing Groups (Figure 4.5b):polyurethanes are commonly used as

polarizable anchor groups.

— P
e o
\H/I' s Ir;:_’_‘f‘
\H e—— - Faa T
a) — by Tt T

Figure 4.5 - Anchoring of a polymeric dispersantiygirogen bonding (a) and through
polarizing groups (b).

Most polymeric anchor chains probably anchor viemiature of electrostatic forces
(hydrogen bonding and/or polarization) and van W#eéaals forces. One of the
mechanisms may be dominant, but the most effegtolgmeric dispersants probably

maximize the effect from all three mechanisms.
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4.3 - PARTICLE SIZE MEASUREMENT

Several analytical techniques give particle siZermation: laser diffraction, dynamic
light scattering, photo-sedimentation, moleculaevsig, electrical conductance,
microscopy, capillary hydrodynamic chromatograpight obscuration counting, field
low fractionation, Doppler anemometry, and ultras@pectrometry. Some give only a
mean size, whereas others give a complete parice distribution. The specific
particle sizing method chosen depends on the tysize information needed and the
chemical and physical properties of the sample.

In general, the particle size is described by alsimquantity, such as a diameter,
volume or surface area. The particle size distiglouits a plot of the number of particles
having a particular value of the chosen quantitsswe that quantity or a cumulative
distribution representing the fraction of partickegger or smaller than a particular size.
Since the patrticles being described are three diroeal, the usual approaches are to
assume the particles spherical, allowing the dartsize to be described by only its
diameter (d). Examination of the samples under asmope is usually wise because the
range of sizes and shapes present can then bastinviost particle size methods are
sensitive to particle shape and all are limitechwéspect to the particle size range. For
many techniques, particle sizes are best obtaigesispending the particles in a fluid
in which the particles are insoluble that disrupy @ohesive forces that could lead to
coagulation or agglomeration of the particles.

Low-angle laser light scattering (LALLS)

The LALLS techniqué'”, also called laser diffraction, is one of the mestmmonly
used methods for measuring particle sizes anddisgbutions from 100nm to 2mm.
The technique is popular because of its wide dynaamnge, precision, ease of use, and
adaptability to samples in various forms. The measents are made by exposing the
sample to a beam of light and sensing the angatienms of light scattered by particles
of different sizes, producing an accurate and mycible measurement of the size
distribution.

The beam from a continuous-wave laser, usually aNEkldaser, is collimated and

passed through the sample, where scattering framiclea occurs. The beam is then
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focused on a detector array where the scatteritigrpais measured. The scattering
pattern is then analysed according to theoreticatiets (using Mie or Fraunhofer

theories) to give the particle size distributiomeTinstrument used for the particle size
analysis in this thesis exploit the Fraunhofer tigethat approximate the particles to

matter transparent, spherical, and much larger ti@mvavelength of the incident beam.
It monitors the concentration of particles in theatm by means of an obscuration
detector located at the focal point of the lensdfparticles are present in the beam, all
the light falls on the obscuration detector, othseathey block some of the light and

scatter the rest onto the elements of the detemt@y creating the so-called “airy

pattern” (different for different particle radii).

When particles of different sizes are present,inbensity pattern can be considered to
be the summation of the airy patterns for individeaticles. The relationship between

the intensity distribution of the scattered lightdathe particle size distribution for the

case of Fraunhofer diffraction is

Ix) = Iy r(yfx)):f{d}dd

L

where I(x) is the intensity distribution of the Heaed light, f(d) the particle size
distribution coefficient, and d the particle diaeretin terms of scattering angle 0° and

with a size parameter=2rr/A=Td/A:

116) = JUJI(M)}M}M
0

. af

This equation can then be solved by iterative natho

The particle size distributiof(d,) is usually calculated on the basis of volume. The
value at each particle diameter represents theep&ge of particles having diameters
less than or equal to the expressed value. Thegadticle size is reported as a volume
equivalent sphere diameter: “d0,5= x” means th&b 50 the particles have diameter

equal or less than that “x” value.
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4.4 — EXPERIMENTAL

All the experiment were carried out at the samengigt concentration (5% w/w on the
mill base). For what concerns the bead-mill grigdihe basic setup® was followed:
half-filled jar and mill base covering the top lay# grinding media. The media used
were ceramic spherical beads in different sizegrder to perform process parameters
(called 1° and 2° milling condition) having diffeteimpacts on milling time and
performances. The 1° milling condition will be refd to as “Small beads” and the
second as “Mixed beads”. A 4-5% pigment suspensiowater was grinded in 4cm
diameters jars. The first dispersant used was ybrtD 96-E (from BASF) for all
pigments, then Solsperse 46000 (from Lubrizol) aPdt-Add DA103 ( from
PATCHAM) for the inorganic pigments.

Joncryl HPD 96-E is a 31% ammonia based high mtdeeueight and high acid value
dispersion resin solution at pH 8,5 for high corcaed pigment dispersions to be used
in water-based inks. The styrene acrylic resin bank enhances both the rate and
degree of absorption on a wide range of pigmerfases, this resin is also a foaming
agent thus usually needs a defoamer co-additivisp&se 46000 is a 50% polymeric
dispersant recommended for dispersing various piggnm resin free dispersions for
water-based paints, with a wide range of compdibih various resin systems. Pat-
Add DA103 is a 45% solids polymeric dispersing agerpH 8 containing sodium salts
and working as polyelectrolyte for inorganic pigrteeim water. It is designed for use in
dispersion paints, enabling high pigment loadinghi mill base and lowering pigment

flocculation and settling tendencies.

Sample | Type Dispersants Experiments
1° Mill. Cond. — 4 batches (Jars A, B,C and D fiffedent
PFLO-G Org. Joncryl HPD 96-E sampling time)
2° Mill. Cond. — 2 batches
Joncryl HPD 96-E 1° Mill. Cond. — 2 batches each dispersant
PFLI-Y Inorg. Pat-Add-DA103 2° Mill. Cond. — 2 batches only for Joncryl HPD BGJars A
Solsperse 46000 and B)
Pat-Add-DA103 _ _
PFLI-G Inorg. 1° Mill. Cond. — 2 batches each dispersant
Solsperse 46000

Table 4.1 — Pigments milling conditions
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The active-dispersant percentage was meant to batenl1l:1 w/w (solid) with the
pigment. Joncryl and Solsperse dispersions wereerbé&, while Pat-Add dispersions
had to be 4% due to the hygroscopic tendency ofligigersant increasing the viscosity
of the milling base.

The size of the patrticles in dispersion was moadaeveral times during the milling by
means of laser diffraction (Malvern Master Sizel0@0analyses model TiQ n=
2,741+i0,1). In order to do that, the grinding hade stopped momentarily: different
“stops” were taken for the same milling conditiggermitting a general evaluation of
the ease of re-aggregation. When using the firspadsant (Joncryl HPD 96-E) the
process lasted 20 days, while for the others théngiwas stopped as soon as the
fluorescence intensity started lowering. Fluoreseemeasurements were carried out
with Jaz portable spectrometer (see Chapter 1.2ylass vials containing 0,4ml of
dispersion. As previously stated, this choice wetemined by the need to perform a
fast-measurement of the fluorescence output inrdodavoid sedimentation phenomena
during the analysis. The parameter used were:ahd25 seconds of integration, 1 scan
to average and 1cm from the probe. For an inite¢ening of the milling ability of the
different classes of compound (organic and inoarmnly PFLO-G and PFLI-G
samples were milled. The milling of PFLI-Y, follomg the fluorescent output at the two
characteristic wavelengths of the mixture (546,5 &27,5nm for the portable
spectrometer), aimed to evaluate the effectiverodsthe different dispersants. The
sampling time was based on the fluorescence tread.PFLI-Y and PFLO-G with
Joncryl HPD 96-E the sampling was performed at:4%4 69, 92, 104, 126, 148, 168,
264, 336, 480 hours (alternating A and B jar). FBt.O-G the sampling was performed
also at 4.5, 7.5, 14, 24.5, 24.8, 30, 46 hoursr(fbmth C and D jars). For what concerns
the dispersions with Solsperse 46000 and Pat-Addd3Ahe sampling times were: 4,
7,24, 30, 46, 69, 92, 116, 126, 148, 168 hours.

Ultrasonic grinding and mechanical dispersion

After the choice of the appropriate dispersantdach pigment type in the bead mill
phase, the dispersion by means of ultrasonic bath rmechanical disperser was
performed maintaining the selected dispersant (JortdPD 96-E for the organic

pigments and Pat-Add DA103 for the inorganic ones).

It was not possible to perform this grinding expesnt along with the particle size
measurements, therefore the evaluation for thisssewere merely qualitative.
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In this context, the influence of the presenceroaati-settling thickener on the particle
size reducibility during grinding was tested, irder to: (a) optimize the production
process using the thickener directly in the iniphlse of the process (adding it to the
liquid slurry before gelling in the case of Xanthgum) and (b) check if the thickener
causes stability/compatibility issues. Few thickenevere chosen basing on the
availability of watersoluble products, their nelitya(pH ~7), stability and influence on
coating’s transparency. The rheology modifiers withe above mentioned
characteristics were: Acrysol RM5000 (Dow), Bent@ie (Elementis specialties) and
Xanthan gum (Sigma Aldrich). Acrysol RM-5000 is @24 non-ionic urethane (HEUR)
based on a new solvent-free technology, a Newtor@ology profile for excellent
flow and levelling and high film build, combined tWi excellent water and alkali
resistance. Bentone DE additive is a 94% hyperdisile powdered hectorite clay used
as a high concentration pregels to simplify pam&nufacture, for formulations with
diminished post thickening, excellent pigment suaspEn, excellent sprayability,
superior syneresis control and good spatter resistaXanthan gum is a natural gum
high molecular weight anionic polysaccharide wideljsed in pharmaceutical
formulations as thickening agent and stabilizere €kperiment was conducted with and
without the presence of the previously selectedatsants. The thickeners were used in
three different concentrations in the range suggeby the manufacturer (0,1-1% w/w)
and the dispersants were used in the same ratiothe bead-milling section (1:1 w/w
with the pigment). These formulations were coated e thickener that gave the best
performance (transparent, plasma-removable and gensous coating), Xanthan gum,
was integrated in the grinding process. The filmiaegin (see Chapter 5.5 1°) was also
added to check the presence of any difference ahilgy caused by the interaction
pigment-matrix in a possible final formulation.

A first grinding trial was carried out both withtrdsonic bath and a IKA Ultra-Turrax
T8 basic disperser on formulations in water, witlkl avithout dispersant. The thickener
concentrations were 0%, 0,1%, 0,4%, 0,7% with 25%raing resin (Primal AC-339,
acrylic emulsion polymer), for a final concentratiof pigment in matrix of 2,5%. The
pigments used for these trials were an inorgand amnorganic pigment: PFLI-G and
PFLO-R available among the ones chosen during itts¢ $creening (Chapter 2),
evaluating any interaction dispersant/thickeneo aisterms of viscosity. The inorganic
pigment was also tested with the dispersant JotAD 96-E ( for organic pigments)
to check the behaviour of the different dispersantkis type of grinding.
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First the Xanthan gum in water gel was preparedrsgi at a temperature of 60°C, then
the other component were added under vigorousnstiuntil homogeneously mixed.
Ultrasonic bath was performed for 25 minutes while Ultra-Turrax sonication for 5
minutes; the mixing/grinding process was followesihg a UV-light source at 365nm.
The stability of the dispersions (presence of apasation or precipitation phenomena)
was checked under UV-light after 48h. Basic forrtiales, further refined in Chapter 5,

were obtained in this way and used for prelimireging tests.

4.5.a - BEAD-MILL RESULTS AND
DISCUSSION

4.5.1 - PFLO-G

—— Smallbeads FFLO-G
Mied Deads PFLO-G

Mixedbeads PFLO-G

sty ()

htansity (%)
R EEREERE

Time f)

noom

Parlicle size (um)
Parlicle size (um)

Figure 4.7 - Particle size as function of millinghé (hours), pre-tests with different

milling conditions (i.e. beads sizes) and JoncriyDH96-E

101



Chapter - 4-

Grinding

110 ®m  Mixed beads PFLO-G

ol o, :

L]

®
]
1

Intensity (99
8
1

i

\‘
o
1
i
——

60

T T T T T T T T T d
00 02 04 06 08 1,0 12 14 16 18 20
P. size d(0,5) (um)

Figure 4.8 — Patrticle size as function of the ngaak’s fluorescence intensity, for the
2° milling condition (“Mixed beads”) with JoncrylPD 96-E

1° test -"short" PFLO-G milling 2° test -"long" PFLO-G milling
Time d(o,1) d(0,5) d(0,9) Time d(o,1) d(0,5) d(0,9)
(hours) pum pum pum (hours) pum pum pum

4,5 0,367 1,324 7,816 24 0,14 0,192 0,284
7,5 0,357 1,297 7,711 46 0,138 0,193 0,287
14 0,218 0,838 6,361 69 0,137 0,191 0,279
24,5 0,175 0,437 3,927 92 0,137 0,19 0,279
30 0,174 0,412 3,559 104 0,137 0,191 0,282
46 0,161 0,287 3,449 126 0,137 0,191 0,284
148 0,137 0,192 0,286

480 0,105 0,232 0,549

Table 4.2 — Particle size distributions for differemilling time and sampling

experiments, for the 2° milling condition (“Mixdxtads”).

In Figure 4.6 the signal intensity is plotted aiumction of milling time. The intensity
value is in percentage and refers to the signaaied during the first sampling, i.e. 4h
after the milling starting point. For both millingonditions the fluorescence varies
rapidly during the initial milling hours, firstlyncreasing until around 7h and then
reaching a plateau after approximately 46h to th& ©of the initial intensity. This
values refers to the shaked suspension taken fierjats while milling, however, when
the particles were embedded in a coating the feaenece output increase a lot for the
milled particles in comparison with the non-milledes (see Chapter 5.6).

As can be seen in Figure 4.7, the first milling dition reaches the average size of
280nm in 11 days. The second condition reducegpdnicle to this size already after
24h; however, between 126h and 20 days the averaggrows, until 0,55micron in 20
days.
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These tests led to the decision to mill the orgamgement PFLO-G (and, for extension,
PFLO-R) with the second milling condition in order reduce the grinding process
time. Aiming to obtain different particle size dibutions for the photo-oxidation

ageing tests, the selected milling times are 20k d20h corresponding to

approximately 500nm and 190nm (“50% of the patidhaving diameter less than or
equal to”) according to the first milling tests.oMever, the data were obtained for two
different sampling processes (Table 4.2) therefooasidering the possible ease of re-
agglomeration, different agglomeration/deagglomenarates need to be taken into
account. The patrticle size distributions measutdatieatwo chosen milling time for the

actual grinding processes are indeed very similable 4.3) even though the actual
distribution shows some differences (Fig.4.9). Tdtiservation clearly demonstrate the
instability of the PFLO-G dispersion, which tends re-agglomerate as soon as the
grinding process is stopped for the laser diff@ctmeasurements, lowering down the
process fastness. The d(0,9) obtained (i.e. thermuen particle size) ranges from 8 to

0,5um during the whole milling process. The bigdex particles are, the more they
fluoresce. However, it can be seen from Figuretdad for the same measured particle
diameter (d(0,5)) different intensity values arpaed. This phenomenon is caused by
the continuous de-agglomeration/re-agglomeratiorocgss, accompanied by a

deterioration of the particles, hence in their fegcence.

Sample | ID Milling time | d(0,1) d(0,5) d(0,9)

PFLO-G | GO1d 20h 0,140pm0,194um| 0,302um
GO5d 120h 0,135um0,186um|( 0,273um

PFLO-R | RO1d 20h 0,139u1m0,194um| 0,290um
RO5d 120h 0,142um0,199um| 0,298um

Table 4.3 — Organic samples, particle size reaelfted different bead-milling time

PFLO-G 20h . PFLO-G 120h

| .

WL i
E‘.

0.0 0l 1 10 i 1000 3000 E_@j ol 1
Parbiele Size {um)

Vorkme ()
=

10 100 1000 3000

Pastirfa Sira fuml

Figure 4.9 — PFLO-G particle size distributiongliffierent milling time.
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For what concerns the emission peak position, whiléng it showed a 5nm blue-shift
(20" day), using the 1° (“soft”) milling condition. Usj the 2° (and “harder”) milling
condition, there was a 8nm blue shift instead. Tdifference is not caused by the
particle size, the same for both the sample afted&ys of milling, but rather by a
change in the energetic levels distances causéukebstronger action of the beads.
Four new samples were obtained in this process: dG@GD5d, RO1d, RO5d. The
optical properties of these samples, compared éontin-milled samples GO and RO
(respectively PFLO-G and PFLO-R in 1:1 w/w combiotwith Joncryl HPD 96-E

dispersant) were then object of the evaluatior@Ghapter 5 and 6.

4.5.2 — PFLI-Y

The 1° milling condition with Joncryl HPD 96-E pesgs a decrease in the fluorescence
intensity of the highest peak (green) after 126k, ratio green/red peaks varies during
the milling: after 104h it began to form a red ppéete. The pigments are being
separated (Fig.4.10b) and the re-agglomerationnbecn influent process. The 90%
average particle size, and so the maximum parside present, was reduced from
298um to 23um in 20 days of grinding. While theofescence is still visible for the
previous sample, the 2° milling condition with JopcHPD 96-E led to the
disappearance of fluorescence already after 24ibapty due to the strong action of the

milling beads on the sample (Fig. 4.10a).

Figure 4.10 — a) fluorescence from the samplesFfl&¥ milled with the 1° (blue-
green fluorescence) and the 2°(not-fluorescent)imgilconditions for the samples
levied at 24, 46 and 69h; b) Evidence of the preseof two different inorganic

pigments in the sample
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Fig.4.11 shows the fluorescence intensity in fuorctof milling time for the peaks
relative to mixture’s composing pigments, at 54&%mnd 627,5nm (emission measured
by portable spectrometer). Data were collected dibrthree the dispersants tested,
however the fluorescence output of the sample chileéh Joncryl (specific for organic
molecules) was not comparable to the other two &snpence not shown in the plot.

204 —— PAT ADD DA103 - 546nm - PFLI-Y

[ —— PAT ADD DA 103 - 626nm - PFLIY e
1 3 —— Solsperse 45000 - 546nm - PFLLY =
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Figure 4.11 — Fluorescence intensity as a funadiomilling time (a) and as a function
of particle size (b), using the two inorganic-dedied dispersing agents and monitoring

the main peaks for the two pigments present imrthxure.
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Figure 4.12 — Particle size (d(0,5)) as a functdrmilling time for the 1° milling
condition, obtained with the organic-dedicated dispnt (Joncryl HPD 96-E) and

inorganic-dedicated (Pat-Add DA103 and Solsperg®a@bdispersants.
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The plots relative to the particle size measuremerthe samples milled with the three
different dispersants show how the effect of trepdrsing agent type could be influent
(Fig.4.12). In the presence of organic-dedicatexpelisant, indeed, the particle easily
agglomerate instead of being grounded. Even wighather dispersants, the pigment
didn’t give a stable dispersion, with the partigbescipitating, because of their size, and
re-agglomerating. It has to be noted that theisgtthte is not necessarily the same for
both the pigment in the mixture, thus the intensiéyio between the two peaks,
measured on a single spot of the dispersion’s vaies accordingly. The pigment was
also milled with two inorganic-dedicated dispersanin this case the maximum
fluorescence intensity of both the monitored emisgeaks is reached already after 4h
of milling. Figure 4.12 shows that the milling pess was not happening: the average
particle size reached with Pat-Add DA103 is 4,5fon and the maximum particle size
goes from 10 to 15um; with Solsperse 46000 theeghre 4,5um to 6,3um for the
average size and 8um to 70um for the maximum. Agdtin section 4.2, in the
presence of different pigments to be milled thebibing charge of the inorganic-
dedicated dispersants can easily collapse. Thgloedng pigment fraction (¥O,S:Eu)
seemed to present a lower settling rate and a higferescence intensity compared to
that of the yellow-green peak (ZnCdS). When thenggt is milled in Solsperse 46000,
the fluorescence output, especially that of theglesving pigment, is higher compared
to Pat-Add DA103. This intense fluorescence cowddelplained by the particle size
measurements correlation, 50% of the particlesesain a narrow range for the
dispersion in Pat-Add DA103, while for the dispersin Solsperse 46000 the particle
easily re-agglomerate during each milling pauseg.(&il11lb). However bigger particle
sizes milled with Solsperse gave the same fluoresc®utput than smaller particles
milled with Pat-Add.

4.5.3 - PFLI-G

After the considerations about inorganic- and oigaedicated dispersants, this
inorganic pigment was milled directly with Solsperd6000 and Pat-Add DA103

(inorganic-dedicated). Giving the results of theyious experiment for PFLI-Y, the

two dispersant were tested also in order to séfecbest performing dispersing agent
for the RiskReactor inorganic samples.
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Figure 4.13 - Fluorescence intensity as functiobedd-milling time for PFLI-G milled

with different inorganic-dedicated dispersants.
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Figure 4.14 - Fluorescence intensity as functiorpafticle size for the two different

dispersants
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Figure 4.15 - Particle size distribution d(0,5) at{d,9) as a function of the fluorescence

output

In Solsperse 46000 the fluorescence signal incsels@4h ( Fig. 4.13), yet as shown
in Fig. 4.14 the increasing is due to agglomeratisican be seen from the patrticle size
measurements in function of milling time, the PadADA103 dispersions seems to be

more stable, arriving at the maximum fluorescence the lowest reachable particle
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size already at 24h. As in the case of the mixtthre, milling process of the 2-6um
particles (commercial d(0,5) particle size) was mmppening. The reached patrticle size
values are similar to that of PFLI-Y although thgg@meration process is less
significant: the maximum particle size was of 1@Qfi®? with Pat-Add and went up to
25um with Solsperse, while the average size was5ptb with the former and 6-
10,5um with the latter.

Owing to the agglomeration caused by Solsperse @l@@at-Add DA103 was selected

as preferred inorganic-dedicated dispersant.

4.5.b - ALTERNATIVE DISPERSING
METHOD RESULTS AND DISCUSSION

To disperse with Ultra-Turrax appears as a valid aimpler way both to reduce the
pigments particle size and to stabilize them, astiéor the inorganic pigments since the
particle size reached was around 5 microns. Uliiasloath method was discarded, not
being powerful enough to mix the formulations omgtind the dispersion even without
any thickening agent, and dispersion by means dfallurrax instrument was
performed.

A thickener giving transparent , removable and hgemeous coating, Xanthan gum (an
anionic polysaccharide commonly used as food thmicige agent and stabilizer), was
tested as additive during the grinding processngwoe the need to prevent the particles
from settling. Without the presence of thickenbe average particle size of the bigger
particles were indeed visibly reduced for the orggmgment PFLO-R from 300um (d
(0,9) measured for the commercial powder) to 30Gaready in 5 minutes using
Joncryl HPD96-E as dispersant. This type of grigdiould therefore grant a simpler
way to achieve de-agglomeration and smaller partgttes compared to the bead-
milling process. Visually following the first grimag trial with UV illumination, it can
be seen that an effective vortex during the sowica obtained only with thickener
concentrations of 0,1% or less. However, it id s@cessary to counteract the pigment
precipitation, therefore more than 0,7% of gumha total dispersion’s water content
should be used. As expected, the formulation resatire homogeneous in the presence

of the dedicated dispersant as shown in Fig. 4.16.
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b)

Figure 4.16 — a) PFLO-R 1% formulation with andhaeitit the presence of dispersant
(Joncryl HPD 96-E) ; b) Phase separation for thel#3-5% formulation with Pat-Add
DA103

After 48h from the mixing/grinding with mechaniadisperser the formulations made
with dispersant for inorganic pigments (Pat-Add M&)1showed phase separation (Fig.
4.16b), while the formulations with dispersant doganic pigments (Joncryl HPD 96-E)
seemed to be stable but also filled by air bubbles.

Regarding the inorganic pigment, its particle simgribution did not seem to change,
but by means of Ultra-Turrax mechanical disperéer ¢olour of the pigment itself
under visible light becomes progressively darkeon white to black) influencing,
albeit not very much, the fluorescence output &iy). The same happens with other
inorganic pigments from the same manufacturer, Umseeof the crystal damaging
caused by mechanical and thermal stresses.

Figure 4.17 — Inorganic pigment (PFLI-G) colour iehes due to pressure (spatula) and
thermal (mechanical disperser — in test tube) stesThe powder in the back (off-white

in visible light) is here illuminated with a 365ndV-source.
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4.6 - CONCLUSIONS

The selected commercial fluorescent additives e grounded in order to study the
correlations between their fluorescence emissiaputuwhen excited at 365nm) and
their particle size. The first grinding techniquamoyed was bead-milling, focusing on
those pigments that gave the best results in tefrlight-fastness in the screening part
(Chapter 2): PFLO-G and PFLI-G. Another peculiaorganic sample, PFLI-Y, was
grounded in order to evaluate the effectivenegh@flispersing process on a mixture of
two fluorescent compounds. The ultrasonic-grindiagd mechanical dispersing
technique were also exploited for the particle semuction of two available samples,
PFLO-R as organic and once again PFLI-G as inocgpigiment, in order to evaluate
the milling ability of these techniques in comparigo the bead-milling.

Basing on the bead milling results, the optimahdimng conditions to be used were
individuated, in order to obtain samples havindedént particle sizes to be embedded
in a coating and further tested (Chapter 5 andbis milling for the organic pigments
was performed for 20h and 120h, with the secondingilcondition (called “mixed
beads”) and dispersant Joncryl HPD 96-E; the ngilbhinorganic pigments was shown
to be ineffective, therefore their fluorescent m@s were not further studied in
relation to particle size. All the not-milled pignte were of course mixed with the
dispersant in order to obtain 5% dispersions (med) as for the milled ones. Despite
its negative effects on the inorganic pigments iglartsize, the organic-dedicated
dispersant Joncryl HPD 96-E was used in all thetunés owing to the need of

comparison between the different coatings formatetiprepared in the next chapter.

ID Sample (milling time) P.Size d(0,5) (um)

GO PFLO-G (none) ~4
GO1d PFLO-G (20h) 0,194
GO5d PFLO-G (120h) 0,186

RO PFLO-R (none) ~4
RO1d PFLO-R (20h) 0,194
RO5d PFLO-R (120h) 0,199

Gl PFLI-G (none) ~6

RI PF-R7 (none) ~6

Table4.4 — Final samples identification
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Organic pigments bead milling

For PFLO-G, the dispersant Joncryl HPD 96-E givesdgmilling results: a mean
particle size reduction from 6um to 0,2um (with maxm particle size of 0,3um )
already in 24h, with a dedicated bead size’s mse¢bnd milling condition”). The
highest fluorescence output is obtained after 7ba3espondent to a mean particle size
(d(0,5)) reduction from 6um to 1,3um and a maxinparticle size of 7,7um. However,
the fluorescence intensity reduction do not overedhe 25% of the initial fluorescent
output even for the 20 days milled samples.

The experimental results have been extended tootther selected organic pigment
PFLO-R. Four new samples were obtained in thd fimling process: GO1d, GO5d,
RO1d, RO5d. The optical properties of these sammlempared to the non-milled
samples GO and RO (respectively PFLO-G and PFL@-R1 w/w combination with
Joncryl HPD 96-E dispersant) were then object efataluations in Chapter 5 and 6.

Inorganic pigments bead milling

In order to obtain stable dispersions and homogeneoating from PFLI-Y and PFLI-
G, two dedicated dispersants were tested, bottgubmfirst milling condition (i.e. the
so-called “Small beads”) in order not to destrog fluorescent particle. According to
visual assessment and particle size measuremeais,stable dispersions and narrower
size distributions were obtained with Pat-Add DA168r both pigments, after 4 days
milling no appreciable difference in the particieesdistribution is shown, despite a
decrease in fluorescence output. The best fluonescg@erformance of PFLI-G is
obtained after 24h correspondent to a d(0,5) résludrom 6um to 5,8um and a
maximum particle size of 11,3um. For the samplé o mixed pigments (PFLI-Y),
the best fluorescence performance is obtained 4lteorrespondent to a mean patrticle
size reduction from 6um to ~5um and a maximum garsize of ~15um.

The inorganic pigments can therefore not be miNgt a bead-mill method.

Ultrasonic grinding and mechanical dispersion

The results obtained in the bead-mill section shioat no grinding happens with the
inorganic pigment and only a mild milling is needed the organic ones to reach their
maximum fluorescence output.

This suggests the use of a simpler way to de-agglata the pigments particles: two
methods were compared: ultrasonic bath and medashgpersion (IKA Ultra-Turrax
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T8 basic). Ultrasonic bath method was discardedesih wasn't powerful enough to
disperse the pigment, even without any thickeniggn& The dispersion by means of
Ultra-Turrax, instead, is shown to be as effectagethe bead-milling in reducing the
pigments particle size; on the other hand, it setnise a less controllable method (in
terms of particle size) compared to the bead-ngllialthough sonication was not the
method used for reducing the particle size in shusly (further studies has to be done
regarding the setup characteristics), it is showrbé a valid alternative to the bead
milling, especially if the purpose is to grind thggments to the minimum particle size
reachable sparing time.

On the other hand, even the grounded pigments demoleto give stable dispersions. In
order to counteract the precipitation, the additioh thickening agents and the
possibility to add it directly while mechanicallysdersing, was tested. Homogeneous
and shelf-stable dispersions were obtained only waitXanthan gum concentration
higher than 0,7% , which leads to a viscous dispeithat needs to be diluted. However
the thickener cannot be added directly during tiredgng step, thus the next step was to
adequately incorporate the mixture of pigment amgpatsant in water with pre-
prepared Xanthan gum gel. The need to perform #ucfe size measurements right
away before stabilizing the dispersions, implies ttickener addition to be the limiting

step of all the subsequent embedding processes.

112



Chapter - 4-

[1]

[2]

[3]

[4]

[5]

Grinding

REFERENCES

Section 4.1
Aqueous dispersions of fluorescent pigmehirited States Patent US5294664A, R.
Morrison, 1994
Synthesis, characterization and fluorescence peréorce of a waterborne polyurethane-
based polymeric dyeH. Xianhai, X. Zhang,J. Liu, J.Dai, J. of Lumiceace Vol.142,
October 2013
Synthesis and fluorescent investigations of VBlethagaterborne polyurethane dydu
X., Zhang X., Dai J., Liu J., Journal of Luminesceri31, 2011
Synthesis and characterization of a novel waterboutilbene-based polyurethane
fluorescent brighteneiX.Hu, X.Zhang, J. Dai, Chinese Chemical Lette2s2011
Effect of Fluorescent Particle Size on the ModolatiEfficiency of Ultrasound-
Modulated Fluorescen¢#'. Liu, B. Yuan, J. Vignola, Intern. J.of Optig®!.2012, 2012

113



Chapter - 4-

[6]

[7]

[8]

[9]

[10]

[11]

[12]
[13]

[14]

[15]
[16]

[17]

[18]

114

Grinding

Effects of crystal size, structure and quenchingtlo@ photoluminescence emission
intensity, lifetime and quantum yield of ZrO2:Eu@anocrystals S. D.Meetei, S. D.
Singh, J.of Luminescence Vol. 147, 2014

Functionalised, photostable, fluorescent polystgremanoparticles of narrow size-
distribution, M. Pellach, J. Goldshtein, O. Ziv-Polat, S. Margel.of Photochem. and
Photobiol. A: Chemistry Vol. 228, 2012

Effect of solvent, host precursor, dopant concdidmaand crystallite size on the
fluorescence properties of Eu(lll) doped yttriR. K Sharma, R. Nass, H. Schmidt,
Optical Mat. Vol.10, 1998

Size dependent efficiency in Th doped Y203 nartatlize phosphoy E.T. Goldburt, B.
Kulkarni, R.N. Bhargava, J. Taylor, M. Libera, Jlafminescence Vol.72, 1997
Dispersion of organic pigments using supercriticarbon dioxide W.T. Cheng, C.W.
Hsu, and Y.W. Chih , J. of Coll. and Interf. Scienol 270, 2004

Physics and chemistry of pigmen@ E. Barnett, Industrial and engineering chempist
vol. 41, 1949

Polymeric dispersing agents, Munzing chemie GMBBAELAN, 2000

Paint Flow and Pigment Dispersion. A RheologicalpAgach to Coating and Ink
Technology 2° edrl.C. Patton, 1979

Section 4.2
Clay-assisted dispersion of organic pigments inewal’. Lan , J. Lin, Dyes and
Pigments vol. 90, 2011
www.dispersions-pigments.basf.cetBASF, The chemical company

www.unigchem.com UNIQchem, Additives for coating inks and plastfiplications

Section 4.3
Pigment dispersion in water-reducible painis Kobayashi, Progress in Org.Coat. vol
28, 1996
Principles of Instrumental Analysis VI editioD. A. Skoog, F J. Holler, S. R. Crouch,
Thomson Brooks Cole, 2007



Chapter — 5 —
COATING

PREPARATION

115



Chapter - 5 -

Coating Preparation

5.1 — INTRODUCTION

One of the aims of this thesis was to formulatéuaréscent protective coating. In the
light of considerations on the fluorescence valigbdue to the embedment of the
luminescent particles in a matrix, however, theuanoved to the study of the
pigments behaviour, leaving aside the formulatiantext. In order to test the
performances of the selected additives, a coatabterbased formulation was anyhow
needed to permit the study of the pigments wherosegh to UV light. Typically, the
coating systems are solvent-based resin composilibe use of such compositions
requires extra safety precautions, while waterbaseding formulations is less toxic
and less polluting. A coating formulation must @n}f in addition to water and
pigment, a polymer as film-forming element. As ajpct goal, the coating had to be
easily removable by a cold plasma torch and traespaOwing to experimental needs,
the coating must contain the minimum number of @édgnts in order to restrain the
variables number when studying the influence ofatiditives on the matrix ageing (and
vice versa). Sections 5.2 , 5.3 and 5.5 explain gtaress that led to the coating
composition formulation to be aged.

Once added to a formulation, the pigments’ fluoeese properties could change,
owing to the new environment characteristics toclwhithe molecules are subjected, as
stated in Chapter 1. The prepared formulations vwe@ed on glass slides (widely
available and inexpensive) for the fluorescencageests and on silicon wafers for the
coating yellowing and removability tests. The defas method used in the first place
was bar-coating (a simple and fast method to obtaiating with a certain fixed
thickness), then spin- and dip-coating were intoedlin order to obtain homogeneous
coating with a repeatable thickness. The selectattixminfluence on the fluorescent
output of the samples and the correlation withgigenents’ concentration and coating’s

thickness were examined in Section 5.6.
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5.2 -STABILIZATION OF THE DISPERSIONS:

THICKENING AGENT ADDITION

The pigment needed to be provided in the form spelision, hence the necessity to
stabilize the compositions obtained in the grindimgcess (5% suspension of pigment
in water and polymeric dispersing agent). The masue for this research was to
prevent the re-agglomeration of the settling pigta@md to avoid change in the particle
size to which the fluorescence output is correlalidte precipitation of particles in a
mixture could be avoided in two ways: reducing piaticle size and adding various
additives in order to obtain the so-called “colkdigtabilization” or counteracting the
particles settling increasing the mixture viscogéylding a rehology modifier). As
stated in the previous chapter, three systems afirgp stabilization can be used in
aqueous medium to maintain the "potential barrieti'e. the energy that particles
shouldn't be able to overcome on expense of thegt énergy in order to maintain the
dispersion steady): a) the use of ionic surfactantshemicals which produce ions, b)
the adsorption of non-ionic surfactants or corresiray chemical modification of the
polymer phase (or surface only) with non-ionic ppdic fragments c) the combination
of ionic and non-ionic stabilization, widely used technologies of latexes, emulsions
and paints, allowing to achieve prominently highpdirsion stability toward the action
of various destabilizing factors. Although in thé&nse experiments with various
combination of filming resins and surfactants wpegformed, the concrete research of
dedicated additives for each pigment would havenb&etime consuming process,
therefore the addition of a rheology modifier wae preferred choice giving the basic
experimental needs.
The main thickener’s features sought for this stweye:

» Transparency (no influence on the coating appeajanc

* Removability by means of cold plasma torch;

* Physic-chemical stability under a wide range ofdsbons;
As reported in Chapter 4.5, the selection made ndurihe ultrasonic-grinding
experiment led to the choice as thickening agerd pblysaccharide (Xanthan gum).

The concentration selected for the 5% pigment dsspes stabilization was 1% , thus
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obtaining a viscous system (gel) which neededvarsedilution when incorporated in
the final coating formulation.

Hence, an experiment regarding the coatability.(¢hg coating homogeneity) of
formulations with different ratios of pigmented giiming resin and dilution water was
performed. The stabilization of the pigment dismersbecame as such the limiting
stage of all the coating process. It determinedr#im®s of the selected components
(including the pigment content) and, as will berskater on, the final coating thickness.
The speed at which viscosity recovers following lejapion (and removal of the
shearing force) will directly influence the propest of the film. Slow viscosity
recovery causes good levelling, good gloss, busiptes sagging, while fast viscosity
recovery reduce the flow and cause no sag, buhbnasking, orange peel and reduced
gloss. For typical coating, the viscosity at higlear rates must be sufficiently low to
allow application, but not so low that the film dpg is too thin and has insufficient
covering power.

Not only the coating properties, but also the fasmence of a compound is affected by
the viscosity of the medium, increasing with incieg viscosity since the energy
transfer is reduced by a reduction in the numbemadecular collisions™. The
thickener presence influence on fluorescence wearlgl detected, and examined in
Section 5.6.

Rheology modifiers

Aqueous coatings are dependent on the use of mpeatwodifiers to achieve the
required balance of application properties forveegimarket. Generally, a combination
of modifiers is used to provide the best balandevéen container viscosity, application
viscosity, anti-settling properties, spatter resise, flow and levelling propertiés
Typically to correct pigment settling problems iquaous systems, thickeners such as
fumed silica or clays such as montmorillonite hatgéoor attapulgite have been used.
However, these are difficult to use as post addection, to disperse during the
manufacturing and require high shear mixing equipni@ achieve adequate dispersion.
Other thickeners acting as stabilizing agents terdsedimentation include: natural
gums as Xanthan gum (but also: alginate, Arabic,gguar gum, tragacanth gum and
locust bean gum), cellulose derivatives such asbhosgmethyl cellulose and

hydroxyethyl cellulose, and modified starcflesFurthermore, polyacrylic-acrylate
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thickeners could provide resistance to pigmentlisgitfor example ASEs, HASEs,
HEURs and LDPs. Alkali-swellable emulsions (ASEgrease viscosity overlapping
and tangling after swallowing when the high peraget of acid groups distributed
throughout their polymer chains is neutralized. kythobically modified alkali-
swellable emulsions (HASE) also contain long-chHardrophobic groups referred to as
‘associative’. The combination associations (kmalecular, inter-molecular and with
the other hydrophobic elements in a formulatiorg aaignificant effect on rheological
properties. Hydrophobically modified ethoxilatecetivane resins (HEUR) also belong
to the associative category of thickeners, but kenlHASE, they are non-ionic
substances not depending on alkali for the actimatif the thickening mechanisti.
Liquid dispersion polymers (LDPs) are water-soluddeylic polymers in mineral spirit
(thus, do not require neutralizing to become wégeluble’) suitable for formulations
covering a wide pH rand@.

Xanthan gum, the selected thickener, is a high outde weight polysaccharide gum,
containing D-glucose, D-mannose and D-glucuronid and prepared as the sodium
potassium or calcium salt. It is a gelling agentiockhgels show pseudoplastic
behaviour, the shear thinning being directly propoal to the shear rate. For coating
formulations pseudoplastic and thixotropic behaviame preferred, granting the fluid to
flow freely when applied and reverting to a gekligtate on standing. When this gum is
mixed with certain inorganic agents such as magnesiluminium silicate, or inorganic
gums, synergistic rheological effects occur (aspeapd in the presence of the pigment
samples). The pH is neutral and its aqueous solit@we stable over a wide pH range
(pH 3-12) and temperature range. Xanthan gum isamonic material, therefore,
precipitation from the solution occurs when in thiesence of cationic surfactants,
polymers or preservatives. Also polyvalent metahsioas calcium can cause

precipitation under highly alkaline conditions.
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5.3 - MATRICES FOR PROTECTIVE
COATINGS

In the C.H. conservation field the treatments fog protection superficial layers are
intended to confer hydrophobicity, without harmithg substrate vapour permeability,
and prevent the pollutants to reach the surface thaat penetration. Ideal coating
properties should be: flexibility, transparencyhasion, cohesion, lack of colour, long-
term durability (UV resistance and chemical stépito pollutants), reversibility, easy
and rapid application with no risks for the operato[s] The development of
formulations of more than one component requireseach efforts aimed to the
definition of the correlations between compositigmases’ structure, compatibility,
miscibility, viscosity, penetration depth and puriien and consolidation functionality
modulated in correspondence with the charactesistithe substrate to be treated.

The binder (or resin) is the film-forming elemeritaocoating or adhesive. It provides
adhesion to a substrate, binds pigments and extenigether, and determines
important properties such as durability, flexilyiliand gloss. When using polymeric
emulsions, curing is performed by coalescencebittéer particles being fused together
as water evaporatdd. For a precise evaluation of the matrix to be usab the
formulation components should be regarded as irapgrifor example the organic
samples contain MF resins, that are known to hawstabilizing effects on latexes
compositions®.

Among the available filming matrices for waterbasedting fulfilling the removability
and transparency precondition, an acrylic bindemmonly used for restoration
purposes was used for the final coating (i.e. thgpert for the additives aging test in
Chapter 6). However, two other project-related masrwere used during the pre-tests.

Acrylic resins

Acrylic resins include a wide range of polymers adlyaddition copolymers obtained
by radical polymerization of acrylic or methacrytimonomers. The acrylic systems can
be divided into three different types: preformedlypeers in solution, reactive
monomers capable of reacting in situ and dispessamd emulsions of preformed

polymers. Speaking of protective formulations forHC conservation, aqueous
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emulsions present macromolecular aggregates despeas micelle, having low
penetration ability, bad film-forming ability, andsually more hydrophilic surfaces
compared to the solution. On the other hand thegidavoxicity and have less
environmental impact than solvent-based protectivEeee polymers applied in
concentrations between 1% and 50%, with brushemodipray, airbrush or capillarity
absorption, depending on the type and concentrafidime polymer and on the substrate
porosity. Acrylic polymers used in surface treatineh the stone are: poly-methyl
acrylate (PMA), polymethyl methacrylate (PMMA), pethyl metacrylate (PEMA) and
copolymers P [EMA / MA]. As a host polymer matriarfrare earth ions and organic
dye doping, PMMA is widely used thanks to its loptioal absorption, refractive index
tailorability with molecular weight, simple synthgesand its low cost. However its
employ comprise solvents use. The acrylic copolgnfeave been, on the other hand,
widely used in surface protection of stone materiaf different nature and origin.
Through the copolymerization of two or more monomeeits is possible to synthesize
products with intermediate characteristics betwdese of the homopolymers. For
example, the values of glass transition temperaftigg of copolymers [EMA / MA]
depends on the composition (molar or weight ratithe two components). In particular
the Tg increases with the increase of the contérEMA from 8 ° C, Tg of PMA
(100%), to 65 ° C which corresponds to PEMA (100¥le versatility of the processes
of polymerization and the high number of acrylic momers available, allow to
optimize the production in order to obtain finabgucts with the desired chemical
structure and molecular weight, thus with the fioral characteristics needed for the
particular usg.

The matrix used for the pigments embedding was I88rya 46% mixture of MMA, EA
and EMA polymers in water with excellent alkali isgance that should dry to form a
water resistant film. It is typically applied inxing and unifying of interior plasters and
frescoes, mortar sealing to improve adhesion arastieity, mechanical strength
improving, pigments binding and documents protectithe pH of the liquid product is
around 9.5, but it drastically decrease in coafptd 7) and when the coating are aged
(pH3). Glass transition temperature close to thgirenmental temperature, high
transparency, good yellowing resistance, exceliesistance to UV rays, permanent
flexibility and elasticity are the main coating feges proposed by the manufacturer,

while the emulsion shows excellent thermal, chem{casistance to soluble salts,
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including those bivalent, and pH variations) andchamical stability and more

importantly a good compatibility with fillers andgmnents !

Acrylic polymers deterioration

The phenomenon of degradation in organic matec@atsists in the continuation of the
drying and hardening process, which led to the &tiom of the polymer film. Solar
radiation and heat cause the absorption of a phbtprthe chromophore group,
triggering the processes of radical species fouonatiThe radicals give hydrogen
extraction and crosslinking reactions, already olmed in the film formation, and a
progressive yellowing of the surfaces, fragilitycie@ase and solubility variation. The
molecules can also undergo beta-scission, whiclolveg loss of material of low
molecular weight that can volatilize or be trapjgethe film as mobile component. The
crosslinking reactions involve structure stiffeniagd increase the fragility, while the
beta-splitting leads to a mechanical properties.lds addition acrylates, may undergo
reactions of hydrolysis of the ester bonds, witmsamuent release of the pending
groups. These are small volatiie molecules that #wen released. The main
consequences of such reactions are the loss ofamieeh properties (and protective
efficiency, concerning C.H. conservation). The fation of OH groups as a result of
hydrolysis, in fact, makes the structure more palad therefore less hydrophobic [9],
that is why water resistance decreases stronghgéd samples and in correspondence
of alkaline and acid conditions. The deep stru¢taheanges due to electromagnetic
radiation exposure are detectable by FTIR analggesigh the enlargement of the peak
at 1731cm-1 (C = O, ester) and the appearance wfafsorption bands at 1780 and
1665cm-1L"

Polymers stabilization

Stabilisation is essentially based on three differgrocesses: antioxidants and UV
stabilizers addition, molecular structure modificai blending technology

improvement. In particular, UV stabilizers could bbsorbers (carbon black, iron
oxides, benzophenone derivatives), quenchers(niblesled complexes) or radical
scavengers (HALS =hindered amine light stabilizeFe ability to develop polymeric

systems that better resist chemical environmemjialgais linked to the development of

new additives, antioxidants and UV stabilizers,rabterized by greater efficiency and
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further characterized by low vapour pressure atgssing temperatures and exercise,
low propensity to migrate to the surface of theckrtwith the formation of deposits
(chalking or blooming) and high resistance to ecttom by the solvent with which the
polymer is in contact during use. On the other hahd modification of polymers by
fluorinated monomers inclusion along the chainsaafylic copolymers creating high
energy covalent bonds, increases resistance to:rdy¥, oxidation and temperature
changes, microorganisms, aggressive chemicalswida temperature range, heat and
fire, wear, dynamic stresses. Furthermore, theiftated polymers are characterized by
a high light transmission ability and a surfacerggaeduction (wetting and excellent
performance against foreign substances adhesit@yefore, in relation to the nature
and structure of the substrates to be treatedintlstu polymerization of fluorinated
acrylic copolymers may represent an interestingodppity for the development of new
fluorinated surface endowed with high chemical phdtochemical stabilit/’

In this sense the addition of a fluoro-alkyl-fulctal water-borne organo-siloxane,
Dynasylan F 8815, acting as modification agent aidio carboxy and hydroxyl-

functional substrate was experimented in ordeotder hydrophobicity to the coating.
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5.4 - EXPERIMENTAL

Pre-tests: coating matrices and surface tension ctvol

The coatability of some basic formulations withaaly additive or dispersion stabilizer
was evaluated as a pre-test. These formulationsaicon0.1%, 0.3% and 0.5% of
pigment respectively, 1:1 w/w with the dispersimgat, 20% or 10% of filming matrix
and water. The samples tested were PFLO-G and PFun-milled commercial
powder) and the dispersing agents Joncryl HPD @8«EPat-Add DA103 respectively.
The formulations were coated by means of bar-cgatiethod on glass slides, in order
to obtain a final thickness of 10um. Since the iogatppeared to suffer from bad
wettability and inhomogeneity, the addition of soexdra-additives, as surfactants and
thickeners, was experimented. Coatings were matte warious concentration of four
different types of surfactants, one anionic (Dodlaeyzenesulfonic acid, from Acros),
one cationic (CTAB, from Sigma Aldrich) and two nRimmic
(Polyoxyethylene(10)tridecylether, from Sigma Atdriand Surfynol 104E, from Air
products) and two types of thickening agents, avlgsaccharide (Xanthan gum, from
Sigma Aldrich) and one non-ionic urethane ( Acry&M-5000, from Dow). The
surfactants were added in different percentage 08tnto 2% and the thickeners from
0% to 5%, also in combination, to the pigment intewaformulations. The same
formulations were made also without the inclusidnpmments (so-called “blanks”)
both with and without adding the dispersing agenprder to evaluate the interaction
between dispersants and matrices. The matricesindbée pre-tests were Primal AC-
339 (48% acrylic polymer emulsion in water, fromvijoand Acrilem 1C-390 (45%
silane modificated acrylic pre-crosslinked copolyreenulsion in water, from ICAP-
SIRA).

Hydrophobization

After the pre-tests the matrices used were Acril@890 and Acryl33 (46% poly-
acrylates emulsion in water, from Bresciani).

A parallel experiment was conducted adding to trentilations containing both these
filming-agents the hydrophobizing agent Dynasyla8815 (a fluoro-alkyl-functional
water-borne organo-siloxane, from Evonik), in ratid with the matrix, both with and

without the presence of Xanthan gum as thickener.
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Thickener addition and dilution

The thickener selected in the ultrasonic grinditaggs, Xanthan gum, was added in the
concentration of 1% to the milled pigment suspemsi¢prepared in the previous
chapter), heating the samples up to 60°C and rggirvigorously using a magnetic
stirrer. The ratio gum/suspension being fixed, wlnig 5% pigment dispersions in the
form of gels, the parameters of matrix concentratind dilution water varied. In order
to define the optimum ratio gel/matrix/water, cogttests were performed without the
presence of pigment particles (even though thesgce influences the gel viscosity).
In the pre-tests the ratios pigment/dry resin userk varied from 1% to 5%, the latter
giving a good fluorescent output with thick (10ufifps. Therefore, for this test on thin
coatings, hypothetical pigment concentrations ¢5%2 5% and 20% were used. The
matrix dilution was varied from 3% to 206% in order explore a wide range of
concentrations. The resin emulsion was added rgjirdigorously after the diluted

dispersions recovered the environmental temperature

De-foaming additives
In order to eliminate the formed foam the additmhanti-foamer Defoamer TEGO
Foamex 805N ( from Evonik)was evaluated. The badlt@btained in terms of coating

homogeneity led to the choice of ultrasonic bathicaiion as foam-remover method.

Formulations for the intensity/thickness/concentraion correlation experiment

In order to correlate fluorescence intensity arghy@nt concentration, a fixed coating
thickness is preferred (i.e. the coating formulagionust have the same viscosity), thus
the ratio Xanthan gum/dilution water (i.e. the sadispersion/water) have been fixed to
be 1:1550 (i.e. 6,5% of dispersion gel in wateQwdver, the rates gum/matrix end up
being changed, and this influenced the thicknesth®fcoating coated by means of a
dip-coater (as much as by means of coating bag.chlanges in coating thickness were
measured using a profilometer (Alpha-Step IQ-KLAG@r). This permitted to obtain
fluorescence intensity vs thickness curves for eamitentration (1, 10, 20%) of each
pigment sample. The samples considered in thisystvete only those with smaller
particles (i.e. GO5d and RO5d for the organic saspind Gl and RI for the inorganic
ones). The data regarding the non-milled samples adotained from the pre-test
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formulations. The error bars are calculated from ¢hror on the thickness combined
with that on the intensity for three different zeran the same sample. The fluorescence
data were collected with a Fluorolog3 from Horibabid Yvon (See Chapter 3),
equipped with Xenon lamp for PL/PLE analysis anchdNaed-370 and Spectraled-370

for the lifetime decay measurement.

Substrates and deposition method

The substrates used were microscope-glass slid8sr(@ and silica wafers (1x2cm). In
order to activate the substrates and homogeneaady the formulations, all the
substrates were washed with soap, then with acetonkt then cleansed with a
NH3/H,0, bath for 24h; after that they were rinsed withtitiesl water and dried with
compressed air.

In the pre-tests the bar coating method was usethéodeposition, then dip- and spin-
coating were considered, in order to obtain repcdde coating thicknesses ( DIP
COATER D KSV and SCS G3P-12 from Cookson Elecroigsipment). The spin
coating deposition is mainly controlled by the tma speed (RPM) since the
centripetal acceleration causes the deposition gogasling of a central drop. The
thickness depends on the polymer nature (viscosiyface tension, etc...) and spin
coating parameters such as rotation speed, acteferand the presence of vapour
suction. Several trials were performer with RPMnir®@00 to 3000 and 30seconds
cycles. This technique is not optimal for the ceger of wide surfaces with water-based
formulations owing to the slow solvent evaporatiaherefore dip-coating was
evaluated. The stages through which a thin filndeposited by dip coating technique
are: immersion, extraction, deposition, drainagel avaporation. The instrument
consists of a worm screw, driven by an electroraeick that regulates the speed of
rotation and consequently extraction. This mectmradiows to contain a continuous
vertical displacement The ascent speed of the sangplthe variable that can be
controlled in order to obtain films with a certdimckness (that also depends on factors
such as the viscosity of the solution, gravityface tension between liquid and vapour
and effects due to the evaporation). The extraatates tested were 20, 40, 100, 200
mm/min all for 1,2 and 3 times, with a 15 min ovdrying process in between.

Concerning the fluorescence intensity/thicknessfeatration study, 1%,10% and 20%
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coatings (this time containing the pigments) werash-coated in order to obtain

different realistic thicknesses (applying 1,2,ancbat) and fastening the process.

5.5 - RESULTS AND DISCUSSION [°:
COATING PREPARATION

5.5.1 - COATING STABILIZATION PRE-TESTS:
FILMING MATRICES AND SURFACTANTS

Simultaneously to the first grinding tests, coatimge-tests were performed on the
unmilled dispersion of the fluorescent pigmentsngi€oncentrations from 0,5% to 5%
on the matrix and a 3% to 30% matrix dilution. Frdme pre-tests for 10um coatings
from pigmented formulations without addition of gkssion stabilizer, a 1% ratio of
organic pigment on matrix already gave a good #soent output, while, the inorganic
pigment reached the same fluorescent intensity aith?o ratio, as expected. When
adding the dispersant, interactions with the filgninesin impaired the coating’s
wettability and homogeneity properties, at leastha case of the formulations with
Joncryl HPD 96-E and Primal AC-399 (Fig 5.1). Hoeeuhe presence of dispersing
agent seemed inevitable in the grinding step asgliesence affected positively the
fluorescence output (although giving a matt coatifidnese considerations led to the
experimentation of other two available matricesrildm 1C390 and Acryl33 (former
“Primal AC-33").

i et - f

Figure 5.1 — Blank coatings showing the interaditvetween Joncryl HPD 96-E and

Primal AC-399
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Several defects, like fish eyes and air draft smityi, were observed. These defects are
mainly caused by differences and changes in thia@itensions of liquid, substrate
and contaminants (Fig.5.2). Effective wetting cfadid takes place when the liquid has
a lower surface tension than the solid. When thiéase tension of the liquid paint is
high, the system is more sensitive to wetting dsfda general, modern synthetic resins
have higher surface tension than those based omah&dtty acids and aqueous systems
have high surface tension due to their polarityrf&e control additives and levelling
agents like polysiloxanes and polyacrylates ar@l use¢he coating industry to prevent
surface defects during paint application and imprtwe resistance and appearance of

dry film adjusting the surface tension of the ldjui

Figure 5.2 — PFLO-G formulation coated in the pneseof different surfactants (from

the left to the right: non-ionic, non-ionic, cationanionic)

Also the presence of pigment particles and theie $iad to be considered during the
preparation of a well-coated film (Fig. 5.3). Foaenple, sample PFLO-G in the form
of nanometric sized particles (<0,5um) created @ db issues to the coating,
independently on whichever dispersant, surfactarthickener (or combination of the

three) was employed.

Figure 5.3 — Coating from formulations containingl®-G milled 3, 7 and 11days (1°

milling condition)
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For what concerns the inorganic pigment PFLI-Y, allwoated formulation was
obtained combining non-ionic thickeners and sudaid, i.e. not influencing the
electronic stabilization occurred with Pat-Add DA&ldispersant.

Well-coated, completely transparent and removabdparations were formulated with
10% Acrilem 1C-390 and 0,5% of pigment powder. Foe inorganic pigment the
formulation included 1,1% of Pat-Add DA103 and 0,5 HEUR, while for the
organic pigment 1,6% of Joncryl HPD 96-E was addskpite obtaining good results
using Acrilem IC-390 as matrix, Acryl33 was preéztras matrix for the actual coatings
to be aged because of its wide use in the restoréigld. Both matrices do not present
water-repellency properties.

Once added Xanthan gum as thickening agent (sept€h4), some evaluation on its
stability in the presence of different matrices ahspersant have been possible. The
gum is stable in the presence of matrix but presarittle phase separation (gum-latex)
when in the presence of dispersing agents. Thisragpn is more visible in the
presence of JoncrylHPD 96-E than in the presendgabfAdd DA103 and is enhanced
by the presence of the pigments (especially by RE)O

As seen in the grinding step, Joncryl HPD 96-E astfoaming agent. Foam is an
undesired side effect, promoting surface defeaty s$ craters and weak points in the
dried film, only stable in systems that containfactant-like substances with the ability
to migrate to the air/liquid interface of the paartd thereby reduce surface tension.
These bubbles accumulate and deform, thereby defgriime surface of the coating: the
air cannot escape because lamellae are formed.oWitburfactants, drainage of the
liquid would cause the lamella to thin and ultiniatereak. Their presence prevents the
lamella from thinning by counterflow of liquid due a surface tension difference,
which results from interface stretching and remuidoy the surfactants at the interfaces
caused by steric and electrostatic mechanisms. regept stabilizing effects and
eliminate foam, a defoamer is required that destreyisting foam and/or prevents
foam formation and /or releases air, assistindpanbles to rise to the surface. It must
be insoluble in the paint system and mobile sart enter the lamella at the point where
it has to spread at the interface and displacestintactants, and have lower surface
tension than the surfactant, causing fast thin@ind collapse of the lamella. A wide
range of chemical structures can be used with wesed systems on account of their

generally higher surface tension, so mineral oflodmers and silicones are highly
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effective. The performance of a defoamer is diffito predict due to the multiplicity of

materials used in a formulation and the method pydlieation, so evaluation of the
respective system is crucial for a selection antih@ dosage determination. In the
case of our samples, after some compatibilitygngith the available defoamer TEGO
Foamex 805N presenting bad coating optical featited stain” visible on the

coating), it was preferred not to add a defoamewrider to maintain the coating
formulation as simple as possible, therefore tharfagenerated in the various mixing
process was removed by placing the sample batehes iultrasonic bath for few

minutes according to the amount of foam generated.

5.5.2 - DISPERSIONS STABILIZATION

As soon as the particle size have been measuredgaihding, the “dispersions” were
separated from the milling beads and under vigorstirsing, heated up to 60°C.
Transparent grade Xanthan gum, to the measure oWwM¥on dispersion, was then
carefully added, keeping stirring until the fornosatiof a homogeneous and transparent
gel (about 40min). The same process was followedhe non-milled samples in 5%
water/dispersant suspension (Gl, RI, GO, RO).

The gels obtained contain therefore 1% of Xanthan gnd 5% of pigment.

5.5.3 - COATING HYDROPHOBIZATION

The principal deterioration phenomena in the Cieldfare related to the presence of
water in the materials porosity. A protective cogtshould therefore be hydrophobic
without creating a barrier to vapour permeabilitire protective products in this sense
could be divided in: monomers dissolved in orgauilvent (in situ polymerization) and

polymers, applied in solution or water emulsionr idat concerns the acrylic resins,
the water-repellence feature is lost in few morfterahe application. Therefore they
cannot be listed as protectives. However, hydroadion could be obtained in two

ways: mixing the acrylic resin to one siliconiciresr preparing an inorganic-organic

hybrid, as an acryl-siloxane or acryl-fluorinatempolimer. In this sense the addition of
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a fluoroalkyl organosiloxane (Dynasylan F8815) weagerimented. Although this
additive was reported to give good water repellerseilts in combination with Primal
AC399, the exclusion of the latter from the masidist, because of its interaction with
the dispersing agent, led to the need of perfornutiger tests in combination with
Acrilem 1C390 and Acryl33, which gave similar retsulDrawbacks of the use of this
additive are the insertion of inorganic bonds Si@ removable by plasma treatm&nt

n Ch8l and the subtraction of coating transparency. Maethe polymerization process
turned out to be very sensitive to temperature igrasl and foam presence. In the
presence of dispersing agent, but more extensivethe presence of Xanthan gum,
flocculation occurs. Clearly this hydrophobing agismot assessable to a coating based

on a xanthan gum-gelled fluorescent pigment dispers

5.5.4 - CONCENTRATION AND DILUTION TESTS

The coatability (and the coating homogeneity) aofnfolations with different ratios
dispersion/matrix/water was then evaluated. Tahle $hows the different matrix
dilution experimented, and it was designed in ormetest a 26% dilution (medium
dilution selected from those typically used for W8B8) with different pigment
concentrations. The table shows the parts of waatdrAcryl33 to be added to 1 part of
dispersion, the pigment percentage correspondi®gy2®, 0,92 and 1,84 dry resin parts
are therefore 20%, 5% and 2,5% respectively. Theepgages were selected on the
basis of the pre-tests, showing good fluorescetputdor 5% coatings, but this time the

pigments were not included in the formulation.

Acryl33 dilution Dry resin* [parts] - (46% emulsion on 5% gel [parts])
[ESEm ] 0,23-(12) 0,92 (1:05) 1,84- (1:0,25)
o 1,94 25,8% 103,2% 206,2%
Dilution
Water 7,75 6,5% 25,8% 51,6%
[parts] 15,50 3,2% 12,9% 25,8%

* Supplied as Acryl33 (46% dispersion)

Table 5.1 — Concentration/dilution experiment
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The highest dilution did not show phase separatioformulation and the coatings
(very thin) are also more homogeneous than forather dilution (no floating). On
horizontal surfaces, floating is seen as hexagpa#terns, called Bénard cells. The
observed Bénard cells morphology is due to the-fdmation during the solvent
evaporation because of the “no-flow point” reachimg pigmented systems, the
pigments settle in different areas, depending asir tmobility. Floating and bad
wettability defects are usually avoided by minimgisurface tension differences during
the drying process, in this case are avoided thithe coating and lowering the resin
concentration. The selected Acryl33 concentratias herefore 3,2% on water (i.e.
only 1,5% of solid content); this super-dilutionususual, but necessary to obtain well-
spread and defects-free coating. This level oftiditucould also cause problems trying
to obtain realistic film thickness (from superpasi) but, more importantly, could
cause anomalous pigment spreading while coatingt{ynm spin-coating). Having the
pigment concentration in the dispersion fixed, arsklecting this ratio
gel/Acryl33/water, the concentration of pigmentgha final coatings was automatically
determined as 20%.

As shown in Table 5.2, the matrix content was thaned in order to obtain coatings
with different concentration of pigment once drietl% , 10%, 20%) and perform the

concentration/thickness/fluorescence intensitystest

. _ ) : Resin 46% emulsion).
Pigment (5% mixture) : Pigment on igment (o ael -
Xanthan gum ( pure powder) resin P9 (% gel -

[parts] [dry %] Water
[parts]

20 1:2,00:31,00

1:0,01 10 1:1,00: 15,50

1 1:0,20: 1,55

Table 5.2 — Pigment on matrix concentrations f@ ¢bncentration/thickness/intensity

experiments

5.5.5 - COATING DEPOSITION

Before the deposition, the substrates were cleanefdundly since the initial contact

angle (60° for the glass slides) made it impossibleadequately coat water-based
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formulations. After soap, acetone and 0O, cleansing in a row, the contact angle
was lowered from 60° to 16° degrees.

After several deposition trials by means of coatiag and spin-coater , during the pre-
tests and the hydrophobization experiment, dipiagatvas preferred as deposition
method thanks to the better coatability of the Iveporation-rate waterbased
formulation and the method reproducibility. In pewtar when speaking of dip-coated
surfaces, the presence of foam could cause badsitiepo therefore the samples were
left in ultrasonic bath until foam-disappearance.

The solvent evaporation could cause the formatibulitberent concentration-zones,
starting from the support’s borders. The extractiag is the principal variable of the
dip-coating deposition: the faster the extractiate (mm/min), the more uniform and
thicker the coating will appear. The best resuttsring the dilution/concentration
experiment, are obtained with an extraction rat€@hm/min repeated on the same
sample for three times, reaching a 300nm thickifessthe same average thickness
obtained by brush coating of these formulationsmbgeneous coating. The rate
selected for the pigmented coating to be aged Wwas #0mm/min, with only two
subsequent depositions, followed by a 30min oveyindgrat 65°C. The thickness
measured for these samples are of 190+15nm fdhealadditives (independently from
the dispersion initial viscosity due to each pigthe®bviously the “blank” samples
(without pigments), do not contain Xanthan gum,réf@e more coating steps are
needed in order to reach the same thickness. Niy;mais thickness cannot be
considered valid for the needs of the subsequexsnm removability test, in spite of
this, the PANNA cold plasma torch parameters ctcdjusted in order to monitor the
removability of these thin films, comparing the @ral rates of different samples.

This kind of deposition gave good results for wbancerns the organic pigment, that
are maintained in dispersion thanks to the presehtiee organic-dedicated dispersing
agent ( and the continuous stirring). However,ittoeganic pigments are not dispersed
adequately and therefore settle down before beimgosited. For this reason the
inorganic pigmented formulation (Gl and RI) weratsal by means of brush-coating, in
order to evaluate adequately the fluorescencefyailp and removability properties of
the coating (see Chapter 6) (Fig. 5.4).
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Figure 5.4 — inorganic pigment coated with coatiag; brush and dip coater, compared
to two dip-coated organic pigments(on the right)

5.6 — RESULTS AND DISCUSSION II°:
PIGMENTS IN THE COATING

The coated samples are formulations containing ptgments PFLI-G (“GI”), PF-R7
(“RI"), PFLO-G ( “GO”, “GO1d", “GO5d") and PFLO-R (RO”, “RO1d", “RO5d").
As seen in the previous chapter the organic samiplestified as “1d” and “5d”
correspond to the milled pigments (i.e. ~190nm iglad, with different processing
times). Another sample was then coated: “GO5d+RO®d"“GRO5d"), that is the
mixture of the two organic pigments in their smsgtllparticle size. All the samples have
a 20% concentration of pigment on the dry filmiregin, the latter included (therefore
10% of GO5d and 10% of RO5d). The high pigment eohtdue to the dispersion
stabilization limiting step, grant the monitoratyilof the fluorescence in a long period
of time and a good fluorescence output also froating as thin as 200nm.

When the pigments are dispersed in a matrix, thaltieg spectrum is a combination of
a number of factors: (a) the reflectance of the-thaorescing materials; (b) the
absorbance of the fluorescent material due to ®oitagion of electrons to a higher

energy state; (c) the emission spectrum of thedéisming material.
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Figure 5.5 —norganic (brus-coated, on the left) and organic (dipated, on the righ

pigment fluorescent coating under 365nm UV |

From the PL spectra it is possible tcserve an evident decrease of the 706nm in
the samples containing ** (reds, the inorganic e in particulai, while nothing
changesfor the green samplesThe PL spectrum of GRO5( is simply the
superposition of green and red samples emis (Fig. 5.7a).The fluorescence intensi
varies a lot for different particle sized sampler(the milled sample, PFL-G and
PFLOR) as shown in Fig.5.€although in the grinding stage (Chapte.5), i.e. when
not in the presence of thickening agents, a dee in the fluorescence output w
observed, for these sampldhe smaller were the particlethe higher was the
fluorescence intensity. For what concerns P-R (organometallic chelate) also tr
processing time is quite important: although tha@as milled for 20h and that mille
120h have almost the same particle size, the lopgeressing degrade the molecu

decreasing their fluorescence outy

300+ 250 -

—GO
2504 RO

200 1 — GO1d

d(0,5)=194nm
d(0,9)=302nm

—— RO1d
d(0,5)=194nm
d(0,9)=290nm
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150
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d(0,9)=273nm

—— RO5d
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100
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Figure 5.6 -Organic pigments intensity in function of partickse
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a) b)
Figure 5.7 — a) Organic 120h milled pigments arairth:1 mixture; b) Emission of a
coating from a 20% watersoluble fluorophore (dyejfulation

When embedded in the matrix, all the 9 PLE spesiiaw the same drastic intensity
decrease for wavelength longer than 350nm. The Bpéctra obtained from the
“mixture” sample remain unchanged compared to thgles pigments samples (with
halved intensities for halved concentrations), shgwthat there is no interaction in the
fluorescence mechanism of the two luminescent nadger

In order to evaluate the properties of the pigmealso a formulation containing a
watersoluble fluorophore (dye) was coated, maimtgithe concentration at 20% as for
the pigments. As can be seen from Fig. 5.7b, th@dlscence output from the pigments
is not even comparable to that of the dye, andsttee applyes to its lightfastness as

explained in Chapter 6.

5.6.1 - FLUORESCENCE LIFETIME DECAY

Table 5.3 reports the lifetime1("obs”, in milliseconds) observed for the fluoredcen
pigments powders in Chapter 3, and the relativepsssnidentification names when
embedded in Acryl33 matrix. The lifetime value fofluorescent watersoluble organic
additive ( TINOPAL dye) is also presented as coratpae data for the organic emitter
HPQ (PFLO-G). The FLT analysis showed the differubrescent behaviour of the

samples in a matrix, also in relation to the matix ageing (Tab. 5.4).
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Sample Compound T 0bS [ms] Sarrzpl\l/le)lr:[;n atrix
PF-R7 Y,0,S:EF 0,64+ 0,008 RI
PELI-G BaMgAl1Oy:Mn® Ei?" 5,50+ 0,008 Gl
PFLO-R Eu*(TTax(TPPO}) 0,72 +0,003 RO
PFLO-G HPQ 6,29*10° + 0,008 GO
TINOPAL unknown 1,02*10° + 0,080 DYE

Table 5.3 — Powder samples identification and okesklifetimes

1 obs
1 obs b 1 obs b 1 obs 1 obs M 5d
tobs| M | TO% 1 M1d | T | M5d | M5d .
D M [ms] d M 1d d M 5d d ixt mixture
age [ms] age [ms] age mixture | 0 oq
[ms] [ms] [ms] [ms] o

RI | 049 | 043

+0,003 +0,004

Gl | 539 | 539

+ 0,008 +0,008

RO 0157 no signal 0169 no signal 0170 no signal 0’67 no signal
+ 0,001 + 0,001 + 0,001 + 0,001

GO

[10¢] 6,11 5,27 6,72 3,84 4,58 3,13 6,35 3,63

+0,001 +0,009 +0,010 +0,015 +0,030 +0,015 + 0,009 +0,025

Table 5.4 — Embedded samples observed lifetimebg M) for different sized particles
(20h and 120h milled organic samples) before atet aftificial UV ageing (14,3

years).

All the samples lifetimes are reduced when the gigisare embedded in Acryl33, for
example the red and green organic sample lifetvaegfrom 0,72 ms to 0,57 ms and
from 6,29 ns to 6,11 ns respectively. The Dyeihfietis much faster than the pigments’
(1ns) but remains in the organic compounds deaayeraf nanoseconds. The decay
curves for all the samples are shown in Fig.5.8.

Concerning the inorganic samples, PF-R7 (RI) preséaster decay compared to PFLI-
G (Gl), and that is a reason for the preferred afséhis phosphor (YO,S:EU™) in
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optoelecronics. In this case, the decay is acdeléravhen the coating is aged while

remaining fixed for the green sample (GI).

——RI powder
——RQ powder 1 ——Gl powder
——RQ in matrix
——RO1din matrix
——RO5d in matrix

—— RO5d in matrix with GO5d

—— GO powder
——G0 in matrix

—Glin matrix

—G01d inmatrix —Rl'in matrix

——G0% inmatrix
——GO0&d in matrix with R05d

Log10 intensity

Time (ns) Time (ms) Time (ms)

Figure 5.8 — Decay curves for: a) Green organicmas (HPQ); b)Red organic
samples (EYi complex); ¢) Green and red inorganic sample$‘(En®* doping and

Eu®* doping, respectively)

The organic samples decay is quite different; floeeeno interaction (energy transfer)
between the two pigments in terms of lifetime deisagiue to happen. The differences
between the lifetimes of GO5d and GO5d+RO5d (Tdh ®mbserved in Fig. 5.8a, 5.9c
and 5.9d are likely to be ascribed to a HPQ inteommcentration quenching, not
happening for what concerns the organic complex5@®OThe double exponential
decay behaviour shown by the milled PFLO-G sampfésx UV ageing (Fig. 5.9) is
attributable to a more efficient transfer from thanor to the activator compared to the
un-aged samples. The lifetimes of the aged sanyéze not measurable for the red

organic samples, because of the complex detemoréte. low fluorescence signal).
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Figure 5.9 — Embedded PFLO-G samples before aed &jeing: a) un-milled, b)20h
milled; ¢)120h milled; d)120h milled, halved contration in the presence of PFLO-R.
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The samples with smallest particles (RO1d and GOde a faster lifetime decay
compared to the other samples embedded in the sameentration (20%). The
lifetimes are, instead, even longer than the sasnpith bigger particle size (Tab. 5.4)

when speaking of the mixture of organic pigmenes,for lower concentrations.

5.6.2 — THICKNESS AND CONCENTRATION:
ON THE CORRELATION WITH FLUORESCENCE OUTPUT

It is known that a linear correlation between flyainore concentration and fluorescence
intensity could be observed only using low pigme&mcentrations (see Chapter 1.1). In
order to define a useful relation and thereforeawbtcalibration curves for the
evaluation of coatings containing the studied sasypkthe fluorescence output at
different fluorophore concentrations (1%, 10% a0 was measured for the four
studied samples (Fig. 5.10). The organic samplasidered were only those milled for
120h, i.e. RO5d and GO5d, in order to reduce thgpsss number.

As shown in Fig. 5.10 and Fig. 5.13, a linear datren is observed between coating
thickness and pigment concentration only for th&2Z&ample for what concerns the red
glowing sample (EYf complex) and for all the concentrations for whahaerns the
green glowing (HPQ). The intensity vs concentratmot for 200nm thick coatings
(Fig. 5.10c) shows two curves, instead. The HPQpsaupresent an exponential trend,
approaching a plateau, while the Europium complexput as function of the
concentration could be represented by a peak famcteaching a maximum around the
10% concentration. Saturation of light output witlicreasing doping density is
primarily a kinetic problem. Excluding temperatuiging, the most probable causes of
saturation are: saturation due to excited stagrantion and true activator saturation,
I.e. excitation of a large fraction of availabldiaator sites causing significant depletion
of the ground state population.
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Figure 5.10 — Plots of the fluorescence output fri@ organic samples: a-b) as a
function of the coating thickness at different cemication ( a) PFLO-G 120h milled, b)
PFLO-R 120h milled ); c) as a function of the cartcation (in 200nm thick coatings)
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Figure 5.11 — Plots of the fluorescence output ftbennon-milled organic samples as a

function of the concentration, in 1micron thick togs without the thickener presence

(from pre-tests)

Comparing Fig.5.10b and Fig. 5.11 it can be obseh®@w the fluorescence output of
the green glowing organic pigment (HPQ) is enhanogdhe presence of thickener

(increased viscosity), while the red glowing metedanic complex is not. It has to be

pointed out that the plot in Fig. 5.11 is basedtmnpre-tests data, therefore on the non-

milled samples.

For what concerns the inorganic pigments, an expaaldrend is detectable both in the
thickness/intensity plots (Fig. 5.12a and 5.12h) anthe concentration/intensity plot
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(Fig. 5.12c); in the latter, the Europium dopedrigt (RI) present an exponential

growing and not an exponential decay, though.
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Figure 5.12 — Plots of the fluorescence output fittve inorganic samples: a-b) as a
function of the coating thickness at different cemication ( a) PFLI-G, b) PF-R7 ); ¢)
as a function of the concentration (in 200nm tlaoktings)
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5.7 — CONCLUSIONS

The coated samples are formulations containing ptgments PFLI-G (“GI”), PF-R7
(“RI"), PFLO-G ( “GO”, “GO1d", “GO5d") and PFLO-R (RO”, “RO1d", “RO5d").
Another sample was “GO5d+R0O5d", that is a mixturéhe two organic pigments in

their smallest particle size.

SAMPLES ID
PRODUCT
Unmilled Milled 20h Milled 120h
INORGANIC SAMPLES
PFLI-G Gl - -
PF-R7 RI - -
ORGANIC SAMPLES
PFLO-G GO GO1d GO5d
PFLO-R RO RO1d RO5d
PFLO-G
- - GO5d+RO5d
+ PFLO-R

Table 5.5 — Coated samples ID

All the samples have a 20% concentration of pigneenthe dry filming-matrix, the
latter included (therefore 10% of GO5d and 10% OG5H). The high pigment content,
due to the dispersion stabilization limiting stegrant the monitorability of the
fluorescence in a long period of time and a goadritscence output also from a coating
as thin as 200nm.

The first step of the coating preparation was ttabikzation of the “dispersions”
obtained in the grinding section: the 5% pigmespdrsions were stabilized adding 1%

Xanthan gum.

Coating preparation
Three different matrices were tested but only tvidhem were compatible with the

dispersant selected in the grinding section; oniein (Acryl33) was selected as film-
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forming agent because of its wide use in the Ci¢ld.f The addition of surface tension
modifiers, one anti-foamer and one hydrophobingnageas tested, though not
successfully. In particular, the fluoroalkilsiloxamsed as hydrophobing agent interacts
with Xanthan gum (thickener), but also with thepaising agent when the thickener
was not present, causing flocculation. After théedwrination of thickener needed in
order to maintain the pigment dispersed, dilutionfentration coating experiments
determined the exact amount of dispersion, filnmfiolg matrix and dilution water in
the formulations. The selected formulation had 5%4d. pf solid resin content on water
and a 20% concentration of pigment on dry resirveBg deposition methods were
evaluated, and dip-coating gave the best perforesimcterms of homogeneous coating
spreading and drying. The dip-coater extractior slected for the pigmented coating
to be aged was 40mm/min, for two sequential dejposifollowed by a 30min oven
drying at 65°C, giving a 190£15nm thickness. Forawltoncerns the inorganic
pigments, giving their particle size and non-dispéility by the selected dispersing
agent (as seen in Chapter 4), they had to be mosted in order to evaluate the
performances of the matrix in their presence.

For the preparation of commercial formulations, #pecific substrate, application

method and storing characteristics will have talégned.

Pigments in the coating

The fluorescence intensity varies a lot for differparticle size samples: although when
not in the presence of thickening agents a decragadbe fluorescence output was
observed (Chapter 4), the smaller were the pastidlee higher was the fluorescence
intensity. For what concerns PFLO-R (organo-metatinelate) also the processing
(milling) time was found to be quite important. WWhembedded in the matrix, all the
PLE spectra show the same drastic intensity deeréas wavelength longer than
350nm. No interaction in the fluorescence mecharosthe two luminescent materials
is detected from the PLE spectra obtained from“thigture” sample. All the samples
lifetimes are reduced when the pigments are emlokettdécryl33. The samples with
the smallest fluorescent particles have a fasfetirhe decay compared to the other
samples embedded in the same concentration (208tlg fer lower concentrations the
lifetimes are even longer than the samples witlydrigparticle sizes. In this sense the

samples’ lifetimes are function of the concentmatio
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In order to define a useful relation and therefol#ain calibration curves for the
evaluation of coatings containing the studied sas\pthe fluorescence output of
coatings with different pigment concentrations (128% and 20%) was measured. It
can be observed fluorescence output enhancementhéorgreen glowing organic

pigment (HPQ) when in the presence of thickenecr@ased viscosity). For what
concerns the inorganic pigments, an exponentiatdtres detectable both in the
thickness/intensity plots and in the concentratidehsity plots. A linear correlation is
observed between coating thickness and pigmenteotration only for the 20%

sample, for what concerns the red glowing organen@e, and for all the

concentrations for what concerns the green glowing. The intensity of the HPQ
sample (PFLO-G) present an exponential trend, hapictreasing and approaching a
plateau for high concentration, while the Europiwomplex (PFLO-R) presents
concentration quenching phenomena, therefore lmagribed by a peak function.
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6.1 — INTRODUCTION

Not only has the matrix a great influence on theahfluorescent output, in relation to
the coating thickness and concentration, but atsthe fluorescent decay behaviour. Its
deterioration (e.g. yellowing and removability) iisturn, influenced by the presence of
additives. On the other hand, the presence of rdiftepigments, and their different
particle sizes, would impact differently on the tog aspect (e.g. transparency and
colour) and reversibility (e.g. removability by nmsaof cold plasma).

Main aim of this thesis was the correlation of theensity of the fluorescence output
with the health status of a water-based coatingnfndhich it is detected. This implies,
of course, the understanding of the decay processiésred by the pigments and the
coating itself. Detailed studies on the ageing/Weaanhg of the coating, taking into
account the substrate and the damaging factorsad)plould make the intensity/health
status study more accurate and realistic.

This chapter proposes to define the spoiling efféloat a prolonged exposure to UV
rays, therefore sun- or artificial- lightening, Wwdthave on a coating embedding the
selected commercial fluorescent additives, alselation to their particle size.

The coating properties evaluated were: fluoresceougput (PL/PLE peaks and
intensity), fluorescence lifetime decay (FLT), p&ling and removability by means of
cold atmospheric plasma torch. One of the fundaaheptoperties of a synthetic
polymer for Cultural Heritage restoration is itveesibility. The commercial products
cannot always maintain their characteristics; inct,fathe chemical-physical
modifications in time (through freeze-thaw cyclexposure to UV radiation, and
thermal cycles) could have several drawbacks sscloss of efficiency, yellowing,
removal impossibility and limitations to conservatitreatments. The main agents that
cause or accelerate the aging of a polymer exptsdle external environment are
light, temperature and humidity. The light inducéemical reactions, that can lead to a
change in colour or the breaking of C-C bonds anr@®,Gvhich depends on photon
energy (see Chapter 1.1 and 5.3). The oxygen dotstlg or in pairs with the
photolytic degradation processes through auto-oxidabio-oxidation, photo-oxidation
and combustion. The combined effect of oxygen angperature leads to the formation

of peroxides and hydro-peroxides which are verytabils. The water may cause
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breakage of the molecular chain of the polymerhwitconsiderable catalytic effect of
the ions in solution. Air pollutants such as ozoselphur dioxide, nitrogen oxides,

metallic residues of Cu and Fe, are actively inedhin the degradation of synthetic
polymers by acting as catalysts or favouring hygrol processes through the
entrapment of water, and retaining biologically naect materials. Here, the light

deterioration phenomena were investigated. Amoegnimmerous factors from which

the stability of a polymer depends, including cheahinature, morphology, degree of
crystallinity, formulation, film thickness and esjealy aging conditions, the impurities

presence (i.e. additives as pigments) is one ofntlest important. Therefore, the
samples in object were the formulations coated lassgslides and silica wafer in
chapter 5: two containing the inorganic samples IRFLand PF-R7, and seven
containing the organic samples, respectively PFL(®@h-milled, 20h milled and 120h

milled), PFLO-R (non-milled, 20h milled and 120hlledl) and a 1:1 mixture of them

(from the samples milled for 120h). As yardstick,caating formulated with an

available fluorescent dye, in the same concentratibthe pigments (20% on dried
coating), was aged and tested.

The in-depth study of the removability, yellowingdafluorescent decay phenomena,
would be a valuable feature for the selection oestain commercial fluorescent

product as additive in coating formulations.

6.2 - COLOURIMETRY

Colour and yellowness

The samples colour was measured both before aedthé light exposure according to
the CIE-L*a*b* method (CIE = "Commission Internatimle de I'Eclairage"). A Lab
colour space is a colour opponent space with dimers® for lightness and a* and b*
for the colour-opponent dimensions. This spaceaisedd on nonlinearly compressed
(cube root transformation) CIE 1931 XYZ coordinateghich can predict which
spectral power distributions will be perceived las $ame colour, not being particularly
perceptually uniform, though. The colourimetric si@@ments are therefore based on
the reflectance, that is, the rate between theifitensity from the radiant light and that

from the incident light. L*a*b* stands for a worldde standardized method of colour
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measurement, represented by a three-dimensioralrceystem, where L* indicates the
position on the grey axis (L*=0 yields black andd100 indicates diffuse white), a* the
position on the green/red axis, and b* the positiarthe yellow/blue axis. The colour
difference is represented by theE *, calculated froma E * = (A L*)2 + (A a*)2 +(A
b*)211 If theA E * is less than 4, the colours will show no visibolour change under
museum conditions (exposure to the standardizeduamof artificial light) for
approximately 125 years. If the specimens are élscent, the choice of the instrument
optical geometry can affect the measurement regh#. spectral power distribution of
the illuminating system may be altered by the o#8ld and emitted power from the
specimen when using the integrate sphere geométerefore, the bidirectional
geometry should be preferred.

This study focuses on the yellowing caused by igenents and by the UV exposure.
The ASTM (American Society for Testing and Mates)dhas developed a method for
the yellowness index (Yi) calculatiBh in order to indicate the degree of departure of
an object colour from colourless (or from a preddrrwhite) toward yellow. The
required coefficients in this case consist of thstimulus values of the reflecting
diffuser (X,, Yo and %), established by the CIE. The calculation forminant C
described in the ASTM E313 is:

0,8472)]
Y

Typically, the yellowness index is measured foef@rence representing the ideal white

Yi=100><[1—(

and is normalized for the thickness of the filmréjas reported asAYi”, that is, the
deviation of the pigmented sample index from thanklsample index, relatively to
each ageing time. When determining the non-pigniterdeating yellowness, the
reference is the BA sample (i.e. the sample witlimthg resin only”). The
normalization is not needed having films with fixétckness.

Transparency evaluation

The appearance of a transparent product is defigeits application. The absorption
and scattering behaviour of the specimen will detee how much light will pass

through and how objects will appear through thedparent coating. Absorption and
reflection properties influence the transmittandeegct and diffuse), determining the
haze and see-through quality of the sample. The withle scattering diffuse light in
all directions, causing a loss of contrast, while harrow angle scattering diffuse light
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in a small angle range with high concentration e how the details can be seen
through the specimefl. Therefore, dedicated instruments for this typeewdiuation
measure the transmitted light. When speaking oftibpadhe focus is on the hiding
power. The opacifying effect is proportional to the difece between the refractive
index of the pigment and that of the medium in Whit is dispersed. Inorganic
pigments have a high refractive index and orgargmpnts have much lower values.
Consequently, most inorganic pigments are consideypaque, whereas organic
pigments are transparent. The particle size digioh of the pigment is another factor
that also plays an important role in opacity. As farticle size increases, the ability of
the particle to scatter light increases, up to aimam. It then starts to decrease. This
ability to scatter light increases the hiding powethe pigment, and therefore the
hiding power also reaches a maximum and then deesess the particle size increases.
Whereas the refractive index of a compound canmeotlkered, the particle size of
pigments can be adjusted; consequently particke s&tection has become one of the
principal developments in pigment technology irerecyears”. The colourimeter used
is able to perform contrast or percentage of opankasurement. Each measurement
requires three readings (over black, over white, amwhite backgroundy'. However,
the method used for evaluate the coating hiding growelate on the L*a*b*
measurement. The multiple dimensions of the visypkrience of lightness, brightness,
and transparency were considered: people do noeiperthe lightness of surfaces by
discarding information concerning the light illumating those surfaces; rather, they
perceive a pattern of illumination projected ontpagtern of surface grey®¥. The value
considered was therefore L* as measure of the timagis (i.e. the attribute of a visual
sensation according to which an area appears to ramie or less light, while the
lightness is the brightness of an area judgediveldab the brightness of a similarly
illuminated area that appears to be white or highdyismitting). The L* value was
measured for the different ageing times on thedjleoated on the glass transparent
surface, superposed to the black reference ofdlmigmeter: the lower the L* value,
the higher the transparency. The transparency (gailoss) due to the presence of the
coating additives (dispersing agent, thickeningnagend the different pigments with

different particle sizes) was then evaluated imseofAL*.
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6.3 — COLD PLASMA TORCH

Within the surfaces cleaning, the elimination oé ttlysfunctional polymer layer is
expected, as a maintenance operation to be cormthdk the application of another
product. For example, the cleaning methods alloaedstone surfaces, classified as
mechanical, chemical and physical, are: water spagyeous wraps (whether with
aqueous or organic solvents), agueous solutionsuspensions with complexing or
solvent action, ion exchange resins, mechanicahoast (scalpel, brushes, sandblasting,
micro-drilling machines, ultrasound) and physicatthods(laser cleaning using low
energy impulses). The chemical removal does notfudecthe possibility of a
conveyance towards the substrate of part of thetanbes carried in solution, leading
to the alteration of the artefact, and are oftermifial both for the operators and for the
environment.

Plasma removal falls both in the physical and cleahgategory. The plasma is defined
as the fourth state of matter and is an ionizedogasposed of positive ions, negative
ions, radicals and electrons. When energy is adoledgas, ionization reorganizes the
electronic structure of the gas and produces ekspecies and ions. Overall, plasma is
electrically neutral but contains free charges endlectrically conductive because of
this structure. The energy required to generatesaisthin this ionized gas is typically
provided in the form of heat, electricity or elertragnetic radiation. The plasma
provides highly active species (ozone, radicalg) e¢hat can reduce or oxidize
molecules on a surface: the main process by whiabspheric plasmas can be used for
cleaning is the transformation of a film in reantjoroducts and volatile gases released
into the atmosphere (such as £GO and HO). Once excluded the thermal effect, the
action is purely chemical and superficial, witheeduiring any direct contact.

In plasmas generated by the application of an itefeeld, energy is transferred mainly
to the free electrons because of their greater Imgband then dissipated through
elastic and inelastic collisions with other spegessent in the plasma. The ionization
collisions are needed to start and sustain thenaag is therefore necessary for a part
of the electrons to have energy sufficient to teigghese processes. In the case of
atmospheric plasmas (bootable in environmental spres conditions), elastic and
inelastic collisions between different species hgatthe system, thus increasing the

temperature of the neutral gas and ions. The plgsmgerties vary depending on the
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type of generator used, the torch configuratioe, phessure and the type of gas; the
main descriptive parameters are electron densitd #&mperature. Since the
atmospheric plasmas are typically thermal, the arebe over the past 10 years has
focused on reducing the heat load on the surfatesntact with the plasma. Special
configurations permit to obtain non-thermal plasnfavery high oscillating potential
difference (AC voltage) is required in non-thernphsma since it influences the
behaviour of the electrons and ions. The energh@klectric field gives energy to the
electrons of the working gas, accelerating thentditide with neighbouring neutral
particles exciting/ ionizing them. The excited statelax to the ground state by giving
off a photon, and the result is an emission spaifttae working gas used (the plasma
is visible in the plume that exit the torch).cAld atmospheric plasma the ionized gas
generated at atmospheric pressures and produdasmagthat is “cold” enough to be
touched. The term “cold” refers to the generatibthe plasma being non-thermal, but
also describes the temperature of the acceleréd¢ettans being extremely higher than

the heavy particle temperatute

High Voltage
Power Supply \-/.\

69"
Glass Discharge Tube
Flowmeter
A ~fTE " e
GAS F —s L
| i ~
Electrode

Figure 6.1 - Setup of an atmospheric plasma tdeft) &nd the Nadir portable cold

atmospheric plasma torch (right)

The chemistry of reactive species generated depmmtise initial working gas used for
the plasma, as different gases will produce uniglasmas with a multiplicity of

reaction initiation. The gas most commonly usetldum because of its high thermal
conductivity. The gases used in this study for ifr@oval of polymeric coating were
Oxygen and Argon. The oxidizing mode is active whembining the two gases while

employing only Argon the reductive effect is obtdf.
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The innovation brought by the plasma jet torchess lin their size that allows
portability, low cost and versatility and selectiveatment of certain areas of materials
(which may be characterized by curved surfaces omptex shapes) . The
instrumentation can have reduced dimensions, amdplerator can direct the plasma
plume on the surface of the material to be cleaméltbut the aid of motorized guides.
Torches with a very low input power and extreme oauvrability have significant
potential in the field of restoration.

The major advantages derivable from the use ofnglgatechnologies with energy
source, common to plasma and laser, are:

* non-direct physical contact with the work of art;

» selectivity, due to the management of the sounaautih appropriate parameters
and - for plasma removal - for the selective atéion with organic boné;

» controllability: the removal is progressive, inviolg a thickness of several
microns or less with the instant verification o&tmost appropriate degree of
removal;

» precision: the removal process affects only a setearea.

The major drawbacks common to the two cleaning ouslare:
» risk of damaging the surface because of an inap@tepsource control
* atmospheric release of removed substances

» risks for the operator caused by the emitted remhigtJV/IR)

One of the common plasmas drawbacks is also thesdam of metallic particles on
the sample treated (electrode damaging); this meoience is avoided by the PANNA
project’s torch thanks to the electrode isolati@mf the ionizing gd¥”.

The effects due to the temperature-rise depend thendifferent physical and thermal
characteristics of the substrate. The plasma geseaaprocess of thermal ablation due
to the temperature of the plasma itself (betweeartD300 ° C for low-power sources),
thus the heat propagates to the material to bevedhand to the substrate. The heating-
related effects can be avoided by adjusting thamaters in order to lower the power
or by changing the geometrical parameters. The PAIgMject torch (Fig. 6.1) gives a
high density plasma, providing a great number attige species and allowing working
temperatures lower than 60°C in order to operas® an temperature sensitive

substrates.
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6.4 — EXPERIMENTAL

In order to characterize the ageing propertiehiefcoating matrix independently on the
pigments presence, “blank” samples were coatedsél kamples were named BA, BB,
BC and BD, standing for: “filming agent only” (BA)filming agent and dispersing
agent” (BB), “filming agent and thickener” (BC) afifilming agent, dispersing agent
and thickener’(BD) respectively. The four blank gd@s and the nine pigmented
samples were coated on two different supports @ @xglass slides and 2x2,5cm silica
wafers) in double copy, for a thickness of 200nime pigmented samples were named
Gl, RI (the inorganic ones), GO, RO, GO1d, RO1d,58(R0O5d (the organic ones),
GO5d+R0O5d (s mixture of the two organic pigmentsid aDYE. The coating
formulated with the available fluorescent dye (TIREL SFP),in the same
concentration as for the pigments (20% on drieahifi matrix), was introduced as
yardstick in order to evaluate the differences leetwthe ageing properties of pigments

and dyes.

UV-ageing
One sample copy was kept in the dark, while thesrotxposed to UV-light in a
weathering chamber equipped with a Zh-type mediugasgure UV lamp (MPUV),
which emission is shown in Fig. 6.2, in order tofiarally simulate about 15 years of
solar irradiation. One minute in chamber is boumfé equal to 50min of sun exposure
(“fifty times the solar irradiance (WA)1); the simulated years of irradiation are
calculated taking into account the seasonal
variability. The ultraviolet light produced
simulates only part of the UV region of naturi
sunlight and consequently, the test pieces
subjected to a small but destructive portion of t

spectrum. Moreover, due to the lack of visib

1 S 1

and infrared energy, the samples are not hee ,.; 200 200 ps prs

above the surroundings temperature in the w Wavelenath (nm)

they would be in practical u$e. Figure 6.2 — UV lamp emissgpectrum
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The aged samples were extracted and the propengasured after different ageing
times: 2.6, 5, 9.6 and 14,3 simulated irradiatiearg. These timings were determined
on the basis of preliminary ageing tests (on cgatimade with the non-milled powders
and without the presence of thickening agent), rideo to follow the luminescent
materials decay curves. The non-aged samples pieparere measured as soon as the
coating was deposited, in order to avoid humidéigted fluorescence decay. However,
the aged samples had not be maintained under consmperature and humidity

values (at least when outside th~ chamber).

Fluorescence

The fluorescence output and the fluorescenceniietilecay were evaluated by means
of a Fluorolog3 from Horiba Jobin Yvon equipped twiXenon lamp for PL/PLE
analysis and NanolLed-370 and Spectraled-370 foFtie(See Chapter 3.1). PL/PLE
measurements and photographic survey were perfoaftedevery sampling time; FTL
measurements were performed only at the end (ismGlated irradiation years) and
compared to those previously obtained for the peosvdand the un-aged embedded
pigments. The PL exciting wavelength was of 365wimile the PLE and FTL curves
were measured for the initial characteristic emissivavelength (PFLO-R=616nm,
PFLO-G =525nm, PFLI-G=514nm, PF-R7=626nm).

Colourimetry: yellowing and transparency

A SP64 portable colourimeter from X-Rite, with spheD10° geometry using a
standard “C” illuminant, was employed for the yalleess and transparency evaluation
on the coatings deposited on transparent glasdratéss The data were collected as
XYZ and L*a*b* data, in four different zones of treame sample, and the standard
deviation calculated. The yellowness calculatiores lmased on ASTM-E313 while the
colour difference calculations are based on the [@H2000 standards.

The yellowing index were calculated on the whiteerence surface, for each of the 14
samples (Yi) and also as a difference from thetivelaaged sample blank “BDAY).
Also theAE values, for the colour difference between un-aayedl aged samples, were
calculated as differences from the relative BD danmp a* b* values above the white
reference surface. The L* data were measured &lsweathe black reference surface,
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and here reported ad * (differences from the relative BD sample) in erdo evaluate

the brightness, and therefore the transparendpeofoatings before and after ageing.

Plasma removability tests

The silicon wafer were selected as substratehf®rémovability tests, thanks to their
transparency to the infrared radiation; in fact, arder to determine the removal
efficiency, the area under the 1732tmbsorption peak was monitored (main Acryl33
absorption peak, correspondent to the esteric Greffiching)!*? . Moreover, the silica
wafers are conductive substrates granting a goashd extraction of active species.
The parameters to be controlled are essentiallypkadistance from the torch, flow
rate, power and treatment time. These parametens gh®sen so as to grant a good
monitorability of the thin coating removal. Althdugot completely representative of a
real situation (the protective coatings presert 5Qum thicknesses), the 190nm thick
coating removal could be monitored thanks to thjasadble features of the cold plasma
torch. The radio-frequency power was chosen to#,3on a previous senior design
work suggestion. The distance torch-sample waslfate2mm. Several combination of
gasses (Oxygen and Argon), gas flux and voltagee viested and the removability
monitored every 10 seconds acquiring infrared spe¢FTIR). The parameters
combination granting a good removal monitorabiliyas 70% voltage (11,5kV
measured on the electrodes) with a 10 I/min fluxpafe Argon. The fluorescent
samples’ removal was monitored after 20s and 5@dasima treating in order to obtain
characteristic removal curves. The removal ratthefsamples was expressed in terms
of removed percentage as calculated from the 1732peak areas measured with
infrared spectroscopy, avoiding the coating thigsnmfluence. The equation used in
the calculation implies the percent rate betweenctirrected area of the peak after and
before plasma treatment (removed% = 100-{(®&JAcJ)] ). This ensured the method
reproducibility on all the samples, not having #weact same thickness, the brush-
coated samples (inorganic pigments) included. Tkeement was conducted for
standing single-spot etching, creating a circufast svith maximum diameter as large
as the FTIR sampling spot. Therefore a removalgmgage of 100% will correspond to
a completely clean silica surface (although thesg@mee of crater borders and the shape
of the FTIR analysis window reduce the maximum rmileg effect value to ~90%). The

samples were fixed on the IR spectrometer sampldehan order to maintain
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unchanged the etching/revelation area. The etohirgy bars derive from the standard

deviation calculated for the blank sample (BD) reaipbefore the ageing tests.

6.5 - RESULTS AND DISCUSSION

6.5.1 - FLUORESCENCE

Non-milled 20h -milled 120h-milled

o _
e -
o “-

Figure 6.3 — Fluorescence output of the organimpigts’ coatings under UV- light

source (365nm ) before the ageing test

Fluorescence lifetimes

The fluorescence decay was firstly screened agbmgd% and 5% coating, without the
presence of thickener, of the non-milled samples®R, PFLO-G and PFLI-G (see
Chapter 5). The aged coatings for the actual t@8tah20% concentration, granting as
such the lifetimes variations (e.g. reductions) doethe particle’s milling and the
thickener presence, not to affect the decay cuexgoration. The fluorescence decay
lifetime data along the ageing are presented in $ab While the inorganic pigments’
lifetime remained unchanged after 14.3 simulatedrgeof irradiation, the coating
containing HPQ showed a lifetime shortening depehda the additive particle size
processing time : GO (4um particles) from 6.11n8.8Yns, GO1d (0,194um particles )
from 6.72ns to 3.84ns and GO5d (0,186um partidtesy) 4.58ns to 3.13ns. The latter

value goes from 6.35 to 3.63 when GO5d is presetiteé coating to the concentration
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of 10% and in mixture with RO5d. The reasons fa thfferent initial fluorescent
decay of GO5d pure and in mixture have been prelyaliscussed ( see Chapter 5), on
the other hand the difference in lifetime betwess tn-aged and aged sample is more
substantial for the mixed sample for reasons thaiaimn to be investigated. The lifetime
values were not calculable, owing to the low flement signal, for the samples
containing the metal-organic europium complex (RRD1d, RO5d and RO5d in
mixture).

The fluorescence emission spectrum from organicpgssnis not dependent on the
excitation wavelength, due to the partial dissqmatof excitation energy during the
excited-state lifetime, therefore the wavelengtleded for the PLE and FLT spectra

acquisition was 525nm (and not the exact emissiaximum at 500nm).

Fluorescence decay pre-tests

As can be seen in Fig. 6.6 and Fig. 6.12, the acgad glowing pigment undergo a
faster decay (pre-test decay constant = 1,4) thargteen glowing one (pre-test decay
constant = 4,7). The green glowing inorganic pigimaesent an intermediate decay
constant, reaching the plateau quite faster thangteen organic pigment, but at the
same time the percentage of intensity loss doesexated the 35% in 10 simulated
ageing years. The un-milled PFLO-G decay is notuerfced by the pigment
concentration in the coating (1% and 5%) but isrgily influenced by the presence of
the thickener. PFLO-R decay constant, instead, irsmanchanged. On the contrary, for
what concerns the inorganic pigment, PFLI-G, itgayerate is proportional to the

concentration.

Excitation curves

While the excitation curves for the inorganic pigitseremain unchanged after UV
ageing, Fig.6.4 shows the differences in the PL&cBp of the organic samples before
and after 14.3 simulated years ageing. It is alsdemt how the particle size influences
the PLE spectra and, therefore, the emission iitjeasa certain wavelength as shown
in Fig. 6.9 and 6.10. For the un-aged organic sasjghe highest excitation intensity
(under 375nm) is acquired for the 20h milled samite both PFLO-G and PFLO-R,

while after a 14.3 years ageing for PFLO-G the égjlintensity is observed for the un-
milled pigment. The UV-light exposure substantiaitypairs the excitability of the red
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glowing Europium complex, at least from wavelenbtgher than 260nm, while the
PLE intensity of the green glowing HPQ is uniformngduced within the spectrum, but

in a stronger degree for the 20h milled sample G@btd what concerns the organic

pigments mixture (Fig.6.5), proportionally to thiggmgpent concentration in the coating,

the RO5d excitation curve remains unchanged bofbrdeand after ageing, while

GOALd intensity is decreased after ageing. In mesttine fluorescence decay constant

remains fixed for the red pigment (0.25) while gamsing from 3.38 (pure GO5d) to
3.84 (mixture) for the green one. As observed duthre FLT evaluation, this decay
slowering could be due to the lower pigment loadwbile for higher concentrations

self-quenching happend).
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Fluorescence decay curves simulatic
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Figure 6.8 dnorganic pigments decay trend until 14.3 simulatetiiation year
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Figure 6.9 — PFLO-G, PL spectra showing the peegmnintensity loss after different
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Figure 6.10 — PFLO-R, PL spectra showing the pdagenloss of intensity after
different ageing periods (simulated irradiation ésnin months). The t=0 spectra
(100%) is not reported.

The decay curves obtained for the aged samples6(F)gshowed some differences
from those obtained in the ageing pre-test. Themiled sample decay constant
decrease for the organic samples and increasedanorganic, going from 4.7 to 4 for
PFLO-G, from 1,43 to 1,25 for PFLO-R and from 2{®32,55 for PFLI-G. What is

more important, in Fig.6.7 is shown also the muastdr decay followed by smaller
sized organic pigment particles (as can be seekign 6.9 and 6.10). The decay
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constant are decreased from 4 to 3,3 in the graemle and from 1,25 to 0,25 in the

red sample.

Although the inorganic samples seemed to follonegponential decay as the organic
(Fig. 6.6 and 6.7), after 14.3 simulated ageingsyé#@& measured fluorescence intensity
is the same (error bars granted) of the initiaémsity (Fig. 6.8). Moreover, the output

signal seemed to be increased as shown in Fig.ahdhs reported in chapter 1 for the
pigments initial screening. This phenomenon is moattainly due to the matrix

deterioration accompanied by the un-covering ofitloeganic particles.
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Figure 6.11 — PFLI-G and PF-R7 PL spectra showlgpercentage loss (or gain) of
intensity after different ageing periods (simulatecdiation times in months) and

coating fluorescence image.

161



Chapter - 6 -
UV Ageing Test

Non-milled 20h -milled 120h-milled

2.6
years

Non-milled 20h -milled 120h-milled 120h-milled

26
Ysas

14,3

Years

Figure 6.12 — Organic samples fluorescence deaagdatings under UV- light source
(365nm) before ageing and after different ageinmges: PFLO-R (top), PFLO-G (right),
mixture (left)

6.5.2 - COATING YELLOWING

Yellowness (Yi) and Yellowing index AYi)

The “Yellowness index” per se, does not give infation on the additives influence on
the coating aspect, therefore the data are showomparison to the relative aged blank
sample QAYi, on BD for the pigments and on BA for the dy&he Yi of the blank
samples along the artificial ageing (Fig.6.13) is

noteworthy, though. The yellowness increases llgee <7 _asc
==
T —¥—BD

=

with the ageing time for the BA sample (“only filng
agent”) but not for the other, especially BC (“fihng -
agent and thickener”). Moreover the samples coimgin ~ ..
other additives than the filming matrix are yellovean .
BA.

T T T T T T T 1
0 z 4 & 3 10 12 14 16

Simulated irradiation time (Y ears)

Figure 6.13 — Blank samples Yellowness index
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The PFLO-G samples are quite yellower than thekokamples (value “0”) already
before ageing, especially sample milled for 120hdugh increasing along the ageing,
the final yellowing compared to the blank samplaaas the same as before ageing (or
is lowered, in the case of GO5d), while being #elitit higher for the PFLO-R
samples. When the dye is present instead of a pigna¢though being the initial
yellowness higher than the blank sample, the fasglect is even bluer (independently

on the dye concentration).

2.0 4 2.0 - 2.0
—a— GO

—a— RO
+DYE2°U% | —e— GO1d f —s— RO1d
. ——DYE1% —h— GO5Ed —&— ROAEd

AYi

II'I'I'I'I'I'I_U'E' T T —r 1 1 T T T 1
0 2 4 6 & 10 12 14 186 0 2 4 8 g 10 12 14 18 o 2 4 [i] & 10 12 14 18

Simulated irradiation time (Years)

Figure 6.14 — Organic pigments and dye yellownésrdnce from the blank sample
along the ageing time.
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Figure 6.15 - Organic pigments mixture and inorg@amgments yellowing index
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The organic pigments mixture (Fig.6.15) presenta@rage yellowing index between
the two, beside, after ageing corresponds to thiéd green part.

The presence of inorganic pigments does not inflegdhe matrix yellowing after 14.3
years ageing, although the curve trend and theiquswbservation about the matrix
deterioration need to be considered.

Brightness and colour changes

Figure 6.16 — coating aspect for 1 (right) ande®)Idipcoating deposition of GO

As shown in Fig.6.16, the opacity of a nhon-compjeteansparent coating is related to
its thickness. This was clearly visible in the tfisgreening tests in chapter 2. Having
coated all the samples to the same thickness tHgived comparison problem was
avoided, although thAL* and AE* values reported here are completely dependent on
the employed thickness: the 10um coatings of tHecwsl pigments evaluated in
chapter 2 had, relatively to their aged blank sayit* values up to 4,2 (for PFLO-G)
and AL* values up to 10,5 (for PF-R7) already after 1nthoof natural ageing.

For all the samples (blanks included) the L* chrtmeaalue decreased trough the time
and the coating transparency was visibly increased. presentedL* curves for the
pigmented coatings, related to the loss of brigtdnaf the blank samples (aged BD)
themselves, presents an exponential decay tremd §EL7). The smaller the particle
size of the organic pigments (GO5d and RO1d), &ss bpaque appears the coating
owing to the presence of pigments particles (FIg.)6.For a better evaluation of the
transparency gain after 14.3 years of simulatethgga Fig. 6.18 a column plot of the
difference of the samples L* before and after agés$ presented.

In Fig. 6.19 a column plot of the difference in ts@mples colour before and after
ageing is presented (note that the calculation dmstake into account the colour
change in the matrix itself). As shown in figur@®.the major colour variation through

the ageing happens in different ways for diffeneatticle sizes of the same sample; for
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example, the colour change is maximum after 9.6syé& the PFLO-G sample with
smaller particle size but already after 2.5 yeanstlie other. The PFLO-R samples
behave in the opposite way. As for the mixtureg afsthe colour values its curve is an
average of the curves of the two organic pigmemts fwhich it is composed. The dye
presence, differently from the pigments, does miluénce badly the coating; if

possible, it enhances its transparency (Fig. 6.18)

—a—BB 1 VI brush = GO ® RO
18- —e—BC 18 & Ribrush 18+ s GO1d 184 ® RO1d
" A
1+ BD 1 16 03¢ 184 4 RO
14+ 144 144 14
124 124 12 4 124
AL* 10 4 10 10 4 10
8 84 I 8 g
6 6 - | 64 | 6 \H
44 44 44 4
1
2 24 24 1 2
0 0 T T T 7 0 | L L B B L o T

02 4 6 8 10 12 14 16 02 4 6 8 1I[]‘1|2‘1I4I1‘E 02 4 6 8 10 12I1|4 1‘6 0 é 4 .Ia é 1h 1|2 1‘4 1‘5
Simulated irradiation time (Years)
Figure 6.17 — Brightness difference from the blaaknple through the years: for the

non-pigmented coatings (right, referring to the Bample) and the pigmented ones

(referring to BD).
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Figure 6.18 — Transparency gain in terms of L* eadlifference from 0 to 14.3 ageing

years for the different coatings. The differencesiatended as negative delta values.
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Figure 6.19 — Comparison of the colour parametéei* from 0 to 14.3 simulated

ageing years for the different coatings
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Figure 6.20 — colourimetric deviation from the IMasample (BA for the non-

pigmented coatings and BD for the pigmented ones)

The lowAL* and AE* values (Fig. 6.18 and 6.19) calculated for therganic pigment

do not correspond to good optical properties, stheeparticles are big enough to be
visually perceived. The different values obtainedthe four blank samples also shows
the importance of the presence of certain addit(eeg. the dispersant, absent in the

bad-looking BC sample) on the final coating appecea
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Among the organic pigments, RO1d (PFLO-R 20h m)lisdthe one showing the best
optical and ageing behaviour for what concerns wolnd transparency. The same
applies for RI (PF-R7) among the inorganic pigmetithas to be noted, though, the
influence on the colourimetric measurements of ftherescent emission, covering a

wide portion of the spectra for what concernstite green glowing samples.

6.5.3 — COATING REMOVABILITY

Figure 6.21 — Plasma treating and a sample dipedoaith BA formulation (diluted
Acryl33) after 50s of plasma treating

The removal area, for all the pigmented samplesthadlank BD, has a diameter of
8mm. The area interested by the plasma streamtos &@s a diameter of 11mm after
20s of treatment and of 13mm after 50s. The preseha deposition nebulizer (coaxial
to the plasma channel) and the nearness of thé torche sample (2mm) cause a
plasma plume widening, with a consequent minoroactin the central part of the
sample (non-removal zone), which position is inficed by the perpendicularity of the
plume on the sample as can be observed in Fig. 6.26

Concerning the IR measurements, through the ageirig;32crt peak widening and
new absorption bands between 1788cmnd 1665ci are shown; bands at 1760 ¢m
and 1707 cil, in particular, are observed already after yfukated ageing years for
the samples without thickener. Moreover, the smdlle particle size of the organic
pigments, the lower the absorption peak at 110%7atiphatic CH bending).

The removal rate curves presented an exponentialydeend as expected.
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The dye samples (1% and 20%) presented a good edtioy (more than 90%, Fig

6.22), even better than the relative blank sam@lewien the concentration is 20%,

that did not change through ageing. The organicp&sncoatings removability is

influenced partially by the particle size, beingredlifficult for the smaller particles

(Fig 6.22): after 50seconds of treatment the peéacgnremoved for GO was 92%, for
GO5d 45%, for RO 69% and for RO5d 83%. Visual assest, on the other hand,

showed how the bigger particles are actually mdfifecdt to remove from the surface

(Fig.6.27). That said, after the ageing periodrdraovability of all the organic samples
approaches to the same value, around 80% for PFLaDd570% for PFLO-R ( Fig.

6.23). The mixture removability is the average wealaf the singular pigments

removability.
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Figure 6.22 — Un-aged organic samples removal (¥sample not treated): a) un-
milled; b) 20h milled; c) 120h milled
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Figure 6.23 — Organic samples removal after 1f8ikited ageing years, for different
particle sizes: a) PFLO-G; b)PFLO-R
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Figure 6.24 -Removal trend through the simulated ageing yeara f0s treatment fc

all the pigmented samples and the

Figure 6.25 — PFL@R (top) and PFL-G (bottom) 50dreated sampleunder visible
light (left) and under UV light (right). Samples different ageing times from t left to
the right ( PFLOR= 0,2.5,5,9.6 years; PFI-G = 0,5,9.6,14.3 yeal and different
particle size from the top to the bottom -milled, milled 20h, milled 120

respectively)

Figure 6.26 plasma streamers anreas implied by theiaction for PFL(-G samples
with different particle size: smaller particles e right, bigger particles on the
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Figure 6.27 — Organic samples removal spots bdto and after (bottom) ageing.
Particle size decreasing from the left to the right

Figure 6.28 — Organic sample removal crater be&geing (cfr. Fig.6.27) after dry
cleaning with cotton stick

Although the plasma cleaning per se did not remihee bigger particle from the
surfaces, a simple cotton dry cleaning is sufficiem the removal as shown in Fig.
6.28.

Inorganic pigments

The inorganic particles were not removable from sheface, although this did not
imply the matrix un-removability. On the other hatie removability was decreased
after ageing: for example, the green glowing san{@ removability was reduced

from 76% to 48% in 14.3 simulated ageing years.évtban in the case of the organic
pigments, thanks to this pigment’s particle size&o#on dry cleaning is sufficient to

eliminate the pigment particles. The coating rerhavas in any case more difficult

than for the coating made with organic pigment.
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Figure 6.29 — Inorganic samples removal beforeadtedt 14.3 simulated ageing years

Figure 6.30 — PF-R7 and PFLI-G 50s treated samgmheker visible light (left) and
under UV light (right). Samples of different ageitimpes from the left to the right (top):
0 and 14.3 years. Samples after cotton dry cleafiotjom)

171



Chapter - 6 -

UV Ageing Test

6.6 — CONCLUSIONS

The decay processes suffered by the pigments amccdhting itself caused by a
prolonged UV-light exposure have been studied oteoto correlate the fluorescence
output with the coatings health status using tmeigations coated on glass slides and
silicon wafer in chapter 5. The matrix compositisrshown to influence the fluorescent
decay behaviour of the samples and to be influencéd yellowing and removability
by the presence of additives. The presence ofrdiftepigments, and their different
particle sizes, impacts differently on the coataspect (e.g. colour and brightness) and

removability by means of cold atmospheric plasma.

Fluorescence

The organic dye (TINOPAL SFP) and red glowing pignéPFLO-R) undergo a
substantially faster decay than the green glowimgmpnt (PFLO-G), while the
inorganic pigments present an intermediate decagtaat, but at the same time the
percentage of intensity loss is irrelevant for thggurposes. The decay of PFLO-G is
not influenced by the pigment concentration in¢bating but is strongly influenced by
the presence of the thickener; PFLO-R decay cotjstatead, remains unchanged. On
the contrary, for what concerns the inorganic pigitnBFLI-G, its decay rate appears to
be proportional to the concentration, although fiva deterioration, causing the
particles “un-covering”, impairs the decay evaloati After ageing, the un-milled
sample decay constant decreases for the organiplesrand the fluorescent decay
followed by smaller sized organic pigment particlesnuch faster. The particle size
influences the PLE spectra and, therefore, the somsintensity at a certain
wavelength. Regarding the un-aged samples, theesigbxcitation intensity was
noticed for the 20h milled samples, for both thdeBFc and PFLO-R, while after
ageing the highest intensity is observed for thenifed PFLO-G pigment. The UV-
light exposure substantially impairs the excitapitif the Europium complex, while the
PLE intensity of the green glowing HPQ is uniformmgduced within the spectra, but in
a higher degree for the 20h milled sample. While thorganic pigments’ lifetime
remained unchanged, the coating containing HPQ stioa lifetime shortening

dependent on the additive processing time (i.gigbarsize). The lifetime values were
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not calculable, owing to the low fluorescent sigrfalr the samples containing the
Europium complex and dye.

For what concerns the organic pigments mixture,p@rionally to the pigment
concentration in the coating, the Eu complex exoiacurve remains unchanged both
before and after ageing, while HPQ excitation isxreased after ageing. The
fluorescence decay constant remains fixed for dneaér pigment, while increasing for

the latter.

Appearance

All the samples containing other additives thart jhe filming matrix, dye excluded,
appear yellower than the blank coating BA. The PEE@amples are quite yellower
than the relative blank samples (BD, Yi value “@ljeady before ageing, especially the
sample milled for 120h. Although increasing alomg tageing, the final yellowing
compared to the blank sample remains the samefaelageing (or is lowered, in the
case of PFLO-G 120h milled), while being a litti¢ tigher for the PFLO-R samples.
Besides corresponding to that of its green pawsrafigeing, the organic pigments
mixture present average yellowing index, transparegain and colour change between
the two components. When the dye is present instéadpigment, the final aspect is
even less yellow and more transparent, independentlthe dye concentration. The
presence of inorganic pigments does not influeheentatrix yellowness after ageing,
although the curve trend and the previous obsenvatbout the matrix deterioration
need to be considered.

For all the samples the coating transparency iseeérough the ageing process. The
AL* curves for the pigmented coatings, related te kbss of brightness of the blank
samples themselves, presents an exponential dexmay. fThe smaller the particle size
of the organic pigments, the less opaque appearsadting. The major colour variation
through the ageing happens in different ways féiedint particle sizes of the same
sample: a longer exposure is needed for a visititeuc change for the PFLO-G sample
with smaller particle size, while PFLO-R samplebdee in the opposite way. The low
AL* and AE* values obtained for the inorganic pigment do syinbolizes good optic
properties, since the particles are big enoughetosibually perceived. The different
values obtained for the four blank samples alsevshtbe importance of the presence of
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certain additives (e.g. the dispersant, absertiarbaid-looking sample BC) on the final
coating appearance.

For what concerns colour and transparency, amangrianic pigments the 20h milled

PFLO-R is the one showing the best optical andragkbehaviour. The same applies to
PF-R7 among the inorganic pigments. It has to hedhdhough, the possible influence
on the colourimetric measurements of the fluorelseamssion, covering a wide portion

of the spectra for what concerns the two greewigigp samples.

Removability

The etching curves present an exponential decay tae expected. More than 90% of
the coating containing the dye is removed, wheP0&b it is even better removed than
the relative blank sample; the etching efficienay bt change in relation to UV-
ageing. The organic pigments’ coatings removabilgtypartially influenced by the
particle size, being more difficult for the smallearticles. Visual assessment, on the
other hand, showed how the bigger particles angaddgtmore difficult to be removed
from the surface. After ageing, however, the rerbditg of all the organic samples
approaches the same value, around 80% for PFLOeG@% for PFLO-R. Again the
mixture removability is the average value of thegsiar pigments removability. The
inorganic particles were not removable from thdasi@, although this did not imply the
matrix un-removability. On the other hand the reatwiity decreases after ageing: for
example, the green glowing sample removability weduced from 76% to 48%.
Although the plasma cleaning per se did not remihee bigger particle from the

surfaces, a simple cotton dry cleaning is sufficfentheir removal.
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CONCLUSIONS

The aim was to exploit the visualization potentjalispecifically in the Cultural
Heritage conservation field, of commercially avhita fluorescent compounds
embedded in protective coatings. Spectral respohsach coatings can promptly offer
a practical tool for in-situ evaluations. Fluoresicadditives will allow the restorer to
effectively map the health status (e.g. the ergsadrthe coating without the need for
expensive monitoring devices, using the spectrascogsponse as a measure of a
coating’s thickness, allowing also the evaluatidnt® uniformity. In order to do that,
the additive behaviour through time must be known.

Therefore, after having selected and characterigethe commercial fluorescent
products, their water-based dispersions have bmenufated and applied in order to be
tested. Namely the selected products were PFLOr@®&organic pigments and PFLI-
G for the inorganic pigments, both fluorescent reep; two other additives for each
category, both fluorescent in red, PFLO-R and PFviRefe selected as complementary
pigments for an eventual mixture. Although not lgegmbedded and tested as the other
four, the grinding process has been applied inromevaluate the effects of a bland
milling on the pigment PFLI-Y, identified as a mix¢ of two inorganic sulphides:
(Zzn?*Cd)S and ¥%0,S:EU*. Both organic samples are identified by the maciufrer
as pigmented melamine-formaldehyde copolymershéidsas a sub-micron dispersion
into a high quality printing ink varnish. The foselected emitting substances are all
pigments, identified as HPQ (2-2’hydroxyphenyl#jguinazolinone ),
BaMgA;00::Mn*'E?*,  EU*(TTA)3(TPPO)Y (Eu-tris(2-thenoyltrifluoroacetonate)-
(bis-triphenylphosphinoxide )) anc,®,S:ELf*.

In order to assess their performances in reldtdhe particle’s size, the pigments have
also been ground to nanometric size. In particute,influence of external conditions
on the emission response, such as the inclusi@niacrylic matrix and a prolonged
UV- irradiation, has been investigated for threifedént milling times, i.e. particle size
distributions. Also the influence of the additivas the photo-oxidative degradation and
plasma removability of an acrylic coating have beealuated. The plasma jet cleaning
technigue allowed performing a controlled non-contamoval.

Acryl33 was selected as film-forming agent and comd with a dispersing agent

Joncryl HPD 96-E and a polysaccharide thickener thar dispersions stabilization
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(Xanthan gum). The addition of surface tension redi, one anti-foamer and one
hydrophobing agent was tested, though not sucdbssfhe selected formulation had a
1,5% of solid resin content on water and a 20% eptration of pigment on dry resin,
dip-coated with a ~190nm thickness. Despite itsatieg effects on the inorganic
pigments particle size, the organic-dedicated despe was used in all the mixtures

owing to the need of comparison between the diffieceatings formulations.

It is now possible to answer the questions propaséatdroduction:

» Is fluorescence affected by the matrix?

Yes. When the pigments were embedded in the malirithe PLE spectra showed the
same drastic intensity decrease for wavelengthdotigan 350nm and all the samples
lifetimes were reduced. A fluorescence output enbarent was observed for the green
glowing organic pigment PFLO-G (HPQ) when in thegance of thickener (increased
viscosity). The fluorescence output of PFLO-G waewn to be sensitive to its particle
size and the matrix polarity, pH and viscosity.the case of PFLO-R environmental
parameters as humidity and the strength of the t®opolymer interaction in the
coating were important.

For the selected pigments, the solvent polaritghiswn not to have a strong influence
on the emission characteristics, although the sesnfhlorescent output is more intense

when the solvent is water.

* Does the pigments’ particles grinding influence fllierescent output?
Yes. After several pre-tests, the organic pigmemiting was performed for 20h and
120h, with the so-called “mixed beads” conditiom,order to obtain different particle
size distributions, which showed to be corresponttedifferent fluorescent intensities.
In particular, for PFLO-G, the fluorescence slightlecreased with the particles’ size
when in dispersion while it increased when appiiredoating (and the same happened
for PFLO-R). The samples with the smallest fluoeeg@articles have a faster lifetime
decay compared to the other samples embedded sathe concentration (20%), while
for lower concentrations the lifetimes are evengkmthan the samples with bigger

particle sizes.
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In the inorganic samples, PFLI-G and PF-R7, théand mechanical stresses caused
the Ed" oxidation, giving rise to degradation of colouratity. This has to be
considered not only when testing the propertiesigefind after ageing, but also during
the grinding process, in order to avoid unwantegraidations.

The milling of inorganic pigments was shown to beefiective; therefore their
fluorescent properties were not further studiedealation to particle size. Moreover,
severe grinding tests as ultrasounds treatment giathe@ samples, causing them to turn
black. The mechanical dispersion with Ultra-Turraxshown to be as effective as the
bead-milling in reducing the pigments particle siae the other hand, it seems to be a

less controllable method (in terms of particle yiz@mpared to the bead-milling.

* Does the particle size influence the fluorescerezmg of the organic samples?
Yes. Different processing time greatly influenckd fluorescent output of the samples,
in particular PFLO-R. After ageing, the decay canstof the un-milled sample decay
constant decreases for the organic pigments. Tioeefscent decay observed for smaller
sized organic pigment particles is much faster.

Regarding the un-aged samples, the highest exuitattensity was noticed for the 20h
milled samples, for both the PFLO-G and PFLO-R, lsvlafter ageing the highest
intensity is observed for the un-milled PFLO-G pe&grh

» Is there a correlation between thickness, conceimmaand fluorescence giving
the chance to the restorer to easily acquire infation on the coating health
statu®

Yes. For what concerns the inorganic pigments,xgomential trend is detectable both
in the thickness/intensity plots and in the condign/intensity plots. A linear

correlation is observed between coating thickneskfluorescence output only at high
concentrations for what concerns PFLO-R, and fbth&l concentrations (1-20%) for
what concerns PFLO-G. The intensity of the HPQ dan(PFLO-G) presents an
exponential trend, rapidly increasing and appraagla plateau for high concentration.
The Europium complex (PFLO-R) exhibts concentratignenching phenomena,

therefore being described by a peak function.
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* Do the pigments presence and/or particle size amite the properties of a
waterborne coating or vice-versa?

Yes. Slight variation in the particle size affettie physical appearance of the pigment
and its compatibility towards the application. Aw the appearance, the smaller the
particle size of the organic pigments, the lesxjapaappears the coating. Moreover, the
matrix composition is shown to influence the fluswent decay behaviour of the
samples. Yellowing and removability of the matrbe anfluenced by the presence of
additives. All the samples containing other adésivthan just the filming matrix, dye
excluded, appear yellower than the blank. The ®¥a.samples are quite yellower
than the relative blanks, especially the one milegdL20h.
The removability of the coating with organic pigrnems partially influenced by the
particle size, being more difficult for the smallearticles. Visual assessment, on the
other hand, showed how the bigger particles angallgtmore difficult to be removed

from the surface.

* Do the pigments presence and/or particle size emite the properties of the
aged coating?

Yes. The presence of different pigments, and tdéferent particle sizes, impacts
differently on the coating aspect (e.g. colour Brnightness) and plasma removability.
After a long ageing period the pigments presena@mse not to cause yellowing,
although an increase of the yellowing indexes thhothe ageing was noticed. When
the dye is present instead of a pigment, the fasglect is even less yellow and more
transparent, independently on the dye concentratiimee presence of inorganic
pigments does not influence the matrix yellownds=s ageing. For all the samples the
coating transparency increases through the agemcegs with an exponential decay
trend. The major colour variation through the ageirappens at different times for
different particle sizes of the same pigment: sg&nexposure is needed for a visible
colour change of the PFLO-G sample with smalletigarsize, while PFLO-R samples
behave in the opposite way. The |lé* and AE* values obtained for the inorganic
pigment do not correspond to good optics propersiege the particles are big enough
to be visually perceived.
After ageing, the removability of all the organiangples approaches the same value,
around 80% for PFLO-G and 70% for PFLO-R. For wdatcerns the dye, the removal
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efficiency is really good and do not change intiefato UV-ageing. The inorganic
particles were not removable by plasma torch frdra surface, and removability

decreases after ageing.

* Does the exposure to UV light influence the pigsemhinescence?

Yes. As a consequence of a prolonged UV expos@rdidubrescent emission intensity
progressively decrease for the fixed excitation el@wgth. A comparison of the
respective decay of inorganic versus organic pigmeamows some fundamentally
important differences between the two families. Tdrganic dye and red glowing
pigment undergo a substantially faster decay thargteen glowing pigment, while the
inorganic pigments present an intermediate decangtaat, but at the same time the
percentage of intensity loss is irrelevant for tHggpurposes.

For what concerns the organic pigments mixture, Bbi& complex excitation curve
remains unchanged both before and after ageindewtPQ excitation is decreased
after ageing. The fluorescence decay constant renfaied for the former pigment,
while increasing for the latter. The inorganic pamts’ lifetime remained unchanged,
while the coating containing HPQ showed a lifetisteortening dependent on the

additive processing time (i.e. particle size).

* Are the pigments usable in tandem?
Yes. No interaction in the fluorescence mechanisinthe two organic luminescent
materials is detected for the “mixture” sample. iNt@raction is envisaged also between
the inorganic powders. The obtained results anid themical and physical differences
allow to declare the two organic samples as comgigany fluorescent additives,
combinable and suitable for various applicationshim field of conservation dedicated

coatings.

* Do the pigments have advantages on the dyes?
Yes. Although dyes are easier to work with and ptical (yellowing/transparency) or
mechanical (removability) disadvantages were regrtthe pigments advantage

consists in their light-fastness and their supdhermal stability.
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Nevertheless, also fluorophores with a fast de@ayfind application in the coating’s
homogeneity check right after application. If theating production comprises
temperature or pH variations, this feature can iffecaltly achieved by using dyes;

furthermore the common water-dedicated dyes flugras the blue spectral range,
difficultly eye-perceivable on common substrateseven revealable by a portable
spectrometer. Nowadays nanocrystals are commomlg, cuite easily, synthesized
obviating the need of grind large particles andnpting to obtain more transparent
coatings; this will allow the use of fluorescengmpients with fast UV-decay as the
identified metal-organic complex on which the pradBFLO-R fluorescence is based,

instead of the dyes.
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FUTURE WORK

The fluorescence being influenced by the matriedffall the investigated properties
(fluorescence decay and influence on matrix stgbijiellowing and removability) will
need to be related to a particular coating fornmatThe formulation of a completely
removable high performances waterborne coating@ittural heritage requirements is
still a challenging open field. In the case of gresence of fluorescent additives, what
is more, it would be necessary to tailor the foratioh on each specific pigment’s
requirement in order not to impair the fluorescenbperties and maintaining the
coating functionality at the same time.

The development of formulations of more than onmmonent requires research efforts
aimed to the definition of the correlations betwemymposition, phases’ structure,
application method, storing characteristics, coimbgay, miscibility, viscosity,
penetration depth and protection and consolidatfanctionality modulated in
correspondence with the characteristics of thetsaflesto be treated. In particular, the
penetration depth has to be considered when evajuidite removability of the coating
and of the pigment's particles residues. Furtheenothe plasma-removability
parameters and actability would be strongly inflcesh by the physical properties (e.g.
conductivity) of the substrate.

For what concern the coating detection, the coémg the intrinsic fluorescence of the
substrate have to be evaluated, not to mentioohheacteristics of detecting instrument
used (e.g. repeatability). Moreover, the fluoreseedecay in time will be strictly
related to the weathering conditions.

Dispersion by means of mechanical disperser Ultmaak T8 is shown to be a valid
alternative to the bead milling of the organic pemts, especially if the purpose is to
grind the pigments to the minimum particle sizechedle while sparing time. Therefore
further studies have to be done regarding the sehapacteristics and the correlation

time-particle size distribution for each specifigimpent.
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