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Aim of the thesis

The importance of scientific analyses on artworks has become more and more crucial in the
articulate processes of conservation and restoration. Moreover, the complexity of artistic
materials, composed by organic and inorganic substances mixed together and often aged,
requires extremely sensitive but user-friendly analytical tools. For this reason, the request of
effective non-invasive diagnostic techniques is steadily increasing. In particular, a challenging
task is represented by organic compounds, which can be found in the artistic field with a wide
range of applications: they are binders used to spread pigments in paintings, varnishes, coatings
and adhesives applied by the artist himself or during the restoration works, and colouring
substances. Among the latter two different typologies can be individuated, namely natural dyes,
used from the antiquity to dye textiles and in paintings in form of lakes, and a quite recent family
of pigments, the synthetic organic ones. The detection of such materials can be hardly achieved
by the non-invasive and in-situ appliable analytical techniques commonly employed in the field
of conservation science. Briefly, X-ray fluorescence cannot provide useful information as it
detects only elements with medium to high atomic number, while infrared and Raman
spectroscopies are affected by the problem of fluorescence emission and of the matrix

interference respectively.

This thesis work was intended to develop innovative strategies based on molecular
spectroscopies, pursuing the objective of non-invasively identifying the most common organic
materials which can be found in museum objects, mainly focusing the attention on paintings

and ancient textiles.

In particular, chapter 1 provides an overview of these substances and of the analytical methods
commonly employed for their detection, underlining the lack, and the consequent need, of non-
invasive and in-situ appliable strategies.

The following chapters deal with the issue of analysing different kinds of organic substances by

specific and innovative spectroscopic methods aimed at recognising them.

Chapter 2 deals with the identification of synthetic organic pigments, a quite recent category of
colourants since they were introduced by Perkin in the second half of the 19" century.

The fluorescence emission upon visible excitation exhibited by several organic pigments used
in contemporary artworks is demonstrated and an analytical approach combining visible-

induced spectrofluorimetry and visible-reflectance spectroscopy with a multivariate processing



of data is established. The effectiveness of the method is finally confirmed by its application to
three contemporary paintings. In addition, the possibility of exploiting fluorescence emission
induced by UV radiation is considered, as well as the prospect of investigating such materials

by ultraviolet fluorescence (UVF), visible and infrared luminescence (VIVF and VIL) images.

Chapter 3 is dedicated to the use of near-infrared (INIR) spectroscopy for the detection of
organic binders and to understand the complex stratigraphy in paintings. This spectral region,
in particular in the range 6500-4000 cm™, is dominated by combination and overtone bands due
to functional groups typical of the lipidic and proteinaceous materials used as binding media,
therefore it can be exploited for identification purposes. Moreover, the greater penetration
depth of the NIR radiation in comparison with the mid-infrared (MIR) one allows the
investigation of the preparatory layers possibly applied by the artist on the painting support. In
this respect, an exhaustive study is carried out at first on a consistent number of reference mock-
up samples, prepared on the basis of ancient recipes, and then on eight paintings, dating from
the end of the 15" century to the end of the 18" century and exemplifying different artistic

techniques on different supports.

Finally, chapter 4 is dedicated to surface-enhanced Raman spectroscopy (SERS) for the
identification of natural dyes in textiles. This technique, which exploits the strong intensification
by several orders of magnitude of the Raman scattering of organic molecules in the proximity
of metal nanoparticles and nanostructured surfaces, is a well-established method for the
detection of dyes, but generally requires the extraction of the target analyte from a sample. In
this work many experiments were performed to develop SERS-sensors suitable for performing
measurements directly from dyed fibres in dry-state condition, i.e without requiring extraction
protocols or the placement of a wet substrate in contact with the artefact. In this respect, a
general, easy-to-apply protocol involving the deposition of colloidal nanoparticles on glass
supports was developed. The importance of hot spots, areas of strong SERS intensification of
the Raman signal formed between close nanoparticles or on anisotropic structures rich in tips,
leads to experiment different aggregation procedures and nanoparticle shapes, ranging from
nanospheres to nanostars and nanorods. The final aim is to create reproducible and
homogeneous sensors, able to provide a high SERS enhancement when just put in contact in
dry-state conditions with the artistic object under investigation. Finally, also some related issues

are faced, such as the release of metal on the sample and the cleaning of the substrate surface.



Chapter 1:

Organic materials in art and their chemical
characterisation: state of the art

Abstract

This introductory chapter is intended to provide a short overview of the organic materials which
can be found in the artistic field and of their use. Their chemical classes will be briefly described,
as well as the analytical methods commonly employed for their detection. The availability of
mainly destructive methods will be underlined, as opposed to the highly desirable request of a

non-invasive approach in the field of diagnostics.

1. Organic materials in art

Organic materials represent a major component in art and archaeology. Such substances have
been extensively used since antiquity to create different kinds of artefacts, including textiles,
paintings and archaeological objects. Organic compounds were, in fact, employed for a wide
range of applications: proteinaceous, lipidic and polysaccharide materials were used as paint
binders, natural dyes as colouring substances both for fabrics and paintings, natural waxes and
resins as varnishes and coatings in sculptures and paintings. Moreover, in recent times, synthetic
organic materials joined the traditional ones. Artificial polymers, such as acrylic and alkyd resins,
were increasingly used as binders in contemporary art, thanks to their shorter drying time. At
the same time, synthetic organic pigments became rapidly appreciated by artists for their
brightness. In the following sections, the main classes of organic compounds of artistic interest

will be briefly discussed, focusing on their chemical composition and on their use in the artistic

field.

1.1 Lipids

Lipids are a wide category of natural compounds, both of vegetable and animal origin. The
former are referred as oils and have a liquid nature, the latter, known as animal fats, are solid or
semi-solid compounds. Oils and fats are mixtures of triglycerides, basically esters of glycerol
with fatty acids, and smaller amounts of other compounds, i.e. sterols and vitamins [1, 2].

In particular, referring to paintings, a key-role is played by siccative oils. They are unsaturated

triglycerides, derived from the reaction between a molecule of glycerol and three long chain
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molecules of fatty acids (Fig. 1). The principal ones are oleic (C1sH340»), linoleic (CisH3Oz) and
linolenic (CisH3002) acids which can be associated with minor amounts of satured fatty acids,

especially the palmitic (CisH3205) and the stearic (CisH302) ones [3].

Figure 1. Representative triglyceride found in a drying oil. The triester is derived from three different unsaturated
fatty acids, linoleic, alpha-linolenic and oleic acids.

The reactivity of the double bonds in the unsaturated chains of fatty acids determines the
chemical behaviour of oils and the radical transformations which can alter their composition
because of degradation phenomena [4-7]. The hydrolysis of triacylglycerols leads to the
formation of free fatty acids, while oxidation via radical reactions causes the inclusion of oxygen
in the acyl chain, carbon-carbon bond cleavage and the formation of lower molecular weight
species [2, 7, 8]. Oxidation is a key-phenomenon in painting as induces polymerisation and
cross-linking processes during the curing of drying oils, leading to the formation of a polymeric
network which generates the solid paint film. This process is quite slow: the drying of the whole
thickness of a siccative oil film can take a long time, which depends on different factors, i.e.
temperature and presence of substances having a catalytic effect. For these reasons, since
ancient times heating procedures were adopted to speed up the polymerisation process, as well
as the addition of substances promoting drying. In particular, it is the case of some metal ions
derived from pigments, such as Pb*", Co”* and Mn*", which fasten oxidation [3].

The most common used oil in painting is linseed oil: it was employed in northern Europe from
the 13" century and spread in Italy from the 15% one, replacing walnut oil. Its extensive use is
due to the excellent properties of the film it forms once cured and dried: the network structure
containing residual molecules of free fatty acids in the structural voids confers flexibility,
cohesion and elasticity [3]. Anyway, it suffers from yellowing issues and tends to lose its optical
property of transparency over time. This phenomenon is less accentuated for poppy and walnut
oils, although they give rise to films having worse properties and, for these reasons, were
adopted by artists only in limited cases, for example to spread white pigments, often in mixture
with linseed oil. Poppy oil films, in fact, have low resistance and are prone to cracking, while

walnut oil is more subject to degradation phenomena for its intrinsic nature. [3]
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1.2 Proteins

Proteins are macromolecules constituted of one or more linear chains of amino acids (Fig. 2)
joined together by peptide bonds between the carboxyl (-COOH) and amino (—NH>) groups
of adjacent amino acid residues. The resulting structure is known as polypeptide. [1, 2]

Twenty amino acids are commonly found in animal and vegetable proteins: glycine (Gly), alanine
(Ala), wvaline (Val), leucine (Leu), isoleucine (Ile), methionine (Met), proline (Pro),
hydroxyproline, (Hyp), threonine (Thr), asparagine (Asn), glutamine (Gln), tyrosine (Tyr),
cysteine (Cys), lysine (Lys), arginine (Arg), aspartic acid (Asp), phenylalanine (Phe), tryptophan
(Ttp), serine (Ser), glutamic acid (Glu), and hystidine (His) [9]. Their number and type and their
sequence determine the molecular configuration of the protein and its unique chemical and
physical properties. The three-dimensional structure influences instead the function of a
polypeptide. The presence of chemical groups able to form hydrogen bonds confers to protein
a hydrophilic nature: in most cases, they dissolve forming aqueous solutions which have a
colloidal nature, i. e. are composed of micelle (large aggregates of molecules) stably dispersed in

the aqueous phase. [3]

Figure 2. Structure of a genetic amino acid with its amino (-NHy) and carboxylate (~COOH) functional
groups and a side chain (R group), specific to each amino acid.

Proteinaceous substances are rather stable to oxidation and undergo little chemical changes
under normal conditions of temperature and humidity thanks to the low reactivity of the amino
and peptide bonds. Anyway, their main enemy is moisture, not only as it causes slow hydrolysis
of the peptide linkage and, as a consequence, reduces the average molecular weight, but also
because it permits fungi and bacteria to flourish. The enzymatic and biological route is, in fact,
the main cause of protein degradation. Moreover, the complex chemical structure of these
macromolecules can be irremediably altered by chemical and physical agents or simply because
of aging. This process is called denaturation and can be induced by different factors, such as
time, heat, UV radiation, pH and salts. Denaturation makes the identification of proteins a
matter of some difficulty in the case of museum materials [2, 3]. They have rather to be analysed

in terms of their constituent amino acids, released by acid hydrolysis, and, since there are no
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unique amino acids allowing the identification of a given protein, an evaluation can be made
only on the basis of a quantitative assay of the amino acids themselves [2, 10].

In paintings, animal proteins such as egg and casein were frequently used as binders for pigments
in the tempera technique, while animal glues were one of the main ingredients of preparatory
layers for panels and canvases [3]. In the following, a brief description of these material will be

presented.

1.2.1Egg

Egg has been extensively used in the artistic field, as it is the main component of tempera
technique. It is composed of two parts, yolk and white, whose chemical composition and
properties are slightly different.

Yolk is an emulsion of a colloidal solution of some phosphorated proteins and a mixture of
lipidic components. White is basically an aqueous colloidal suspension of proteins (the main is
albumin), coupled with a small amount of lipids and mineral salts. Egg, because of water loss or
heat effect, becomes an irreversible gel. This means that, once dried, it loses its solubility. This
property is exploited in painting: when used as binder, it rapidly forms a film characterised by a
strong cohesion. White gives a more fragile and water-sensitive film in comparison with yolk
because of the absence of the lipidic component, which confers better mechanical and water-
proof properties, adhesion, cohesion and flexibility. Moreover, while white can easily deteriorate
because of ageing, yolk is more stable and maintains its optical properties. For all these reasons,
yolk has been extensively mixed with pigments in painting since antiquity, whereas the use of

white was limited to illuminations in manuscripts. [2, 3]

1.2.2 Milk derivatives

Milk is an aqueous emulsion of proteins and lipids: dry milk contains about 26% proteins, 26%
lipids and the remaining is composed of sugars, vitamins and mineral salts [11]. Casein is a
phosphoprotein which can be found in milk as calcium salt, forming a colloidal dispersion. It is
formed by acidic, enzymatic or thermal treatment and its main constituents are o, {3, y and &-
casein. This protein is insoluble in water, unless its acid carboxylic groups react with alkaline
substances forming caseinates. The most common ones are ammonium or calcium caseinates,
derived respectively from the reaction with ammonia or ammonium carbonate and calcium
hydroxide. [2, 3] The former, although less frequently than egg, was used as binder in wall
paintings and for water colours; on the other hand, the adoption of the latter as binding medium
is only occasionally documented in emulsion with oil. Since the 19™ century, the application of

casein in art was limited to the preparatory ground of panels and canvases. This restricted use
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is due to the fastness of the degradation processes undergone by the film because of ageing and
leading to a loss of mechanical and physical properties. [3]

Despite only little documentation is available in the literature about the use of pure milk as
binder, it is likely that this proteinaceous material has been historically employed both to make
and restore paintings. In fact, being an emulsion of casein with lipids, when used to disperse
pigments, it gives a paint similar to egg tempera. [3] It is worth noticing that their composition

is, in fact, quite similar. [2]

1.2.3 Animal glue

The definition “animal glue” refers to a specific chemical class of materials derived from rabbit
skins, cartilages and bones and mainly composed of proteins (collagen is the most important)
and, in smaller amount, other non-proteinaceous substances [1]. Glycine and hydroxyproline
are the main amino acids [2]. Glues can show different behaviours according to their chemical
composition and their physical properties can vary as a function of their origin and of the
purification treatments. Purer glues, called gelatines, are mainly composed of collagen; raw glues
are known as strong glue because of their higher adhesive power. In comparison with egg, glues
give rise to aqueous colloidal solutions which are reversible: this means that, once dried by
solvent evaporation, they recover the original properties and can be re-used [3]. In art, animal
glues were mainly adopted for their adhesive properties, but also as painting medium for
preparatory layers. It is, in fact, well assessed that the most common ground layers in historical
Italian painting were made of gypsum in mixture with aqueous glue solutions. For this
application, gelatines were preferred because of their higher solubility in water. Moreover, since
the 16" century, glues have been mixed with oils or natural resins to obtain a more flexible
preparatory layer, the so-called mestica, especially suitable for canvas. Finally, they found
application also for illuminations, used pure or more typically in mixture with egg [3]. Many
degradation phenomena, leading to a loss of cohesion and adhesion and, as a consequence, to
the detachment of the paint layers, can be attributed to glue. The nature of such processes, both
chemical and physical, is still undefined, but they are probably due to the interaction with water,
even in form of environmental humidity [2]. Its variations, in fact, leads to cycles of swelling
and shrinking phenomena, which cause mechanical damages. Moreover, water can hydrolyse
the proteinaceous component, inducing a loss of the binding properties, and promotes the

microbiological attack [2, 12].
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1.3 Polysaccharides

Polysaccharides are polymers derived from condensation of many monosaccharides, joined
together by glycoside bonds (Fig. 3). Such compounds, being rich in hydroxyl groups, have a
strong affinity with water and show a hydrophilic behaviour. On the other hand, they are
insoluble in organic solvents.

OH
3

o O  OH
HO

HOG o) OH

HO

HOO 0

I
O
3\;{,\1

Figure 3. Structure of a polysaccharide molecule.

In art, the most typical polysaccharides are vegetable gums, amorphous materials exudated or
contained in some plants [3]. These substances have a very complex chemical structure made
of sequences of monomers of simple sugars, sometimes salified with Ca®*, Mg** and K" ions.
The gums traditionally employed were gum Arabic (exuded by Acacia trees), tragacanth gum
(produced by Astragalus) and fruit tree gum (mainly obtained from cherry, apricot, peach and
plum trees). [1]

Their application ranges from adhesives to binders, especially in manuscripts and illuminations,
thanks to the brightness and the chromatic properties they confer to pigments. In the traditional
painting techniques, their use is instead extremely rare and only in mixture with oil, casein or
egg, forming an emulsion.

Another common polysaccharide is starch. It is made of glucose, amylose (a linear chain
polymer) and amylopectin (a partially branched polymer) and derives from seeds or other
vegetable parts [1, 2]. The use of starch is documented only in some paint preparations or in the
production of paper. Its complex chemical structure, in fact, prevents its solubility in water and,
as a consequence, makes this substance unsuitable to be used as medium to disperse pigments
[3]. On the other hand, acid treatment of starch produces dextrins, which are exploited as

adhesives and additives in water colour paintings, generally mixed with natural gums. [1, 12]
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1.4 Natural resins

Natural resins can have vegetable or animal origin. Resins derived from plants are lipid-soluble
mixtutes of volatile and non-volatile terpenoid and/or phenolic secondary compounds. From a
chemical point of view, vegetable resins are a complex mixture of mono-, sesqui-, di- and
triterpenes, which have, respectively, 10, 15, 20 and 30 carbon atoms per molecule [1, 2]. Resins
are formed in the so-called ‘resiniferous canals’ of several trees: many varieties of plants
spontaneously produce and exude them as a product of their metabolism, to protect themselves
against loss of water and microbiological attacks. [1, 12]

Natural terpenoid resins and resinous materials played a prominent role in ancient times: they
were used as adhesives, hydro-repellents, and coating and sealing agents [13]. Their high
viscosity and insolubility in water prevent their application as binding media [1, 3].

Referring to animal resins, the most common is shellac, produced by an Indian scale insect
(Laccifer lacca Kerr, also known as Kerria lacca) [14]. Shellac is a complex mixture made of mono-
and polyesters of hydroxy-aliphatic and sesquiterpene acids. It began to be used in Europe

towards the end of the 16" century [15], mainly as varnish for paintings and wooden objects.

1.5 Organic colourants

Organic colourants include natural dyes and a quite recent category of substances, synthetic
organic dyes and pigments. Natural dyes have been used since antiquity both to dye textile fibres
and in form of lakes (i.e. adsorbed onto an inorganic substrate such as alum) in paintings. They
were extracted from vegetable or animal sources and, according to their chemical nature, can be
divided into different classes. Their colouring molecules are mainly flavonoids, antraquinoids,
indigoids and gallotannins or other molecular types such as carotenoids, benzoquinones and
anthocyanidins. [16-19] More details about natural dyes will be provided in chapter 4.

In 1856 William Perkin discovered the first dye obtained by synthetic route, mauve: from this
moment on, a wide range of new substances were produced and, thanks to their brightness and
the variety of hues, adopted by modern and contemporary artists. They were both water soluble
(synthetic dyes) and insoluble (organic pigments) materials, but their basic chemical structure is
in most cases the same: the necessary insolubility for pigments, in fact, is achieved by replacing
in the molecule the functional groups that favour solubility or by forming insoluble organic

complexes. [20, 21] More detail about synthetic organic pigment will be given in chapter 2.

1.6 Synthetic resins

Since the mid-19™ century, artists and restorers have explored the use of synthetic materials and

nearly all the polymers that industry made available have been adopted in art or conservation
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[22]. Synthetic resins found application as solidifiers, varnishes, coatings, paint binders,
moulding and casting substances. Industrial varnishes, which are transparent and give colourless
protective films, progressively replaced traditional natural paint coatings (i.e. dammar and mastic
resin, copal or colophony). These modern polymers include ketonic, acrylic and methacrylic
resins, really appreciated thanks to their good refraction index, resistance to yellowing and high
transition temperatures (low glass transition temperatures lead, with time, to the incorporation
of particulate in the coating layer, with a loss of transparency and gloss). In paintings, beside the
traditional binding media such as drying oils and proteinaceous temperas, a wide range of
industrial binders were experimented: it is the case of alkyd and acrylic resins, extensively
employed in the 20" century artworks [1]. As yet we are not fully aware of the chemical and
physical behaviour of modern synthetic materials, their conservation is challenging. This is
particularly true regarding the interactions with the other components in art objects (i.e.

additives, fillers, plasticizers and colourants) and the changes in their properties during ageing.

2. The chemical characterisation of organic materials: state of the
art

The analysis of the materials which constitute artistic and archaeological objects represents a
fundamental task in the field of cultural heritage diagnostics. Such a knowledge, in fact, is
indispensable for their conservation and valorisation, besides providing interesting information
about their history. From an historical point of view, it permits to discover what resources were
available in a certain age and in a certain geographical area, giving interesting anthropological
indications. From an artistic perspective, recognising the materials can be useful to understand
the artist’s painting technique and its evolution, as well as to date artefacts, leading sometimes
to find out forgeries and counterfeiting. Finally, scientific analyses give an insight into

degradation phenomena, directing in this way conservative and restoration works.

In this scenario, the pursuit of chemical techniques which are non-destructive or require a
minimal amount of sample can be considered the main challenge of the current research in the
conservation field. Nowadays, different analytical methods allowing non-invasive and in-situ
analyses have been developed, thanks to portable and easy-to-use analytical devices suitable to
provide quick, but reliable chemical information. Among these methods, it is worth mentioning
X-ray fluorescence (XRF), Raman spectroscopy and Fourier-transform infrared spectroscopy
(FT-IR) in reflection mode. Their use, in fact, is well assessed for the detection of materials
directly on artistic artefacts, but these techniques suffer from many limitations when applied for

the analysis of organic compounds. XRF is an elemental technique, aimed at detecting high
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atomic number elements (typically Z > 16); Raman spectroscopy is affected by the problem of
fluorescence emission; FT-IR is, in principle, an ideal tool, but the identification of the target
analyte can be made difficult because of the matrix interference. In fact, the majority of artworks
are complex objects, made of different materials, often assembled in multiple layers and/or
mixed together. Organic substances, for example, can be found as binders used to disperse and
apply pigments on supports, as dyes in the ancient art of dyeing textiles and as consolidants,
adhesives, paints and varnishes applied during restoration works. Finally, in recent years, the
spreading of new synthetic colourants amplified the range of organic substances available in the
artistic field. For all these reasons, the traditional approach to the detection of such compounds
mainly involves the use of destructive, sample-requiring techniques. A key-role, in particular, is
played by separative methods as they allow the separation of the organic analyte from its matrix,
enabling its univocal identification. In this respect, the use of chromatographic techniques,

possibly coupled with mass spectrometry, is the most established protocol.

2.1 Painting materials

Dealing with paintings, proteins, glycerolipids and polysaccharides used as binders are the main
objects of study, together with waxes, lacquers and natural or synthetic resins used as additives,
varnishes and consolidants. Since it was introduced in conservation science in the 1970s, gas
chromatography coupled with mass spectrometry (GC/MS) have been one of the most
commonly exploited analytical method for the detection of such substances [23-29]. Being
macromolecular, polar and low volatility compounds, for GC/MS analyses they must be
subjected to chemical or thermal treatments aimed at obtaining from the original
macromolecules low-polarity, low-molecular weight components. In this way, their volatilisation
and the subsequent separation through a gas chromatographic column are facilitated. This can
be achieved by coupling analytical pyrolysis with GC/MS (Py-GC/MS) [29-31] or by a wet
chemical treatment of the samples involving hydrolysis and derivatisation [29]. Hydrolysis
conditions vary from material to material: for example, glycerolipids and waxes are hydrolysed
by an alkaline solution, while proteins and polysaccharides require acidic solutions. Moreover,
recent studies have demonstrated that GC/MS is a valuable technique also for the identification
of synthetic binders of contemporary art such as alkyd and acryl resins [32, 33]. Obviously, in
all cases we deal with a destructive approach.

In addition, spectroscopic techniques allowing micro-analysis (such as FT-IR and scanning
electron microscopy with energy dispersive X-ray analyses SEM-EDX) can be used to
individuate both organic and inorganic materials in cross sections [34, 35]. Again, a sample is

required, preventing non-destructivity, but thanks to these techniques it is possible to achieve
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information layer by layer, disclosing the stratigraphy of the painting. This is clearly impossible

when the whole sample is subjected to extraction procedures.

2.2 Natural dyes

Natural dyes are inserted in complex matrixes such as textile fibres or paint layers, where they
are mixed with other substances, including binding media and mordants. Moreover, because of
their high tinting strength, they were used in very small amounts, leading to the necessity of a
very sensitive detection method. Since the beginning of 1980s, when it was introduced by
Wouters and collaborators [36], high-performance liquid chromatography (HPLC) equipped
with a diode array detector (DAD) and/or coupled with mass spectrometry (HPLC/MS) has
been successfully exploited for the characterisation of natural colourants. As a result, dye
molecules can be characterised in terms of retention time from the HPLC column and on the
basis of their electronic or mass spectra respectively from UV-visible spectroscopy and MS
analysis. The former of these techniques, basing the identification of the analyte on its electronic
spectrum, is scarcely specific and fails when dealing with mixture of colours having similar hue
[37]; the latter provides a unique fingerprint of the compounds under investigation as the
molecular masses are generally typical of a given dye. The usual procedure involves the
extraction of the dye from a micro-sample (0.1-1 mg) with a suitable solvent (typically a mixture
of hydrochloric acid and methanol [38], followed by its chromatographic analysis. The
application of HPLC/MS has been largely documented for the detection of a consistent number
of dyes belonging to the main chemical classes both in reference materials [39-41] and in extracts
from ancient artefacts [42-47]. Finally, although nuclear magnetic resonance (NMR) is the most
widely used spectrometric technique for characterising organic compounds, it has never been
applied to textile dye analysis as it is not sensitive enough to the minute amounts of material
generally available for the analysis. [48]

Among the non-invasive spectroscopic methods, the use of IR, UV-visible and Raman
spectroscopies is well documented for the identification of natural dyes [36, 50-53]. However,
FT-IR is not the ideal method to characterise dyes as it is strongly affected by the matrix
interference effect which occurs in the presence of the mordanted textile fibres, whose signals
dominate the spectrum [54]. UV-visible spectroscopy suffers, on the other hand, from a lack of
specificity: being based on electronic absorptions, it gives rise to broad bands that can be similar
for dyes having similar hue and can also be affected by the problem of dye fading. [55] Finally,
normal Raman spectroscopy encounters the problem of fluorescence emission especially when
natural organic dyes are involved, and, even in cases when such emission can be limited by

proper choice of the experimental conditions, for example by using red or near-IR emitting
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lasers, the response of the textile fibre prevails. [56] A valid solution to most of these issues is
offered by surface-enhanced Raman spectroscopy (SERS), as will be described in the detail in

chapter 4.

2.3 Synthetic pigments

Even the identification of the more recent synthetic organic pigments represents a challenging
task. X-ray diffraction (XRD) is a valuable technique and its application was reported for the
characterisation of the chemical and crystalline structure both of pure powder pigments [57]
and commercial alkyd and acrylic paints [58]. Also chromatographic methods were successfully
used: thin layer chromatography (TLC) [59, 60], high-performance liquid chromatography
(HPLC) [61] and pyrolysis gas chromatography (pyGC) [62] allowed the identification of a
consistent number of pigments, both pure and in commercial paints, and the same goal was
achieved by mass spectrometry (MS) techniques [63, 64, 65].

Referring to spectroscopic methods, Raman spectroscopy was exploited to create a spectral
database of synthetic organic pigments [65, 66] but, when analyses are performed directly on
works of art, the colourants themselves and/or the binding media, especially if aged, can cause
a huge fluorescence that hides the weak Raman signals due to the target analytes. Even if this
limitation can be overcome by using new generation handheld Raman spectrometers based on
the patented SSE™ (Sequentially Shifted Excitation) technology [67], this instrumentation is at
present not commonly available in diagnostic laboratories. FT-IR spectroscopy can provide a
univocal spectrum, but the presence of binders and fillers often hides with their stronger
absorptions the bands of the pigments. This makes impossible their identification without
preliminary treatments aimed at extracting the colourants or/and at eliminating, at least partially,
the fillers [68, 69]. However, the detection of these synthetic pigments remains of great interest
as only little is known about their stability over time and degradation processes because of their

quite recent introduction.
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Chapter 2

Visible and UV-excited spectrofluorimetry for the
non-invasive identification of synthetic organic
pigments of contemporary art

Abstract

In this chapter, an innovative non-invasive analytical method which combines
spectrofluorimetry and visible reflectance spectroscopy is proposed to investigate a wide
number of synthetic organic pigments, belonging to the most representative chemical classes
and currently employed in contemporary art paintings. In order to consider for identification
purposes not only the wavelength of the emission maxima (scarcely specific for broad-band
spectra) but the entire spectral pattern, data were processed through a multivariate approach,
based on principal component analysis (PCA). The issue of identifying the components of
binary mixtures of pigments of similar or complementary colours was also faced. This protocol
was first validated on mock-up samples and then successfully applied to analyse organic
pigments in three contemporary paintings.

In addition, the fluorescence emission exhibited by such pigments upon visible light was
confirmed using a UV radiation as excitation source. Subsequently the possibility of
individuating such materials by ultraviolet fluorescence imaging was explored on the mock-up
painting samples and on a case of study. This discloses the possible applicability of this imaging

technique, really appreciated by restorers, also for the identification of modern pigments.

1. Introduction

Since 1856, when William Perkin discovered the first synthetic dye, mauveine, the colouring
materials adopted by artists have radically changed. The traditional inorganic pigments, derived
from natural mineral sources, were in fact progressively joined, and in some cases replaced, by
new artificial substances: the synthetic organic pigments. They are water-insoluble compounds
containing carbocyclic ring systems, often aromatic and sometimes coupled with metal ions.
According to their chemical nature, they can be distinguished in different classes: arylide,
benzimidazolone, diketo-pyrrolo pyrrole, naphthol, quinacridone, perylene and phthalocyanine
are only some of the most common ones [1]. Organic pigments span the entire colour range

from red to orange, yellow, green, blue and violet depending on their chemical and crystalline

24



structure and their success is due to excellent physical and chemical properties, such as
brightness, heat stability and high tinting strength. All these features made these new pigments
really appreciated by contemporary artists, introducing on the other hand a new challenge in the
field of diagnostics. In fact, the knowledge of the composition of paints is of great importance
for the solution of problems related to the conservation and the restoration of paintings, as well
as for their valorisation and dating. In addition, many of the early synthetic organic pigments
were not particularly lightfast, so their identification can provide information about the

degradation and the original appearance of an artwork.

As already described in section 2.3 of chapter 1, until now different analytical techniques have
been applied to this purpose, but most of them are sample-requiring and destructive, such as
chromatographic methods [2-5]. Moreover, the identification is often difficult because, thanks
to their high tinting strength, synthetic organic pigments are generally present in commercial
paints in relatively small amounts and mixed with other substances, such as binders, fillers and
extenders. This leads to the need of a pre-treatment of the samples, aimed at eliminating at least
partially these interferents [6, 7]. However, when dealing with artistic objects, the importance of
non-invasive and in-situ applicable analytical methods must be taken into account, but organic
pigments represent a challenge precisely in this respect. Being carbon-based compounds, they
cannot be analysed by the elemental techniques commonly used in situ for the identification of
traditional inorganic pigments, such as X-ray fluorescence (XRF). On the other hand,
vibrational spectroscopies provide characteristic spectra but, when applied directly on paintings,
are affected by some limitations connected to the presence of binders and additives which can
hide the signals due to the target analytes, preventing their detection. In the specific case of
Raman spectroscopy, even if pure synthetic organic pigments give often intense and

characteristic spectra, they can be hardly obtained from real paintings.

In the first part of this chapter, the potentiality for the identification of synthetic organic
pigments of two spectrophotometric techniques applicable to paintings in situ and in a totally
non-invasive way - visible reflectance spectroscopy and visible-excited spectrofluorimetry- are
demonstrated both for the study of reference materials and of three paintings of contemporary
art. Visible reflectance spectroscopy has been already accepted as a common technique in the
field of conservation due to its non-destructive nature and easiness of use. However, it is
affected by the scarce specificity of the spectral response, characterised by large bands and by
absorption maxima obviously similar for pigments of analogous hue [8, 9]. In addition, spectra
often exhibit an s-shaped, and thus even less characteristic patterns, especially for highly

concentrated pigments [10]. Spectrofluorimetry, already applied for the in-situ identification of
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natural dyes [9], may instead represent an innovative technique for the analysis of modern

>
colouring substances. In fact, the molecules of synthetic organic pigments are rich in multiple
bonds and aromatic rings, condition which can promote fluorescence emission, associated with
electronic transitions between 7 orbitals. It should be emphasised that for highly concentrated
compounds the emission intensity, although in principle increases with increasing concentration

of the emitter [11], can be completely self-absorbed by the substance itself. However, it is

>
reasonable that, when the pigments are diluted in binders and fillers to be used as paints, their
fluorescence becomes more appreciable.

In order to consider for identification purposes the entire pattern of the fluorescence and
reflectance spectra and not only the wavelength of the emission or absorption maxima, the
obtained data were then processed through a multivariate approach, based on principal
component (PCA) analysis, revealing the possibility of recognising a consistent number of
organic pigments by combining the information given by the two techniques. Moreover, the
Kubelka-Munk correction for self-absorption of fluorescence emission, proposed in the
literature for paint layers with different concentration of natural dyes [6, 12], was in this case
tested to recognise the components of binary mixtures of pigments of similar or complementary
colours. Finally, the protocol based on the combination of the two spectrophotometric
techniques and multivariate analysis was applied to identify some of the organic pigments used

by a contemporary Italian landscape painter, Giuseppe Faraone, and by the Pop artist Silvio

Pasotti.

The second part of the work consisted in repeating spectrofluorimetric analyses on synthetic
organic pigments upon a different excitation wavelength, in the UV range (365 nm). The final
aim was to establish a comparison between the spectrofluorimetric method and the UV
fluorescence imaging technique. Visible luminescence induced by UV emission is, in fact, a well-
known and widespread imaging technique in the field of conservation and restoration since the
1930s [13-14]. Direct fluorescence light analysis, thanks to the intrinsic limited capacity in the
penetration of lower painting layers due to the relatively short wavelength of the UV radiation,
is mainly used in the examination of external layers and can non-invasively provide a mapping
of the distribution of varnishes, retouches and in some case of specific pigments on the pictorial
surfaces [15-19]. Once confirmed by spectrofluorimetry the possibility of recognising synthetic
organic pigments exciting their fluorescence emission also in the UV range, we successfully
assessed the potentiality of the imaging method for the identification of these materials on the

basis of the colour they exhibit under UV-light.
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2. Obijects of study

2.1 Synthetic organic pigments

Since the accidental discovery of mauveine by William Perkin in 1856, a rush to synthesise new
dyes and pigments followed and soon new colourants were available. The term synthetic organic
Ppigments refers to manufactured coloured compounds, whose chemical structure is characterised
by a carbocyclic ring skeleton. Many of these rings are aromatic in structure and, because of
their mobile clouds of electrons, they are the main chromophores (i.e. characteristic groups of
atoms responsible for the colour). Moreover, other functional groups, such as keto, thio, nitro
and nitroso, can confer different hues. [1] All these materials are referred as pigments and not
dyes as, even if organic in nature, they are insoluble in water and in binding media. They span
the entire chromatic range from blue and violet to green, yellow, orange and red and, because
of their excellent physical and chemical properties (i.e heat stability, lightfastness, resistance to
most solvents), now dominate the market of colourants and are used in a variety of industrial
applications.

Synthetic organic pigments are classified on the basis of their chemical class and, for simplicity,
they are commonly named according to the colour Index (CI) nomenclature system. It involves
that each colourant is designed by a CI name (i.e. Pigment Red 1, or PR1) and a CI number,
which is linked to the chemical class and can convey information about the composition of the
pigment itself.

In the following sections, the most common chemical groups and classes of pigments will be
briefly presented. Only few examples of structural formulas will be provided in this section (for

more of them refer to Tab. 1 in section 4.1).

2.1.1 Azo pigments

Azo pigments were the first group to be introduced in the late 19" and early 20" century. They
are characterised by one or more azo group (-N=N) and synthesised by the diazotization
reaction between a diazonium salt and a coupling component. The different classes of pigments
(briefly presented below) are obtained by altering the coupling agent, while the variation of
substituents within the same class leads to different hues. Azo pigments span the colour range

of yellow, orange and red. [1]

2.1.1.1 Arylide yellows
The arylide yellows are mono-azo pigments having acetoacetarylamide coupling components.
This class includes almost 30 pigments, commonly referred as Hansa, arylide or monoarylide

yellows, in the colour range from greenish to reddish yellow. These pigments were historically -
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and still are nowadays- used in paints, printing inks and coloured pencil and crayons. [1] PY1
(Hansa Yellow G) and PY3 (Hansa yellow 10G) are the two most important member of this

class in artists paints.

NO,
NS 0 "Sw S
NH NH
\© cl NO,

PY1 PY3

2.1.1.2 Diarylide yellow and orange

Diarylide yellows and oranges are diazo pigments obtained by combining 3,3’ -
dichlorobenzidine with two equivalents of acetoacetarylide. Because of their limited
lightfastness in comparison with monoazo yellows, their use in paint is less established and
currently their main application is in the printing ink industry. PY12 (Benzidine yellow) and
PY14 (Diarylide yellow AAOT) are the most employed pigments in this class, while PO16 is

almost the only orange commercially available. [1]

2.1.1.3 3-Naphthol pigments
Among the oldest and most widespread, -naphthol pigments are obtained by coupling a
substituted aniline with B-naphthol. They can assume different hues, from yellowish orange to
bluish red, although their tinting power is not so strong as their
lightfastness. A further distinction in this class can be made between
neutral species and salts from carboxylate or sulfonate groups. The
former include PR3 (Toluidine red), an extensively used red colourant
> OO introduced in 1905, while PR57 (Lithol rubine), a calcium salt having a
blue shade and a high lightfastness patented in 1903, belongs to the

latter. [1]

2.1.1.4 3-Naphthol reds

This class of pigments was discovered in 1911 in Germany, when the procedure for their
synthesis was developed, and includes a large variety of materials. They are commonly referred
also as Naphthol AS pigments, from Awide einer Saure (amide of an acid), as they derive from 2-
hydroxy-3 naphthoic acid. Their high tinting strength, low-cost and relatively high lightfastness

make these colourants suitable for a wide range of applications, including paint industry. [ 1]
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Among the most common ones, there is PR177, which shows an improved lightfastness thanks

to an additional amide functionality in its structure.

2.1.1.5 Benzimidazolones

First patented in 1960s, this class includes a large number of yellow, orange and red pigments.
Their main chemical feature is the presence of the 5-aminocarbonyl benzimidazolone group,
which confers lightfastness. Benzimidazolones can be further divided into two groups on the
basis of their structure: the Hansa and the Naphtol AS type, derived respectively from
acetoacetarylamides and 2-hydroxy-3naphtoic acid anilide. The former have yellow and red
hues, the latter blue and violet. This wide range of colours and the excellent lightfastness of
these substances promote their extensive use in many application fields, from paint to ink

printing industry. [1] To provide some examples, PY175, PO36, PO60 and PY151 are

benizmidazolones.
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2.1.2 Non-azo pigments

2.1.2.1 Phthalocyanines

Copper phthalocyanines, available from the 1930s, are
organometallic compounds with a porphyrin ring structure. The 7 N
most part of blue and green pigments belong to this chemical class. N NI
7 Ng” N
N ,Cu N
N N

In particular, blue phthalocyanines are unhalogenated compounds,
o N\

while the green ones are halogenated. The most commons blue N AN

phthalocyanines are the metallised complex PB15 in its five

PB15
crystalline polymorphs and the unmetallised PB16, the only

pigments without a copper ion in its porphyrin ring. Referring to green pigments, PG7 and
PG306, respectively a chlorinated and a chlorinated and brominated phthalocyanine, are the most
common. As the shade is a function of the degree of halogenation, PG7 is green blue, whereas
PG36 is yellowish. [1] For their lightfastness, solvent resistance and stability, phthalocyanines

are well established as artistic materials in contemporary paintings.
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2.1.2.2 Quinacridones
0 Quinacridones are a class of synthetic organic pigments
H whose colour varies from yellow to red and violet. They
O O O have a polycyclic structure and, despite of being
! u synthesised in two linear form, only the trans one gained
PR122 great importance in paint industry [1]. The most common
quinacridone red is the dimethylated PR122, while the unsubstituted form corresponds to the
violet PV19, whose chromatic shade differs slightly as a function of the crystalline phase, if y
(reddish) or @ (violet). In addition, quinacridones exist also as solid solutions with other
quinacridones or quinacridone quinones: it is the case of PR206. [1] For their excellent
properties (lightfastness, heat and solvent stability), these colourants are referred as high-

performance pigments and find wide application in both industrial and artistic field.

2.1.2.3 Perylene and perinone pigments
Perylenes are, from a chemical viewpoint, diimides of perylene tetracarboxylic acid and have
been used as red, bordeaux, violet and brown pigments since the second half of the 20™ century.
Perinones were introduced in the same period and were synthesised from naphthalene-1,4,5,8-
tetracarboxylic acid or its monohydride. Both perylenes
and perinones have excellent solvent and lightfastness,

which justify their application in many industrial sectors,

including paint production. [1] PR149 and PO43 are an
example of a perylene and a perinone pigment

respectively.

2.1.2.4 Isoindolinone and isoindoline pigments

Isoindolinone and isoindoline reds, oranges and yellows spread in the second half of the 20™
century. Their chemical structure has in common the isoindoline ring and, in general, they are
lightfast and resistant to heat and solvents. [1] Isoindolinones, or azomethine type, includes

PY109 and PY110, while PY139 is an example of isoindoline, or methine type.

Cl

Cl NH Cl
| |
| N
Cl NH Cl
Cl 0 Cl
PY110
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2.1.2.5 Other pigments

Difketopyrrolo-Pyrrole pigments- Introduced in the 1980s, DPP pigments are a class of red colourants
having considerable fastness properties. [1] PR254 is the most important pigment in this minor
class.

Dioxazine violet- A dioxazine type structure is the main feature of this class, of which PV23
(carbazole violet) is the main representant. It has a very high tinting strength, a dark bluish violet
colour and excellent chemical and physical properties. [1]

Indanthrone blue- PB60 is the only pigment belonging to this class. Even if, because of its
expensiveness, it was outclassed by phthalocyanine blues [1], PB60 its frequently employed in

artists’ paints.

3. Analytical and imaging fluorescence methods

3.1 Spectrofluorimetry

Spectrofluorimetry is an analytical technique based on the detection of the fluorescence
emission from the analyte.

Fluorescence is a process involving the emission of light by a substance which has absorbed
electromagnetic radiation of a suitable wavelength, generally in the visible or UV range. The
phenomenon evolves through a series of steps, schematically represented in Fig. 1. The initial
one involves that an incoming photon is absorbed by the molecule and excites an electron, thus
promoting the molecule from its ground singlet state Sy to a higher energy state in the vibrational
substructure of the first singlet state Si. The photon must obviously have enough energy to be
absorbed and start the fluorescence event. Once the molecule is in the excited state, it undergoes
a series of rapid relaxation processes, reaching the vibrational ground state of Si. These are
mainly non-radiative events and energy is dissipated in different forms, for example as heat.
Finally, the molecule radiatively relaxes to the vibrational levels of the ground state S, thus
emitting a photon whose energy will be necessarily lower than that of the incoming one. During
radiative transition, the molecule may descend into any of the several vibrational levels in the
ground state and, as a result, the emitted photons will have different energies, and thus different
frequencies. For this reason, fluorescence spectra are characterised by broad and scarcely

resolved bands. [20, 21]
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Figure 1. Schematic representation of the fluorescence process. a) a photon is absorbed; b) the molecule
undergoes vibrational relaxations in the first electronically excited state Sy; ¢) the molecule relaxes to the
vibrational levels of Sy, thus emitting a photon.

3.2 UV-imaging

The definition “imaging” refers to a series of techniques whose final output is an image [22].
Multispectral imaging methods (i.e X-ray radiography, near-infrared reflectography and
ultraviolet fluorescence) have been largely employed in the field of diagnostics, aiming to deeply
understand the structure of a painting, the artists’ technique and previous restoration works [19,
22-20]. In particular, UV fluorescence imaging, better known as Wood or UV photography, is
a well appreciated method not only by conservation scientists, but also by restorers because of
its relative easiness of use and interpretation. It involves that the object under investigation,
typically a painting, is illuminated by an UV source and a colour picture of its emission is
recorded by a suitable digital camera [26]. The examination of the fluorescence emission allows
restorers to identify the presence of not-fluorescent restoration treatments, as well as superficial
varnishes, aged binders and some fluorescent inorganic pigments without inducing any damage
to the work of art (Fig. 2). On the other hand, from a scientific viewpoint, fluorescence can
provide an indication on the chemical nature of a specific material, since fluorescent compounds

of different kind typically show different emission spectra.
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Figure 2. Madonna Suckling the Child by an artist of the Ferrarese School from the eatly 16 century under a) visible
and b) UV light: the milky blue fluorescence is due to the aged varnish, while the darker areas are solid evidence

of retouching. From [27]

4. Materials and methods

4.1 Reference materials

Synthetic organic pigments were acquired from some of the main pigment manufacturers. They
were both pure powders applied on canvas by means of different binders (oil or acrylic) or
commercial formulations (oil, acrylic or alkyd-based), that were spread on canvas as well. The
choice was made in order to consider pigments employed by artists and belonging to the main
chemical classes. Moreover, when available, the same pigment was purchased from different
manufacturers to make a comparison between the corresponding reflectance and fluorescence
spectra. Tab. 1 reports the analysed pigments with their CI name, the chemical class, the
chemical group, the typology (formulation or powder plus binder) and the manufacturer.
Moreover, the following inorganic pigments were analysed for comparison as they are used as
well in contemporary painting: cadmium red (PR108), cadmium orange (POZ20), cadmium
yellow (PY35), Prussian blue (PB27), cobalt blue (PB28) and ultramarine blue (PB29). The
cadmium pigments were purchased as powders from Zecchi (Firenze) and as oil paint from

Royal Talens; the inorganic blues were pure powders commercialised by Zecchi (Firenze).
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Table 1. Summary of the organic pigments analysed in this work and their main features (colour index and common name, chemical class and family, structural formula, typology

and manufacturer).

CI name Common name Chemical Chemical Structural formula Typology Manufacturer
class group
Yellow
PY1 Hansa Yellow G Monoazo Acetoacetic o Pure powder Maimeri
arylide /©/ "‘ﬁ\:(@
PY3 Hansa Yellow 10G Monoazo Acetoacetic Commercial ~ Old Holland
arylide CEO oil Classic Oil
/@[\" kij Powder Kremer
’ h Powder Pecchio
Commercial ~ Maimeri
acrylic Actrylicic
PY74 Arylide Yellow 5GX Monoazo Acetoacetic Powder Kremer
arylide
PY83 Diarylide Yellow HR ~ Disazo Diarylide Powder Maimeri
Commercial ~ Maimeri
acrylic Actrylicic
PY97 Diarylide Yellow FGL.  Monoazo Acetoacetic Commercial ~ Maimeri Brera
arylide _ acrylic
PY109 Isoindole Yellow Isoindolinone  Azomethine-type Ilj ]—’/\“)T'\”—:\ [ Powder Kremer
O
PY110 Isoindolinone Yellow  Isoindolinone ~ Azomethine-type . L L~ Powder Kremer
I\T,/.MW,L/J ]
PY139 Isoindoline Yellow Isoindoline Azomethine-type “')E"L” Powder Maimeri
SOl Commercial ~ Winsor Griffin
'VJ—LI_,A.. ' alkyd
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PY151 Benzimidazolone Monoazo Benzimidazolone - I[ v . Powder Kremer
Yellow H4G P \Q;Y
PY175 Benzimidazolone Monoazo Benzimidazolone — « 7" \/q/ . Commercial ~ Maimeri Classic
Yellow H6G %"“N CC T ol Oil
Orange
PO34 Pyrazolone Orange Disazo Pyrazolone ‘. Commercial  Maimeri
I \@/ e acrylic
PO36 Benzimidazolone Monoazo Benzimidazolone I K\/vq/m . Powder Maimeri
Orange HSL b/ M m Commercial ~ Maimeri
acrylic Polycolor
PO43 Perinone Orange Polycyclic Perinone Powder Maimeri
N O / Commercial ~ Maimeri Classic
@Q oil Ol
e Commercial ~ Maimeri Brera
acrylic Actrylicic
POG62 Benzimidazolone Monoazo Benzimidazolone \;;( Commercial ~ Maimeri
Orange H5G /@ "1 mY acrylic Polycolor
Red
PR3 Toluidine Red Monoazo B-Naphthol y Powder Kremer
o Powder Pecchio
hee
PR9 Naphthol AS Red Monoazo Naphthol-AS Q’“‘ Powder Kremer

35



PR12

Permanent Bordeaux
TRR

Monoazo

Naphthol-AS

Commercial
acrylic

Maimeri
Polycolor

PR57:1

Lithol Rubine

Monoazo

BON lake

Powder

Maimeri

PR88

Thioindigoid Violet

Polycyclic

Thioindigo

Powder

Kremer

PR112

Naphthol Red AS-D

Monoazo

Naphthol-AS

Powder
Commercial
acrylic
Commercial
oil

Kremer
Maimeti

Old Holland

PR122

Quinacridone Magenta

Polycyclic

Quinacridone

Powder

Kremer

PR146

Naphthol Red AS

Monoazo

Naphthol-AS

Commetcial
a

crylic

Maimeti

PR168

Anthraquinone Scarlet

Polyciclic

Anthraquinone

Commercial
acrylic

Maimeri Brera

PR170

Naphthol Red AS

Monoazo

Naphthol-AS

Powder

Kremer
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PR177 Anthraquinone Red Polycyclic Anthraquinone Powder Kremer
PR179 Perylene Maroon Polycyclic Perylene&Perino- Powder Kremer
ne
PR206 Quinacridone Burnt Polycyclic Quinacridone Powder Maimeri
Scarlet
PR209 Quinacridone Red Polycyclic Quinacridone Commercial ~ Maimeri Classic
oil Oil
PR254 Pyrrole Red Polycyclic Diketopyrrolo- Powder Maimeri
pyrrole Commercial ~ Winsor Griffin
oil

Blue

PB15:1 Phthalocyanine Blue  Polyciclic Phthalocyanine %N@ Acrylic Maimeri

PB15:3 Polyciclic Phthalocyanine NS Acrylic Maimeri

;:_N; M\\
PB16 Phthalocyanine Polyciclic Phthalocyanine Powder Maimeri
Turquoise ey >

PB60 Indanthrone Blue Polyciclic Antraquinone V8 W Powder Maimeri
— g .O

Violet

PV19 Quinacridone Violet Polycyclic Quinacridone T Powder Kremer
O . O O Commercial  Maimeti

To0 acrylic
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PV23 Dioxazine Violet Polycyclic Dioxazine N £, Powder Maimeri
N L \L;\ Commercial ~ Winsor Griffin
“ alkyd
PV37 Dioxazine Violet Polycyclic Dioxazine e )L " Y@ Powder Kremer
eoseees
" H’CIH“\H H
Green
PG7 Phthalocyanine Green  Polycyclic Phthalocyanine el e o f Commercial ~ Maimeri
e N 1 “ oil
N rtCu " N :
C': f\‘N‘ \N\ \ o
Inorganic Pigments
PY35 Cadmium Yellow Inorganic Cadmium CdS Powder Zecchi
sulphide Commercial
oil
PO20 Cadmium Orange Inorganic Cadmium-seleno CdS/CdSe Powder Zecchi
sulphide Commercial ~ Royal Talens
oil
PR108 Cadmiun Red Inorganic Cadmium CdSe Powder Zecchi
selenide Commercial ~ Royal Talens
oil
PB27 Prussian Blue Inorganic Ferric s N Powder Zecchi
ferricyanide PN = |‘| N
Kt Fe{
NE k‘l SN
PB28 Cobalt Blue Inorganic Cobalt aluminate Powder Zecchi
PB29 Ultramarine Blue Inorganic Complex Powder Zecchi
sulphur-
containing

sodium-silicate
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In the graphs shown in the following discussion, each pigment will be referred as its CI name
followed by two letters, indicating respectively the binder and the manufacturer. The legend is

reported in Tab. 2.

Table 2. Legend of binders and manufacturers.

a Acrylic
al Alkyd
o Oil

P Actrylic (Primal®)
K Kremer
M

Maimeri
OH Old Holland
P Pecchio

RT  Royal Talens
WG  Winsor&Griffin
7 Z.ecchi

4.2 Instrumentation

Spectrofluorimetric analyses were performed using a portable microprobe, suitable for both
visible reflectance and fluorescence measurements. The microprobe, equipped with an Olympus
20X objective, is connected by optical fibres to a halogen source (maximum power 150 W) and
to a Lot Oriel MS125 spectrometer (grid 400 lines/mm) provided with an Andor CCD detector
(1024 x 128 pixel) cooled by means of a Peltier device. The wavelength calibration was based
on the emission spectrum of a neon lamp. The radiation from the source is sent along a direction
perpendicular to the microscope objective.

For fluorescence analyses the microprobe is equipped with an interference filter to select the
excitation wavelength and a dichroic filter to eliminate from the spectrum the component due
to the exciting radiation. In particular, two different interference filters, centred respectively at
435 nm and 562 nm, were used, while two dichroic filters were available with transmission
ranges 458-680 nm and 635-890 nm respectively. Most yellow, orange and red pigments were
analysed with excitation at 435 nm, while the wavelength of 562 nm was mainly used to excite
the emission of most blue and violet pigments. For UV excitation, a LED source emitting at
365 nm with a power of 5.5 mW was used. The radiation from the source is sent on the
measurement area with an incidence angle of 45° and the emitted radiation is collected through
the objective of the above-described microprobe. Both visible- and UV-induced fluorescence
spectra were collected as sum of 30 scans with an exposure time of 2 seconds and the analyses

were preceded by the acquisition of a background spectrum in the absence of the incident
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radiation. For visible reflectance analyses the interference filter was removed and the dichroic
one was replaced by a beamsplitter 30/70 for the spectral range 400-700 nm. Reflectance spectra
were acquired as sum of 30 scans with an exposure time of 0.05 seconds and the analyses were
preceded by the acquisition of background and reference spectra. A metal target coated with

barium sulphate was used as reference.

Imaging analyses were carried out thanks to the collaboration with Dr. Marco Gargano of the
Department of Physics of the Universita degli Studi di Milano. Briefly, the images were acquired
with a digital single-lens reflex (DSLR) Nikon D810, modified to extend the sensitivity from
350 nm to 1000 nm. Two lighting sources (emitting at 365 and 420 nm) were chosen according
to the different purposes and different high-pass filters were mounted on the lens to correctly
acquire the images in the desired range. The cut-on wavelengths were 420 nm for Ae.e = 365 nm,
480 for hexe = 420 nm and 850 to collect the response in the NIR region. All the acquired images
were post-processed to make the chromatic response less dependent on the instrumentation
and on the acquisition conditions. All the images that will be showed in Section 5.5 are kindly

granted by Dr. M. Gargano.

4.3 Multivariate analysis of data

Reflectance and emission spectra were processed by principal component analysis (PCA),
performed by the statistical package MINITAB 14. The spectra were first normalised between
zero and one to avoid the possible variability due to the reflectance percentage or emission
intensity. To perform PCA, the covariance matrix was selected to reduce the baseline

contribution.

4.4 Kubelka-Munk correction for self-absorption of fluorescence emission

To take into account fluorescence self-absorption and reemission in the solid state, a model
based on the Kubelka-Munk theory of diffuse reflectance was applied [28, 29]. According to it,
it is possible to obtain true emission spectra dividing the experimental data by a function y(A,

M), defined by equation 1:

1 1
¥4, 4) = 14 [RemRQ)] x Rem[R(A)(RemIR(A)]+2} M
Rem[R(A)]+2 Rem[R(Ag)[{Rem[R(Ao)]+2}

where A and A are the emission and excitation wavelength and Rem[R(})] is the total remission

function defined by the following equation 2:
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k@) _ [1-RWP?
Rem[R(/l)] = m = 2R(A) (2)

where s(X) and k()) are respectively the scattering and the absorption coefficient and R(A) is the
diffuse reflectance at the corresponding wavelength A.

The self-absorption cortrection was performed by means of GRAMS/ AT software.

4.5 Case studies

The first case study was Addetta near Zoate, an oil painting by the contemporary post-
impressionist landscape painter Giuseppe Faraone, dated 2001. The artwork, belonging to a
private collection, was made available both for visible and UV-excited spectrofluorimetric

measurements and for imaging analyses.

Two paintings of the Italian Pop artist Silvio Pasotti, namely The monster (1966) and the right
panel of the tryptic The daily neo-mythology (1966-1967) were studied by visible-excited
spectrofluorimetry. Both artworks are realised on an aluminium support: in the 60s Silvio
Pasotti, after encountering the American Pop art, was the author of works often combining
metal and painting, in which images of everyday life objects were used to develop reflections on
social themes. The former painting was examined during an exhibition dedicated to the artist,
which took place in 2018 in Segrate (Milan, Italy). The latter is permanently on show in the

Auditorium “Giuseppe Verdi” in Segrate.

5. Results and discussion

In the following sections, the obtained results will be discussed at first for visible reflectance
spectroscopy and then for visible and UV-excited spectrofluorimetry. Finally, the preliminary

comparative study with the UV-imaging method will be presented.

5.1 Visible-reflectance spectroscopy

5.1.1 Red and orange pigments

Visible reflectance spectroscopy is generally affected by scarce specificity for identification
purposes and reflectance spectra of pigments having the same colour are very similar (Appendix
A), so their identification is challenging. Consequently, PCA analysis allowed the discrimination
of only few groups in the multivariate space (Fig. 3), as almost all red and orange pigments are
close to one another. In particular, the identification was possible only for those colourants with

a peculiar hue, for example brown (PR200), or a different shade of red (PR88, PR177, PR179).
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It is instead difficult when their colour is very similar, as almost all the orange pigments

the same region of the score plot, and the same happens for the red ones.
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Figure 3. Score plot of the first two principal components of the visible reflectance spectra of red and orange
pigments in painting mock-up samples on canvas.

5.1.2 Yellow pigments

As for the red ones, only few yellow pigments were identifiable by their visible reflectance

spectra (Appendix A). In particular, PCA allowed us to recognise in the score plot (Fig. 4) only

two of the colourants analysed, PY109 and PY110. Again, this spectroscopic technique suffers

from low specificity for the identification of pigments having similar colour.
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Figure 4. Score plot of the first two principal components of the visible reflectance spectra of yellow pigments in
painting mock-up samples on canvas.

5.1.3 Violet and blue pigments

Among the analysed pigments, PV19 belongs to the quinacridone family and is characterised by
a pink-reddish hue; PV23 and PV37 are member of the dioxazine group and their colour has a
blue shade. For this reason, the former was considered together with red and orange pigments
(section 5.1.1), while the latter were analysed together with the blue colourants. It is worth
noticing that PV19 formed in the score plot (Fig. 3) two different groups, one corresponding
to the pure pigment purchased from Kremer and mixed with acrylic and oil binders and the
other corresponding to the commercial acrylic paint sold by Maimeri. This behaviour is due to
the fact that the two pigments correspond to different crystalline phases of quinacridone [30,
31], respectively B for Maimeri and y for Kremer, as confirmed by XRD, FT-IR and FT-Raman
analyses (see Appendix B and [7]). The y-phase is characterised by a bluish shade, the 3 one is
instead reddish, explaining their different reflectance spectra.

The score plot of the PCA (Fig. 5) performed on violet and blue pigments revealed the
impossibility of distinguishing the dioxazine violets PV23 and PV37, whose colour is very
similar. The inorganic pigments cobalt blue (PB28) and ultramarine blue (PB29) are well

recognisable, while Prussian blue (PB27) is located close to the indanthrone and phthalocyanine
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blue PB60 and PB16, which cannot be distinguished from their reflectance spectra. Finally, the
two crystalline phases of phthalocyanine blue PB15, PB15:1 and PB15:3, occupy two different
areas in the centre of the score plot. This is attributable to the fact that the two forms of copper
phthalocyanine, « and B respectively, have different chromatic shades, reddish-blue for the

former and greenish for the latter. [32]
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Figure 5. Score plot of the first two principal components of the visible reflectance spectra of blue and violet
pigments in painting mock-up samples on canvas.

5.2 Visible-excited spectrofluorimetry

Most of the analysed pigments showed fluorescence emission, more or less intense according
to their chemical structure. The corresponding spectra are reported in Appendix A, together
with a table summarising their emission maxima. Only a limited number of pigments resulted
to be not fluorescent, namely PR170, PR177, PR179, PR88 and PR206. On the other hand, it
is worth noticing that three of them, PR206, PR179 and PR88, are among the few pigments
recognisable from their reflectance spectrum.

In the following sections, multivariate analysis performed on red, orange and yellow fluorescent
pigments will be presented. Given their small number, blue and violet pigments were instead

compared and discussed just on the basis of their spectral pattern and emission maxima.
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5.2.1 Red and orange pigments

PCA analysis allowed us to verify that almost all paint samples of the same pigment are located
in the same region of the score plot (Fig. 6), forming an independent group regardless of the
manufacturer and the binders employed. In particular, PR3, PR12, PR122, PR146, PR168,
PR209, PR254, PO34, PO36, PO43 and POG62 were discernible, while some overlapping was
observed for the paint samples of a few other pigments, as detailed below. PV19 formed again
two different groups in the score plot, each corresponding to a different crystalline form. The
y-phase of PV19 (Kremer) has a fluorescence emission similar to PR57:1, but, being of two
different colours, the discrimination of these pigments is possible from their reflectance spectra
(section 5.1.1). The B-phase corresponds to a well-defined group in the score plot.

Finally, PR9 is located close to PR112 and PR146, but this can be explained by the fact that
their chemical structures are the same, as they all belong to the same class of Naphthol AS red
pigments. The emission maxima of the pigments are summarised in Fig. 11 and their spectra

are reported in Appendix A.
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Figure 6. Score plot of the first two principal components of the emission spectra (hexe = 435 nm) of red and
orange pigments in painting mock-up samples on canvas.

5.2.2 Yellow pigments
Fluorescence emission of yellow pigments is generally close to that of pure binders (acrylic or
oil), which give a spectrum characterised by a maximum around 520 nm (Appendix A). The

emission due to the binding media can thus hide that of the pigments, making more complex
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and sometimes preventing their identification. An exception is represented by PY139 and PY83,
which show a maximum at 570 nm (Fig. 7). Indeed, they occupy in the score plot a well
separated region from all other yellow pigments (graph shown in Appendix A). In addition,
even if their spectra are very similar, these pigments can be easily distinguished considering that
PY139 has a very intense fluorescence emission in contrast to PY83, whose response is

significantly weaker.

Intensity

500 550 600 650
Wavelength (nm)

Figure 7. Emission spectra of acrylic binder (black line), PY3 (dotted grey line), PY139 (dotted black line) and
PY83 (grey line). All the pigments are dispersed in acrylic.

PCA analysis was thus repeated excluding PY139 and PY83, in order to obtain a score plot
where the different groups formed by the other yellow pigments could be more easily recognised
(Fig. 8). The PY3 group is close to the binder group and indeed this pigment, as well as PY175,
is only weakly fluorescent. This is especially true for the commercial formulations of PY3, in
comparison with the painting samples obtained in the laboratory by mixing the pure pigment
and the binders. Most probably, the pigment concentration in the industrial products is lower
because of the presence of fillers and additives, which further decrease its already weak
fluorescence. In the lower left part of the score plot, three pigments are located, specifically
PY1, PY74 and PY97, all belonging to the same chemical family (mono-azo) and group
(acetoacetarylide). PY109 showed a weak fluorescence signal, with a low signal/noise ratio,
justifying the random position of the corresponding painting samples in the multivariate
hyperspace; anyway, its identification can be confirmed on the basis of its reflectance spectrum

(section 5.1.2). Finally, PY110, which was not included in this PCA, is well identifiable from its
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fluorescence emission because it is the only yellow pigment giving an emission maximum
around 635 nm.

In conclusion, PCA analysis revealed that it is difficult to distinguish all the different yellow
pigments, because their fluorescence emission is often weak and overlapped the one of binders.
In any case, the multivariate approach allowed us to discriminate colourants belonging to the
same chemical classes whose fluotescence emission is indeed similar. The emission maxima of

these pigments are summarised in Fig. 11 and their spectra are reported in Appendix A.

c2
104 @ Binder
PY109pK B o
PY109
A pyi7s5
PY1090K PY3
g4 4 py7a
WV pya7
Qil
PY3oP
o 0 PY3aM _
o Acgvllc
& g
PY97aM PY1loM PY3oM
v |
PY1750M
. PY7 4ok 2
PY3ak
PY3pK
PY74pK
4 PYlaM
| ]
6-
5 4 3 2 -1 0 1 2 3 4
PC1

Figure 8. Score plot of the first two principal components of the emission spectra (Aexe = 435 nm) of yellow
pigments in painting mock-up samples on canvas.

5.2.3 Violet and blue pigments

All the violet pigments here analysed resulted to be fluorescent. PV19 showed a fluorescence
emission when excited at 435 nm, therefore its spectrum was considered together with those of
red and orange pigments (section 5.2.1). PV23 and PV37 are not fluorescent if excited at this
wavelength, but they revealed characteristic emission bands (Fig. 9) that allowed their
identification when excited at 562 nm. In particular, an emission maximum was observed around
743 nm for PV23 and at 786 nm for PV37. Given the limited number of pigments with such a
hue, no multivariate analysis was performed on the corresponding spectral data. However,
spectrofluorimetry demonstrated to be a powerful technique to distinguish PV23 and PV37,
whose identification is not possible if based only on visible reflectance spectra. The emission

maxima of these pigments are summarised in Fig. 11.

47



Intensity/a.u.
)
o

650 700 750 800 850
Wavelength/nm

Figure 9. (a) Emission spectra (Aexe = 562 nm) of a) PV37 (a) and b) PV23 in painting mock-up samples on
canvas (powder plus acrylic and commercial acrylic respectively).

Referring to blue organic pigments, only PB16 (phthalocyanine blue) exhibited a fluorescence
emission upon excitation at 562 nm. In fact, this pigment, which is chemically a phthalocyanine,
showed an emission band around 850 nm (Fig. 10).

PB15 is a phthalocyanine too, but it is not fluorescent, presumably due to the presence, in the
centre of the porphyrin ring, of the paramagnetic copper (II) ion that quenches the emission.
Both crystalline phases of such pigment, PB15:1 and PB15:3, showed the same behaviour, but
they can be recognised on the basis of their reflectance spectra (section 5.1.3, [33])

PBG60 belongs instead to a different chemical class, being an anthraquinone compound, and it
did not show any fluorescence emission upon excitation at 562 nm. Anyway, its reflectance
spectrum is different from those of PB15 making possible the distinction between these two
non-fluorescent organic blue colourants. The results are summarised in Fig. 11 and their spectra
are shown in Appendix A.

Moreover, spectrofluorimetry was proved suitable to recognise also one of the most important
-in the past and nowadays- inorganic pigments, ultramarine blue (PB29), thanks to a
fluorescence band whose maximum is around 680 nm. A similar orange fluorescence emission
has already been observed in alkali glasses containing sulphur [34, 35], which have a composition

analogous to this pigment.
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Figure 10. Emission spectra (Aexe = 562 nm) of PB16 (black line) and PB15 (grey line) in painting mock-up
samples on canvas (powder plus oil binder).
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5.2.4 Inorganic cadmium-based pigments

Besides organic pigments, spectrofluorimetry can be exploited also to identify the inorganic
cadmium-based pigments, as already suggested in [33]. Cadmium yellow, orange and red are
composed of cadmium sulphide (CdS) ot cadmium selenium sulphide (CdS/CdSe) and their
use is widespread in the artistic field. In the pure crystal form, they are not fluorescent, but the
presence of a very small amounts of impurities can cause under UV light a fluorescence emission
in the red and infrared region of the electromagnetic spectrum. From yellow to red, a shift of
the band towards longer wavelengths is observed (Fig. 12 and [36]). In the present work the
possibility of exciting the fluorescence of cadmium-based pigments also employing visible
radiation (Aese = 435 nm) was demonstrated. Therefore, the interference filter centred at 435 nm
was coupled with the dichroic one at 635 nm in order to collect the emission response in the
600-900 nm spectral range. The presence of these fluorescence bands was confirmed by the
analysis of both pure powdered pigments, as such and mixed with binders, and commercial

paints.
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Figure 12. Emission spectra (Aexe = 435 nm) of cadmium yellow PY35, cadmium orange PO20 and cadmium red
PR108 in painting mock-up samples on canvas (powder plus oil). * = spurious band due to the dichroic filter.

5.2.5 Self-absorption correction applied to mixtures of pigments

The self-absorption correction described in section 4.4 was applied to binary mixtures of organic
pigments. The identification of the substances composing a mixture is, in fact, an issue to take
into account: often artist combined different colours to obtain particular hues and, in addition,
a consistent number of commercial paints are actually a mixture. When two pigments are mixed
together, the fluorescence spectrum is affected by the presence of both colouring substances.
In particular, an apparent shift of the fluorescence band caused by the absorption due to the
second component and a changing in fluorescence intensity can occur. Therefore, we

investigated the possibility of identifying each component by applying the self-absorption
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correction proposed in [28, 29]. For this purpose, three different kinds of mixtures were

prepared by mixing two commercial acrylic paints and analysed:

(i) Two fluorescent pigments with fluorescence emission of comparable intensity:
PY139+PR122 (1:1)

(if) Two fluorescent pigments having complementary colours: PY139+PV23 (2:1)

(iii) A fluorescent and a weakly fluorescent pigment: PR112 +PY3 (1:1)

Their reflectance and fluorescence spectra were acquired and the correction was performed. In
order to investigate the possibility of recognising the two pigments composing each mixture,
the corrected spectra were compared to those of the pure components, corrected as well for

their self-absorption.

In case (1), the uncorrected spectrum showed a fluorescence band around 625 nm,
corresponding to that of pure quinacridone magenta PR122. After the self-absorption
correction, a broad band with three maxima appeared: the first two are attributable to PY139
(570 and 540 nm), the latter corresponds to the corrected spectrum of PR122 (614 nm).
Therefore, the correction allowed the identification of the two fluorescent components of the

mixture (Fig. 13).
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Figure 13. Emission spectra of a painting sample of the mixture PY139+PR122 (Aexe = 435 nm), before (a) and
after (b) correction for self-absorption. For comparison, also the corrected spectra of (c) PY139 and (d) PR122
are shown.

In case (ii), the analyses were performed with the two different combinations of filters
(interference 435 nm/dichroic 458 nm and interference 562 nm/dichroic 635 nm) in order to

verify if, by exciting separately the fluorescence of the two complementary pigments, their
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identification in mixture is still possible. At A= 435 nm, before the correction, the spectrum is
characterised by two fluorescence bands (at 591 nm with two shoulders at 541 and 570 nm and
at 668 nm) and apparently it is not attributable to any pigment. Once corrected, a single band at
568 nm with a shoulder at 540 nm appears and the spectrum becomes very similar to that of
pure isoindoline yellow PY139, allowing us the identification of this component (Fig. 14). At
Aexe= 562 nm, a spectrum characterised by a weak band is obtained. After the self-absorption
correction, it shifts towards shorter wavelengths, but the identification of PV23 (dioxazine

violet) is still impossible, probably due to the dilution of the pigment in the mixture.
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Figure 14. Emission spectra of a painting sample of the mixture PY139+PV23 (Aexe = 435 nm), before (a) and
after (b) correction for self-absorption. For comparison, also the corrected spectrum of PY139 is shown (c).

In case (iii), the emission spectrum allowed us to recognise the fluorescent pigment PR112 in
mixture with the weakly fluorescent pigment PY3 and the self-absorption correction worked as
in the case of paint layers of different concentration [29]. In the solid state, a re-absorption of
the emitted radiation by molecules of the same compound can occur, causing a quenching of
the fluorescence and a shift of the band towards longer wavelengths. These phenomena are
related to the concentration of the pigment: increasing it results in a reduction of the emission
intensity and in a red shift of the emission maximum. Therefore, the emission spectrum of
PR112 in mixture with PY3 is not immediately comparable with that of the pure reference
pigment due to the different concentration. The correction for self-absorption shifted the
emission maximum towards lower wavelengths, making the spectrum of the fluorescent
pigment diluted in the mixture more similar to that of the pure one corrected as well (Fig. 15).
It is worth noticing that the corresponding reflectance spectrum (datum non shown), which
exhibits an edge at an intermediate wavelength between those of the two pure pigments, is of

less use in identifying this component.
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Figure 15. Emission spectra (Aexe = 435 nm) of a painting sample of the mixture PR112+PY3 (a) after and (c)
before the correction for self-absorption. For comparison, also the corrected spectrum of PR112 is shown (b)

5.3 Case studies

The methodology proposed to identify the reference synthetic organic pigments on painting
model samples was extended to real paintings, aiming to verify its validity in a complex system,

where different pigments coexist and are often applied in mixture by the artists.

5.3.1 Addetta near Zoate by G. Faraone

The first paint under investigation was _Addetta near Zoate by G. Faraone, dated 2011. During a
previous campaign of scientific examinations [12], Raman analyses were carried out allowing the
identification of the pigments employed by the artist. The analytical approach based on visible
reflectance spectroscopy and visible-excited spectrofluorimetry was performed in order to
confirm its potentiality, making a comparison with such previous experimental results. For this
purpose, areas of different colours were examined and their spectra were compared to those of
the reference pigments to identify the colorants employed (Fig. 16).

Green- In dark green areas corresponding to the trees in the background (area 5), a non-
fluorescent pigment, supposed to be phthalocyanine green PG7 on the basis of its reflectance
spectrum, was used. Moreover, the emission spectra obtained upon excitation at 435 nm and
collecting the emission response in the range 600-900 nm demonstrated the use of PY35,
cadmium yellow (Fig. 16 III) to lighten the colours in the light green details, such as grass (area
4) and willows (area 6). This information could be achieved only by spectrofluorimetry, as the
reflectance spectrum is dominated by the response of the green pigment.

Red- The red colour is present in few details of the painting, namely some small flowers (point

2) and the artist’s signature (area 1). Upon excitation at 435 nm, an emission band with
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maximum at 597 nm was observed (Fig. 16 I). However, no correspondence was found with
any of the red or orange pigments examined in the present work. Indeed, Raman analyses [12]
demonstrated the use of a benzimidazolone pigment, possibly POG0, that was not available to
us for comparison. Indeed, the benzimidazolone orange pigment analysed in the present work,
PO36, shows an emission maximum at a higher wavelength. Finally, the possible presence of a
cadmium pigment was ruled out due to the absence of the NIR emission band.

Pink- The pink colour used by the artist to paint the clouds (area 3) was probably a mixture of
an orange together with a white or yellow pigment. The orange colourant could be identified by
comparing its emission spectrum, corrected for self-absorption, with the spectrum of reference
perinone orange PO43 (main band at 615 nm), corrected as well (Fig. 16 II). In this way the
effect of the remarkably different concentration of the pigment in the light-coloured detail of
the painting and in the reference mock-up sample was taken into account. Raman analyses
confirmed the use of the perinone orange pigment [12], however the possible yellow
component, suggested by the pattern of the emission band around 500 nm, where two other
components (520 and 550 nm) besides that of the binder can be distinguished, was not
recognised.

Violet- In the violet areas dioxazine violet PV23 was recognised (Fig. 16 IV). In particular, the
flowers (area 8) were painted using this pure pigment, while in the violet brush strokes on the
trees (area 7) it seems to be mixed with ultramarine blue (PB29), as the growing trend of the
fluorescence spectrum around 650 nm suggests. The results achieved were confirmed by
supplementary Raman analyses performed during this work (data non shown).

Blue- PCA did not allow us to recognise the blue pigments (area 9) in the paintings from their
reflectance spectra. Upon excitation at 562 nm, fluorescence analyses revealed instead the
presence of PB29, ultramarine blue. The previous Raman analyses confirmed the use of this
pigment mixed with PB15:3 (phthalocyanine blue), which is not detectable by

spectrofluorimetry, as discussed above (section 5.2.3).
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Figure 16. Measurement areas and emission spectra obtained on the painting Addetta near Zoate (G. Faraone,
2011). (I) emission spectrum (Aexe = 435 nm) of area 1 (red); (II) emission spectrum (Aexe = 435 nm) of a) area 3
(pink) after self-absorption correction, compared with that of the recognised reference pigments PO43 b); (I1T)

emission spectrum (Aexe = 435 nm) of (a) PY35 compared with that of (b) area 4 (light green); (IV) emission

spectrum (Aexe = 562 nm) of (a) PV23 compared with that of (b) area 7 (violet). * = band due to oil binder.

5.3.2 Paintings by S. Pasotti

Interesting results, underlining once again the effectiveness of the combined approach based on
spectrofluorimetry and PCA, were obtained from the analysis of red and yellow pigments in The
monster (1966) and in The daily neo-mythology (1966-1967) by S. Pasotti (Fig. 17 a and b). Also in

this study, Raman analyses were available, making possible a cross-comparison of the results.
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Figure 17. (a) The monster and (b) Daily neo-mythology by S. Pasotti (1966-1967).

Red- Two different synthetic organic pigments with this hue were used in the two paintings.
The former is the B-naphthol PR3 in a red area of The monster (M14), but also in a red-purple
detail of The daily neo-mythology: an emission maximum around 630 nm was in fact detected (Fig.
18 b and c), in accordance with what previously observed for the pure pigment (Fig. 18a).
Moreover, an excellent correspondence was obtained in the score plot of the emission spectra
of reference red and orange pigments between the area of the first painting and PR3. On the
other hand, referring to The daily neo-mythology, the emission maximum is located around 630 nm
(Fig. 18 d) too, in agreement with PR3, but an enlargement of the band towards 610 nm is also
evident. Indeed, the red-purple hue of that measurement area NQ12 suggests a second pigment,
possibly of violet colour, such as the B-form of PV19, which emission maximum is around 605
nm. The second red-orange pigment could not be identified by our method since, as
demonstrated by Raman measurements, it did not belong to our database of reference materials.
As a consequence, in the score plot it does not match with any of the reference colourants. It is
a naphthol red PR10 or a naphthol orange PO38, belonging to the same chemical class and thus

exhibiting similar Raman spectra.
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Figure 18. Left: score plot of the first two principal components of the emission spectra of red and orange
pigments and painting areas (hexc = 435 nm). Right: emission spectra of: a) reference PR3; b) M14 ¢) NQ12.

Yellow- In The monster, a characteristic emission spectrum was recorded for both the yellow
areas M10 and M20, having a maximum at 525 nm and shoulders at about 537, 560 and 582 nm
(Fig. 19 b and c). Such pattern has a good correspondence with the fluorescence spectrum of
the isoindole yellow PY109 (Fig. 19 a). The PCA of the emission spectra obtained on The monster
compared with those of yellow synthetic organic pigments in painting mock-up samples shows
nevertheless a certain distance in the space of the first two principal components between the
spectra from the painting and those of the reference PY109 paints, that however do not form
themselves a very close group. The possible identification of the pigment PY109 is of interest
as it was introduced in the same years when Pasotti painted this artwork. Anyway, no Raman
bands were observed for the yellow pigment in the yellow areas, so it was not possible to
definitively confirm the hypothesis. For a yellow area of The daily neo-mythology (NQT), the use of
the arylide yellow PY1 was hypnotised on the basis of a good correspondence with the spectral
pattern of the reference pigment (Fig. 19d), having an emission maximum situated around 540
nm, and PCA confirmed the attribution (Fig. 19¢) as well as Raman measurements. Finally, in
the green area NQ5, where the Raman spectrum of phthalocyanine green PG7 was obtained,
the emission spectrum, with a maximum at 524 nm, suggest the presence a yellow component,

reasonably the arylide yellow PY3 on the basis of PCA (Fig. 19).
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PY1 and ¢) NQ7.

5.4 UV-induced spectrofluorimetry

In this second part of the work, the possibility of exploiting an UV source (precisely emitting at
365 nm) to induce the fluorescence emission of synthetic organic pigments was confirmed. As
discussed below, the results are perfectly in agreement with those obtained upon excitation at
Aexe = 435 nm range for yellow, orange and red pigments and at Aee = 562 nm for violet and
blue ones. Indeed, a very good correspondence in terms of emission maximum and spectral
pattern was observed. Moreover, also the inorganic cadmium-based pigments showed their
peculiar emission band in the NIR range upon UV excitation, as already reported in the literature
[33]. Also in this case, the emission spectra were processed by PCA. The resultant score plots
reflect what previously observed, allowing once again the identification of most pigments or at
least their chemical class. Since in the first part of the work a high degree of correspondence
between different commercial paints containing the same pigment was found, only a lower
number of reference samples was here investigated, more representative of the use of different

binders (acrylic and oil) rather than of the various manufacturers.

5.4.1 Red and orange pigments

As previously observed, most red and orange pigments are fluorescent and occupy different
areas of the corresponding score plot, allowing their identification and confirming the possibility
of distinguishing the same colourant applied with different binders. For a more readable output,
PCA was repeated after excluding four pigments, namely PV193, PO62, PR209 and PO34. They

have peculiar spectra in terms of pattern (POG62) and red-shifted emission maxima (PV198,
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PR209 and PO34, whose representative points partially overlap, but can be distinguish
considering their different colour). In Fig. 20, the score plot which does not include these
substances is reported, while for the overall one the reader is referred to Appendix A. All the
pigments can be recognised and there are only few overlaps: it is the case of PR3 in oil, which
is slightly different from the acrylic formulation and is located near PR254. This effect is
probably due to a different concentration of the pigments in the two formulations, which
determines a higher self-absorption and, as a consequence, a red-shift of the emission maximum

for the oil paint.
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Figure 20. Score plot of the first two principal components of emission spectra of red and orange pigments (Aexc
= 365 nm). PO62, PR209, PV19@ and PO34 are not included.

5.4.2 Yellow pigments and binders

Also in the case of yellow pigments the results are in agreement with what was already observed
upon 435-nm excitation: PY83, PY139 and PY110, having red-shifted emission maxima, occupy
a separate region of the score plot (Appendix A); the other pigments, whose emission is closer
to that of binders, are indeed located near to oil and acrylic resin. In respect of binding media,
it is worth underlining that, if excited by an UV source, their emission is much more intense
then when excited in the visible range. This drawback should be kept in mind to understand the
results of imaging analyses. The score plot of yellow pigments is reported in Fig. 21: all the
colourants can be distinguished, or at least their chemical class (e. 2PY1 and PY74 are close in

the multivariate space, but they are both acetacetarylides, justifying this similarity). Once again,
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the combination of spectrofluorimetry and PCA proved to be an effective approach for

identification purposes.
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Figure 21. Score plot of the first two principal components of emission spectra (Aexe = 365 nm) of yellow
pigments.

5.4.3 Blue, green, violet and cadmium-based inorganic pigments

The behaviour of these pigments emitting in the NIR range upon visible excitation was verified
too. They are PB16, PV23 and PV37 and the inorganic cadmium-based pigments. PB16 gave a
weak emission at about 870 nm, confirming what observed upon visible excitation. On the other
hand, no remarkable emission could be detected upon UV-excitation for the two dioxazine
violets, differently from what reported for the same pigments excited at 562 nm. This fact was
probably due also to the interference of the first overtone of the UV exciting radiation, located

at 730 nm. Finally, both PG7 and PGS are confirmed to be not fluorescent.

5.5 UV-imaging

The investigated synthetic organic pigments, spread on canvas in acrylic or oil binder, show
different behaviours when irradiated with UV-light at 365 nm and analysed by the imaging
technique. However, for the visible fluorescence observed in the UV-excited images (UVF), two
aspects must be considered: the effect of the binder and the concentration of the pigments in

the mock-up samples.
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Acrylic and oil binder contributes in a different extent to the UVF images, as demonstrated by
the corresponding details in Fig. 22. When excited at 365 nm, in fact, both binders exhibit a
fluorescence emission maximum around 500-510 nm, but the intensity of the spectrum is

significantly weaker for the synthetic binder in comparison with linseed oil (Fig. 22).
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Figure 22. Emission spectra of linseed oil and acrylic resin spread on canvas and their UVF images.

Such emission adds up to that of the pigments and contributes to the fluorescence acquired in
the UVF images, as demonstrated in Fig. 23 for the painting layer containing the strongly
fluorescent pigment PR122. Therefore, the image obtained under UV light shows a considerable
contribution of the yellowish emission of oil, superimposed on the red one due to the pigment
(Fig. 23a). On the other hand, when the colourant is spread in acrylic, the binder, coherently
with the weaker emission of the synthetic resin, has a less effect. Interestingly, the contribution
of the binding media can be minimised in favour of the fluorescence emission of the pigment
by choosing an excitation wavelength in the visible range, namely 420 nm, and acquiring the so-
called visible fluorescence induced by visible radiation (VIVF) image (Fig. 23c). This happens
because the absorption of the binders is centred in the near UV and, as a consequence, their

fluorescence is more strongly induced upon that excitation wavelength.
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Figure 23. a) Visible image of painting layers on canvas containing PR122 in acrylic resin and linseed oil.; b) UVF
image; c¢) VIVFE image. For oil binder, the concentration of the pigment in the sample decrease from left to right.

Fig. 23 allows us to explain also the second aspect that must be taken into account: the
concentration of the pigment. The emission intensity of fluorescent substances increases with
increasing the concentration of the emitter, but this tendency can be inverted for higher
concentration as the already described self-absorption phenomenon takes place [11]. This is
exemplified by the two samples of PR122 in oil, whose concentration decrease from left to right:
the intensity of the red fluorescence emission is, in fact, higher for the more diluted one (right
column).

In the following sections, the preliminary results and some considerations based on the

comparison between the images and the spectroscopic data will be presented.

5.5.1 Red, orange and yellow pigments

In UVF images, only the most fluorescent red and orange pigments, in accordance with the UV-
induced spectrofluorimetric results, could be distinguished. They were PR57:1, PO43 and
PR122, which show a charachteristic colour corresponding to their emission maximum (Tab.
3). A weaker emission was observed for PR3, whereas, even if emitting between 630 and 638
nm, PR9, PR112 and PR254, have a weaker fluorescence intensity in comparison with that of
the aforementioned pigments, preventing their detection because of the low intrinsic sensitivity
of the imaging method. The remaining red and orange pigments did not yield any emission

when excited at 365 nm, as espected from visible and UV-excited spectrofluorimetric data.

Referring to yellow pigments, in the UVF images (Tab. 3) a characteristic bright orange emission
was observed for PY139, in agreement with its strong fluorescence band at 572 nm. PY83 and
PY110 are weak emitters, as exspected from the relative intensity of their emission bands (Figg.
24 and 25). Finally, PY1 and PY74, whose fluorescence is very weak, and PY151, which is not

fluorescent, cannot be observed in UVF images.
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Figure 24. Bottom: emission spectra (Aexe = 365 nm) of painting layers with PR3, PY110 and PV19 in linseed oil,
PY74, PR9, PR122 and PR112 in acrylic resin. Top: visible image of the mock-up painting samples on canvas.
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Figure 25. Right: emission spectra (Aexc = 365 nm) of painting layers with PY1, PY83, PY139, PO43, PR57:1 and
PR254 in linseed oil. Left: visible image of the mock-up painting samples on canvas.
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5.5.2 Violet pigments

The quinacridone violet PV19 in the y crystalline form exhibits a red-coloured fluorescence,
consistent with the emission maximum at 665 nm (Fig. 25). Also the B form of this pigment,
whose emission maximum is at 615 nm, can be distinguished thanks to a characteristic purple-
red fluorescence (Tab. 3). Moreover, two mixtures, containing respectively PV19 with PR206
and PR254, were investigated. In both painting samples, only the emission due to quinacridone
violet is observed, as the other two components are not, or just weakly, fluorescent, as already

discussed for red pigments (Fig. 26).

PV198+PR206

a)  PV19+PR206 PV19+254 - PV198+PR254
=

b) PVIS+PR20G PV19+254 E
S
500 540 580 620 660

Wavelength (nm)

Figure 26. a) Visible images of two samples of commercial oil paints containing a mixture of PV19 and PR206
and a mixture of PV19 and PR254; b) UVF images; c) emission spectra (Aexe=365 nm) of the corrisponding
samples.

Table 3. Emission maxima (Aexe = 365 nm) and UVF images of the synthetic organic pigments dispersed in acrylic
or oil binder.

Pigment Binder Emission UVF
maximum response
P3 Oil 618 nm
Actrylic 620 nm
PR9 Oil 637 nm
Acrylic 632 nm
PR57:1 Oil 657 nm
Acrylic 657 nm
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PR112 Oil 637 nm
Acrylic

PR122 Oil 665 nm

Acrylic 670 nm

PR254 Oil 630 nm

Acrylic 630 nm

PO43 Oil 623 nm

Acrylic 623 nm

Actrylic 541 nm

PY83 Oil 577 nm

Acrylic 573 nm

PY110 Oil 635 nm
Acrylic

PY139 Oil 571 nm

571 nm
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5.5.3 Blue and green pigments
Among the blue and green pigments analysed in this work, PB15:1, PB60 and PG8 did not yield

any luminescence, in accordance with the results of UV-excited spectrofluorimetric analyses.
Only a weak fluorescence emission was detected for PB16 at around 867 nm by UV-induced
spectrofluorimetry, but it is not appreciable in VIL image. It is conceivable that the imaging

technique is not sensitive enough to detect this very low-intensity emission.

5.5.4 Cadmium-based pigments

As already documented and observed by spectrofluorimetry, the inorganic cadmium pigments
exhibit a fluorescence emission in the NIR region (Fig. 27). This can be detected also by the
imaginig technique and is particularly evident when illuminating the model paintings with a 420

nm light-source and filtering above 850 nm (Fig. 27¢).

a) b) c)

Figure 27: a) Visible image, b) VIL image with 365-nm illumination and c¢) VIVF image with 420-nm
illumination.

5.6 Case study

To test both UV-excited spectrofluorimetry and UV-imaging on a real case of study, both the

analyses were performed on the already examined oil painting Addetta near Zoate by G. Faraone.

Referring to UV-induced spectrofluorimetry, the results correspond to those provided by the
same method upon visible excitation: no emission was observed for blue and green pigments,
while for the red details a spectrum showing a maximum at 600 nm was obtained. It is worth
underlining a peculiar result in the spectrum acquired on the pink areas corresponding to clouds,
where the colour was attributed to a mixture of PO43 and an unidentified yellow component
by exciting at 435 nm (section 5.3.1). The spectrum obtained upon UV excitation, however,
shows a completely different pattern: beside the emission at 510 nm due to oil binder, there is
a second band around 560 nm, which have an high degree of correspondence with PY139 (Fig.
28a). UV excitation seems to favour the response of the yellow pigment in comparison with the

orange one, whose fluorescence instead prevails with visible excitation. Indeed, under UV
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excitation the emission of PY139 results significantly more intense than that of the same
colourant excited by visible light at 435 nm (Fig. 28b)); the emission of PO43, on the other
hand, has an intensity comparable in both experimental conditions. The information obtained
with the two excitation wavelengths is therefore complementary and confirms a mixture of

PO43 and PY139, which, quite interestingly, is a commercially available formulation.

a 139 b
) . PY139 PO43 ) hexe= 365 nm
)
B
3 Mene= 435 nm
500 550 600 650 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 28. a) Comparison between the spectra of the reference pigments PO43 and PY139 (Aexe = 365 nm) and
the spectrum of pink clouds in the painting; b) comparison between the emission of intensity of PY139 under the
two different excitation wavelengths. Legend: * = band due to the oil binder.

The imagine obtained by illuminating at 365 nm shows a diffuse luminescence (Fig 29 b) on all
the pictorial surface, possibly attributable to the oil binder (its significant contribution is
confirmed by emission spectra, where the oil band at 520 nm is always observed together with
the one corresponding to pigments). When illuminating at 420 nm and filtering from 480 nm,
the significant emission of the oil binder can be reduced and the image (Fig 29 ¢) shows a
marked red-coloured fluorescence in the detail of the clouds, in agreement with the presence of
PO43. Finally, in the image resulting from illumination at 420 nm and filtering above 850 nm,
the presence of cadmium yellow (PY35) is highlighted in the light-coloured areas of the

paintings, such as the lawn, the willows and their shadows on water (Fig. 29d).
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365-480

420-480 ——

Figure 29. a) Visible image of the painting Addetta near Zoate by G. Faraone; b) UVF image; ¢) VIVL image
(excitation source 420 nm); d) VIL image (excitation source 420 nm).

6. Conclusions

In this chapter it was demonstrated that the use of spectrofluorimetry, possibly integrated by
that of visible reflectance spectroscopy and combined with multivariate analysis of spectral data,
is an effective method for the identification of synthetic pigments, in spite of the broad bands
that usually characterise electronic spectra. The main advantage of the present method lies of
course in the possibility of applying it in a non-invasive manner and 7 sit# by means of portable
instrumentation, thus obtaining complementary information to that supplied by other non-
destructive techniques.

Most red, orange and yellow pigments turned out to exhibit an appreciable fluorescence
emission upon visible excitation, allowing their identification, or at least to recognise the
chemical class to which they belong. Almost all the non-fluorescent ones could be instead

recognised by their visible reflectance spectra. The two dioxazine violets and the inorganic
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cadmium pigments exhibited a characteristic fluorescence band in the NIR range. Moreover,
the Kubelka-Munk correction of emission spectra for self-absorption was successfully applied
to recognise fluorescent pigments in binary mixtures. This method was finally tested on three
real contemporary paintings, leading to the successful identification of most pigments (pure or
in mixtures) employed by the artists.

As a further step, a proof of concept of the applicability of UV-imaging methods for the
identification of some synthetic organic pigments and the cadmium-based inorganic ones by
their characteristic luminescence was demonstrated both on reference mock-up samples and on
the contemporary painting Addetta near Zoate. The results are consistent with spectrofluorimetric
analyses upon UV-excitation, although the imaging technique is certainly affected by an
intrinsically lower sensitivity. In addition, the use of a different excitation wavelength, in
particular a visible one was proved advantageous to reduce the strong contribution of the binder,
especially if oil, to the luminescence observed in the image, thus promoting the response of the
pigment. This is an interesting result as most imaging analyses are conventionally performed

only by UV-excitation
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Appendix A

1. Reflectance and emission spectra

Visible reflectance spectra of red pigments
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Visible reflectance spectra of yellow pigments
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PY83 acrylic
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Visible reflectance spectra of orange pigments

550 600
Wavelength (nm)

PO20 acrylic Zecchi

PO20 oil Royal Talens

PO34 acrylic Maimeri

PO36 acrylic Maimeri

PO36 acrylic Maimeri

PO36 oil Maimeri

Reflectance

POG62 Maimeri

PO36 primal Maimeri

PO43 acrylic Maimeri

PO43 oil Maimeri

PO43 o1l Maimeri

450 500 550 600 650
Wavelength (nm)

Wavelength (nm)

75



Visible reflectance spectra of bine and violet pigments
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Visible-excited emission spectra of red pigments (M. = 435 nm)
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Visible-excited emission spectra of yellow pigments and binders (M. = 435 nm)
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Visible-excited emission spectra of orange pigments (e = 435 nm)
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Table 1. Visible-excited fluorescence emission maxima of the analysed pigments. Not-fluorescent ones are not

included.

Pigment

Emission maximum

PY1 oil Maimeri 536 nm
PY1 acrylic Maimeri 536 nm
PY3 acrylic Maimeri 524 nm
PY3 acrylic Kremer 522 nm
PY3 oil Old Holland Classic 522 nm
PY3 oil Pecchio 522 nm
PY3 primal Pecchio 521 nm
PY35 oil Zecchi 740 nm
PY35 oil Royal Talens 716 nm
PY74 oil Kremer 538 nm
PY74 primal Kremer 538 nm
PY83 acrylic Maimeri (com) 570 nm
PY83 acrylic Maimeri 570 nm
PY83 oil Maimeri 570 nm
PY97 acrylic Maimeri Brera 538 nm

PY109 oil Kremer

525 nm/586 nm (sh)

PY109 primal Kremer 522 nm/586 nm (sh)
PY110 oil Kremer 635 nm

PY110 primal Kremer 630 nm

PY139 alchyd Winsor & Griffin 570 nm

PY139 acrylic Maimeri 570 nm

PY139 oil Maimeri 570 nm

PY175 oil Maimeri Classic 522 nm

Binders

Acrylic 518 nm/502 nm (sh)
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Oil 520 nm/502 nm (sh)
Primal 518 nm/ 502 nm (sh)
Orange

PO20 acrylic Zecchi 790 nm
PO20 oil Zecchi 790 nm
PO20 oil Royal Talens 760 nm
PO34 acrylic Maimeri 645 nm
PO36 acrylic Maimeri 616 nm
PO36 oil Maimeri 617 nm
PO36 acrylic Maimeri PC 618 nm
PO43 acrylic Maimeri 615 nm
PO43 acrylic Brera Acrylyc 611 nm
PO43 oil Maimeri 625 nm
PO43 oil Maimeri 604 nm
PO62 acrylic Maimeri PC 586 nm
Red

PR3 oil Kremer 617 nm
PR3 acrylic Kremer 620 nm
PR3 primal Pecchio 640 nm
PR3 oil Kremer 626 nm
PR oil Kremer 621 nm
PR primal Kremer 623 nm
PR12 acrylic Maimeti 652 nm
PR57:1 acrylic Maimeri 660 nm
PR57:1 oil Maimeri 661 nm
PR108 ((lilght) oil Zecchi 796 nm
PR108 (dark) oil Zecchi 801 nm
PR108 oil Royal Talens 801 nm
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PR112 acrylic Maimeri 621 nm
PR112 oil Old Holland 623 nm
PR112 oil Kremer 628 nm
PR112 primal Kremer 630 nm
PR122 oil Kremer 665 nm
PR122 acrylic Kremer 670 nm
PR122 primal Kremer 670 nm

PR146 acrylic Maimeri

650 nm (broad)

PR168 acrylic Maimeri

640 nm (broad)/613 nm (sh)

PR209 oil Maimeri 668 nm (broad)/608 nm (sh)
PR254 oil Maimeri 624 nm
PR254 acrylic Maimeri 624 nm
Violet

PV19 primal Kremer 662 nm
PV19 oil Kremer 663 nm
PV19 acrylic Maimeri 605 nm
PV23 alchidic Winsor Griffin 788 m
PV37 acrylic Maimeri 745 nm
Blue

PB16 oil Maimeri 860 nm
PB29 oil Zecchi 680 nm
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UV -exccited emission spectra of red pigments (Ao = 365 nm)
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Table 2. UV-excited emission maxima of the analysed pigments. The non-fluorescent ones are not included.

n.d. = not determined because of the superimposition of the 1°t overtone of the exciting radiation at 730 nm.

Pigments

Emission maximum

PY1 acrylic Maimeri 539 nm
PY1 oil Maimeri 537 nm
PY3 primal Pecchio 525 nm
PY3 oil Pecchio 528 nm
PY3 acrylic Maimeri 516 nm
PY35 acrylic 690 nm
PY35 oil Zecchi 690 nm
PY74 oil Kremer 540 nm
PY74 primal Kremer 541 nm
PY83 acrylic Maimeri 573 nm
PY83 oil Maimeri 577 nm
PY97 acrylic Maimeri 517 nm

PY109 oil Kremer

PY109 primal Kremer

535 nm / 580 nm (sh)

535 nm / 580 nm (sh)

PY110 oil Kremer

588 nm /630 nm (sh)

PY139 acrylic Maimeri 571 nm
PY139 oil Maimeri 571 nm
PY151 oil 538 nm
PY175 oil Maimeri 522 nm
Binders

Oil 507 nm
Acrylic 498 nm
Vinavil 493 nm
Orange

PO20 acrylic Zecchi 790 nm
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PO20 oil Zecchi 790 nm
PO34 acrylic Maimeri 606 nm
PO36 acrylic Maimeri 623 nm
PO36 oil Maimeri 630 nm
PO36 acrivinylic Maimeri 630 nm
PO43 acrylic Maimeri 623 nm
PO43 oil Maimeri 623 nm
POO62 acrylic Maimeri PC 581 nm
Red

PR3 oil Kremer 628 nm
PR3 primal Pecchio 640 nm
PR3 acrylic Kremer 587 nm
PR oil Kremer 616 nm
PR9 primal Kremer 640 nm
PR12 acril Maimeri 650 nm
PR57:1 acrylic Maimeri 657 nm
PR57:1 oil Maimeri 657 nm
PR108 acrylic Kremer n.d.
PR108 oil Zecchi n.d.
PR112 oil Kremer 637 nm
PR112 primal Kremer 638 nm
PR122 oil Kremer 665 nm
PR122 primal Kremer 670 nm
PR122 acrylic Kremer 674 nm
PR146 acrylic Maimeri 650 nm
PR168 acrylic Maimeri Brera 624 nm
PR206 acrylic Maimeri 610 nm
PR254 oil Maimeri 630 nm
PR254 acrylic Maimeri 630 nm
Blue

PB16 acrylic Maimeri n.d.
PB16 oil Maimeri n.d.
PB29 acrylic Zecchi 680 nm
PB29 oil Zecchi 680 nm
Violet

PV19 y oil Kremer 664 nm
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PV19 y primal Kremer

663 nm

PV19 B acrylic Maimeri 600 nm
PV23 acrylic n.d.
PV37 oil Maimeri n.d.
PV37 acrylic Maimeri n.d.

2. Score plots from PCA of emission spectra of reference samples
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Figure 1. Score plot of the first two principal components of the emission spectra (hexe = 435 nm) of yellow

pigments in painting mock samples on canvas including PY139 and PY83.
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Figure 2. Score plot of the first two principal components of emission spectra (hese = 365 nm) of red pigments in

painting mock samples on canvas including PO34, PR209 and PV198.
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Figure 3. Score plot of the first two principal components of emission spectra (Aexe = 365 nm) of yellow pigments

in painting mock samples on canvas including PY83, PY110 and PY139.
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APPENDIX B

Identification of quinacridone pigments in artists’
paints by micro-invasive IR and Raman methods

Abstract

During the first part of the work concerning spectrofluorimetry, two different commercially
available PV19 and three PR122 pigments were examined and, despite what expected, they
showed different emission spectra. A multi-analytical study combining IR and Raman methods
with a suitable sample treatment to eliminate binders and inorganic fillers was therefore
performed in order to understand the dual behaviour in fluorescence emission of these organic

colourants.

1. Introduction

Quinacridones are high-performance pigments extensively used in the paint industry, in printing
inks and for the coloration of plastics and textiles. They are very stable to light, heat, acids, alkali
and solvents and, thanks to their brightness and high tinting strength, are really appreciated in
the artistic field. Moreover, as already described in section 2.1.2.2 of chapter 2, methylation or
halogenation of the quinacridone rings leads to different shades, from bluish-red to magenta-
yellow. Pigment Violet 19 (PV19) and Pigment Red 122 (PR122) are among the most currently
employed quinacridone pigments. The former (Fig. 1a), characterised by a red-violet shade, is
the linear trans-quinacridone (QA), which exists in two different crystalline forms, the reddish
y-phase and the violet 3-phase. The latter (Fig. 1b) is the 2,9-dimethylquinacridone (DMQA),

whose colour is shifted to magenta-yellow by the presence of two methyl groups. [1]

0 0
H H
N N
a) 0 H b) 0

Figure 1. Chemical structure of a) PV19 and b) PR122
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Until now, many analytical techniques have been applied for the characterisation of pure
quinacridone pigments. X-ray diffraction (XRD) [2], Fourier-transform infrared (FTIR) [3, 4]
and Raman spectroscopies [5, 6] allowed not only the identification of these colouring
compounds, but also to understand their crystalline structure. However, when dealing with the
commercial paints used by artists, the presence of additional components must be taken into
account. Inorganic fillers (gypsum, calcite and silica) and/or binders (actylic or oil) give strong
signals which can hide the weaker ones due to the pigments. The commercial PV19 and PR122
pigments and paints were here examined by XRD, FT-IR and FT-Raman spectroscopies. The
final aim is to identify the pigment molecules and to correlate this information to the different
pattern of their emissions spectra. In particular, in the case of PR122, the powdered pigment
spread in acrylic binder exhibited an emission maximum at 675 nm, while the commercial acrylic
and oil formulations gave an absorption band shifted at 665 nm and 630 nm respectively.
Referring to PV19, the pure colourant spread in acrylic showed an emission maximum at 605

nm, whereas the commercial formulation with the same binder at 662 nm (Fig. 2).

Powder+acrylic
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Commercial oil « \ \
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Figure 2. Emission spectra (Aexe = 435 nm) of different commercially available PR122 (left) and PV19 (right).

To reach the goal of identifying the molecules responsible for the colour in the commercial

paints, the main challenge was the at least partial removal of the fillers and/or binders.

2. Material and methods

2.1 Materials

Pure PV19 and PR122 powders were purchased from Kremer Pigmente, the acrylic paints
containing respectively PV19 and PR122 were two products of the Maimeri Polycolor series
and finally the oil-based PR122 was a Maimeri Classic Oil formulation.

Among the chemicals, hydrochloric acid min. 37% was obtained from Riedel-de Haén,

methanol (assay, = 99.9%), chloroform and ethyl acetate were purchased from Sigma-Aldrich.
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2.2 Sample treatment

For pure powdered PV19 and PR122, all the analyses were performed directly on the pigments,
without any treatment. On the other hand, the industrial paints were treated in order to partially
eliminate the binders and the inorganic fillers.

In the case of the Maimeri acrylic formulation containing PV19 or PR122, the paints were first
washed twice with ethyl acetate in order to partially dissolve the acrylic resin. The solvent was
chosen considering that acrylic binders are presently based on copolymers between methyl
methacrylate and another acrylate such as the #-butyl one [6]. Indeed, in a literature study on
the solubility of poly(methyl methacrylate) [7], ethyl acetate appeared to be one of the most
effective solvents. Afterwards, a 1% HCI aqueous solution was dropped to partially remove the
calcite filler previously identified by FT-IR and XRD (section 3). When a further treatment with
HCI proved to be necessary, it was performed by means of a 15% HCI aqueous solution. For
the PR122 commercial oil paint, a 2:1 CH;0H : CHCIl; mixed solvent was used for the

dissolution of the lipidic binder.

2.3. Instrumentation

FT-IR analyses were performed by a Jasco FTIR-620 spectrophotometer. All the samples were
previously ground and dispersed in KBr to obtain pellets. The spectra were recorded as a sum

of 16 scans with a 4 cm™ resolution.

FT-Raman spectra wete recorded between 4000 and 200 cm ™' by an RFT-600 Jasco FT-Raman
spectrometer using for excitation the 1064 nm emission of a Nd:YAG laser. The output laser
power was kept at 176 mW. A different number of scans according to the sample (between 100

and 300) was acquired. The resolution was 4 cm™".

For Raman analyses, a micro-Raman spectrometer equipped with a Jasco RPM-100 probe,
provided with a notch filter and an Olympus 50x objective and interfaced by optical fibres to
the laser and to a Lot-Oriel MS125 spectrometer, was used. The Andor CCD detector (1024 X
128 pixels) was cooled by means of a Peltier device. Two sources were employed to test different
excitation wavelengths: a frequency-doubled Nd:YAG laser emitting at 532 nm and a diode laser
emitting at 785 nm. Raman spectra were obtained by collecting 60 scans, with an exposure time

of 2 s. In both cases an incident laser power of few milliwatts was used.

XRD analyses were performed by means of a Philips PW 1820 diffractometer with vertical scan.
The instrument was equipped with collimator plates (Soller’s slits), a single crystal graphite

monochromator and a Na(TI)I scintillation counter with impulse height amplification. The
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incident radiation corresponded to Cu Ka (1.5418 A) (settings HV: 40 KV and 40 mA) and the

acquisition was run at room temperature in the range 5°-65°.

3. Results and discussion

Preliminarily, all the quinacridone pigments were characterised by XRD. Apart from the pure
powders, where the typical diffraction patterns of the PV19 (y-phase) and PR122 crystalline
structures were recognised (Fig. 3 a and c), the inorganic fillers prevented the identification of
the colouring molecules. In the case of acrylic formulations, in fact, both for QA and DMQA,
only calcite was detected (Fig. 3 b and d), while in the oil paint the pattern is dominated by a

broad peak due to an amorphous component (datum non shown).
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Figure 3. XRD patterns of PV19 (a) pure pigment, (b) acrylic paint and of PR122 (c) pure pigment; (d) acrylic
paint. In both acrylic paints the observed peaks are due to calcite.

Subsequently, FT-IR analyses were performed on all the samples. Considering the interference
of the inorganic components and/or of the binders, commercial paints were at first treated for
their at least partial removal (See section 2.2). Concerning the two paints containing PR122, as
shown in Fig. 4 and in agreement with what observed by XRD, even after sample treatment the
prevailing signals in the FT-IR spectrum were those due to calcite for the acrylic paint and to
amorphous silica for the oil one. In fact, COs* anions and Si-O bonds have very high absorption
coefficients, thus their bands are largely predominant in the IR spectrum in comparison with
those of any organic component. Nevertheless, some very weak bands due to DMQA were

recognisable between 830 and 500 cm™ (box in Fig. 4 and Tab. 1). Similarly, for the paint
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containing PV19 the main signals of QA could be observed as minor features between 1100

and 400 cm™ (box in Fig. 4 and Tab. 1).
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Figure 4. FT-1R spectra of the analysed PR122 and PV19 pure pigments and pre-treated paint samples: a) acrylic
paint; b) pure powder; c) oil paint. The regions where the spectra of the paints show weak bands due to the
pigments are enlarged in the boxes.

Table 1. FT-IR bands of PR122 and PV19 as pure pigments and acrylic and oil paint after treatment. * = bands
due to calcite; © = bands due to silica.

FTIR bands (cm™)
PR122 Pure powder 3265, 3226, 3164, 2979, 2914, 2856, 1635, 1604, 1578, 1553,
1476, 1412, 1340, 1296, 1260, 1234, 1201, 1143, 1119, 1035,
976, 950, 915, 873, 808, 792, 771, 710, 700, 663, 612, 588, 555,
536
Actylic paint 3272, 3231, 3170, 2963, 2015, 2874, 2514, 1797%, 1741, 1424*,
1242, 1144, 1021, 946, 875%*, 808, 792, 712*, 604, 555, 537
Ol paint 3273, 3162, 2919, 2850, 1744, 1636, 1606, 1583, 1553, 1471,
1343, 1061°, 792, 466°
PV19 DPure Powder 3258, 3219, 3150, 3097, 3058, 3015, 2973, 2941, 2919, 2842,
1626, 1604, 1582, 1554, 1523, 1498, 1469, 1448, 1407, 1341,
1313, 1264, 1235, 1193, 1155, 1138, 1107, 1023, 961, 894, 874,
851, 813, 749, 707, 690, 69, 607, 564, 527, 483, 447
Actylic paint 2959, 2921, 2874, 2515, 2365, 2344, 1420%, 1166, 875%, 847,
712%, 668, 617, 605, 564, 527, 418
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On the other hand, Raman spectroscopy, when applied to the paints, gave spectra dominated
by an intense fluorescence background due to the binders and to the pigments themselves, both
using a 532 and a 785 nm excitation wavelength.

As a consequence, FT-Raman analyses were performed, as the excitation in the near-infrared
region (1064 nm), where most materials do not absorb, allows the quenching of the fluorescence
emission.

Concerning PR122, the analyses made directly on the paint layers allowed us to detect only
fluorescence for the oil paint and the presence of calcite in the case of the acrylic one. Small
samples were thus taken and treated as described in section 2.2 to remove the oil binder in the
first case and part of the acrylic binder and most of the calcite filler in the second one. In this
way the signals due to DMQA became evident in the commercial formulations (Fig. 5 and Table
2). Referring to the acrylic paint, in order to further highlight the colourant molecules, a
supplementary treatment with an HCI 15 % aqueous solution was performed. Similarly, for the
paint containing PV19, before the partial elimination of calcite, only this compound was
detectable in the FT-Raman spectrum, but after repeated washing with aqueous HCI the bands
due to the pigment were evidenced (Fig. 5 and Tab. 2). It is worth noticing in the same spectrum
the presence of intense bands due to the acrylic binder (Fig. 5 and Tab. 2) [8], which was only
partially dissolved by ethyl acetate.
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Figure 5. FT-Raman spectra of the analysed PR122 and PV19 pure pigments and paints: a) untreated acrylic
paint; b) treated acrylic paint; ¢) pure powder; d) treated oil paint. Legend: o= band due to acrylic resin.
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Table 2. FT-Raman bands of pure PR122 and PV19, acrylic and oil paint after treatment. * = bands due to
calcite; © = bands due to acrylic resin [8].

FT-Raman bands (cm™)
PRIZZ Dure powder 1647, 1593, 1567, 1536, 1513, 1379, 1348, 1334, 1314, 1231,
1198, 721, 677, 537
Acrylic paint 1648, 1593, 1567, 1511, 379, 1314, 1087, 720
Oil paint 1648, 1593, 1567, 1511, 1314, 720
PV19 Purc Powder 3060, 1660, 1651, 1628, 1598, 1563, 1514, 1481, 1440, 1243,
1208, 1162, 1137, 1023, 876, 739, 695, 558, 464
Acrylic paint 2935, 2876, 1731°, 1598, 1565, 1512, 1452 °, 1311°, 1082*,
842°. 806°, 695

On the basis of these results, it was possible to conclude that the different fluorescence emission
for PV19 can be attributable to two different crystalline forms of the unsubstituted
quinacridone: as the y form was confirmed by XRD analysis on the powdered pigments, the use
of the B form is supposed for the commercial paint. On the other hand, in all the red paints
analysed 2, 9-dimethyl quinacridone turned out to be the colouring molecule and no differences
in the chemical structure or in the crystalline phase could be detected. In the light of this
information, it was concluded that the origin of the observed shifts of the emission bands are
related to the self-absorption phenomenon, and thus depend on the concentration of the
pigment in the paints. As a matter of fact, when dealing with the pure powdered directly spread
in the binders, the concentration of quinacridones is certainly higher than in the case of the
commercial formulation, where the colourants are diluted in inorganic fillers. Therefore, a
higher self-absorption takes place in the former case, determining an apparent shift of the

emission band towards longer wavelengths.

4. Conclusion

The combination of micro-invasive IR and Raman methods led to the successful identification
of the two quinacridone pigments PR122 and PV19 in acrylic and oil paints. Although these
substances provide well-defined FT-IR and FT-Raman spectra when pure, the presence of
additives and/or binders prevents their identification in commercial formulations. To this aim,
a preliminary sample treatment was successfully applied in order to partially remove binders and
inorganic fillers, highlighting the presence of DMQA and QA molecules in the FT-IR and,

especially, FT-Raman spectra of both acrylic and oil formulation. Based on the obtained results,
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it was possible to conclude that the difference in the emission spectra of the violet pigment
PV19 is due to two different crystalline forms of the unsubstituted quinacridone, while for
PR122 it was related to the self-absorption phenomenon determined by the concentration of

the pigment itself in the different mock-up painting samples.
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Chapter 3

FT-NIR Spectroscopy for the non-invasive study of
binders and multi-layered structures in paintings

Abstract

This chapter is dedicated to the identification of natural binders and to the study of the complex
stratigraphy in paintings by means of FT-IR spectroscopy. In particular, the potentiality of the
near-infrared (NIR) region of spectra, dominated by the absorption bands due to CH, CO, OH
and NH functional groups, is successfully exploited to distinguish a lipidic from a proteinaceous
binder, as well as the coexistence of the two media in laboratory-made model samples simulating
the complex multi-layered structure of a painting. The combination with multivariate analysis
methods or with the calculation of indicative ratios between the intensity values of characteristic
absorption bands are proposed to facilitate the interpretation of the spectral data. Moreover,
the deeper penetration depth of the NIR radiation is exploited to have information about the
inner layers of the paintings, in particular focusing the attention on the preparatory coatings of
the supports. Finally, as a proof of concept, FT-NIR analyses are carried out on eight ancient
paintings, dating to different centuries (from the end of the 15" to the end of the 18™) and

exemplifying different artistic techniques.

1. Introduction

The analysis of binders, i.e. the media where pigments are dispersed to be spread on painting
supports, is a relevant but challenging task in the field of conservation science.

Over the centuries, artists used a wide range of materials - siccative oils, natural gums and
proteinaceous substances as egg, animal glue or milk derivatives -, associated with different
painting techniques. Since antiquity, proteinaceous tempera based on water-diluted egg yolk was
employed in painting, while egg white, vegetable gums and animal glues were preferred,
separately or in mixture, to create illuminated manuscripts. In the Renaissance the use of
siccative oils spread in European painting and they became progressively one of the most
employed binding media during the Modern age. Moreover, artists experimented recipes based
on mixed binders to improve and modify the painting properties or to obtain particular

chromatic effects by combining their different features. This was, for example, the case of
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tempera grassa, an emulsion of oil and egg or, sometimes, oil and casein. [1] In addition, also the
preparatory layers, i.e. the coating spread on the support (typically a wooden panel or a canvas)
before applying the subsequent layers, represent an important aspect in the investigation of a
painting. They were traditionally made of white mineral substances mixed with an adhesive,
usually animal glue. Gypsum (CaSO,4-2H,0) or calcite (CaCOs) were the main raw materials,
according to the geographical area of origin: the former was mostly adopted by artists from

Mediterranean countries, the latter was typical of central and northern Europe [2].

In this scenario, the identification of binders is of major interest both for the restoration and
conservation of paintings, as well as from an historical and artistic point of view. Until now, the
analytical technique commonly employed for their investigation is gas chromatography, often
coupled with mass spectrometry (GC/MS) [3-7]. Anyway, despite being a very sensitive and
specific method, it suffers from the main disadvantage of being destructive and sample-
requiring. A completely non-invasive approach should be instead highly recommended in the
field of cultural heritage. Anyway, in comparison with inorganic pigments and fillers, the
detection of binders represents a difficult task as they are present inserted in a complex system
and more prone to chemical alterations. On the other hand, referring to the study of the
composition of preparatory layers, it is achievable only when a sample containing the whole
stratigraphy is available. The destructive methods (i.e. GC/MS), in fact, do not allow the
discrimination of the layers, while the non-invasive ones generally enable the investigation of
only the most superficial substances.

Among spectroscopic techniques traditionally employed for the non-invasive analysis of works
of art, FT-IR spectroscopy has gained a key role thanks to the development of portable and
compact instrumentation suitable for non-invasive #-situ analyses in reflection mode.
Nevertheless, the mid-infrared (MIR) region (4000-400 cm™), which is commonly studied to
characterise materials, is dominated by the strong absorption bands of the pigments or, in
general, of the substances composing the surface layer of the painting, i.e. protective varnishes.
On the other hand, the interval from 7500 to 4000 cm™ of the near-infrared (NIR) region shows
interesting features for the identification of organic compounds. This spectral range is indeed
dominated by overtone and combination bands, whose wavenumbers are multiples or sums of
those of fundamental bands - due to stretching or bending vibrations - occurring in the MIR.
These absorption bands are broader and less resolved than the fundamental ones, but, being
orders of magnitude weaker, allow the acquisition of reflection spectra that do not require any
spectral processing (for example Kramers-Kronig transform). Especially bands due to

functional groups containing hydrogen atoms (e.g. OH, CH, NH) are located in the NIR part
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of the spectrum and can be exploited to identify organic binders, although their broadness may
cause overlapping in the case of mixtures and superimpositions. Moreover, the lower absorption
coefficient and the higher energy of the NIR radiation enable a deeper penetration in
comparison with the MIR one. This is a main advantage as, in principle, allows one to obtain
compositional information about the layers below the surface.

For all these reasons, NIR spectroscopy has already been proposed for the identification of
artistic binders, focusing in particular on pure substances [8, 9]. The work reported in this
chapter aimed instead to investigate the possibility of exploiting FT-NIR spectroscopy to
recognise binders in complex systems, as real paintings are. Moreover, the potential usefulness
of the deeper penetration power of the NIR radiation to gain information about the inner layers
of a painting was also considered. To this aim, mock-up painting samples were first of all realized
in the laboratory following ancient recipes and using different binders to spread pigments in
single or multiple layers on wood panels. In particular, inorganic pigments showing absorption
bands in the NIR region were chosen in order to evaluate how they can affect the identification
of the binders. Two different ground layers, respectively made of calcite or gypsum mixed with
animal glue, were used for the models, considering that, differently from calcite, gypsum displays
characteristic absorptions in this spectral region. Finally, a multivariate approach based on
principal component analysis (PCA) of spectral data was also investigated as a possible tool to

differentiate binders.

As a proof of concept, FT-NIR analyses were then carried out on ancient paintings, dating from
the end of the 15™ to the end of the 18" century and created on different supports with different
techniques, to gain a wider insight on the applicability of this method for the non-invasive

detection of binders and the stratigraphic study of paintings.

2. Objects of study
2.1 Artistic binders

Organic binders provide a matrix capable of adhering to the ground layer and suspending
pigments. Specific materials were needed to form stable films with suitable physical (viscosity,
adhesion, cohesion), chemical (stability and lightfastness) and optical (transparency) properties.
During the centuries, painters experimented with a variety of materials as paint media, anyway
the requirements for an appropriate binder strongly limited the choice. As a result of this
centuries-old experimentation, siccative oils and proteinaceous materials such as egg, and to a

lesser extent casein and animal glue, and polysaccharides became the most used binding media.
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Indeed, these different materials are at the basis of the distinction between oil and tempera

painting technique.

The term zempera generically refers to binders which are used in aqueous dispersion. According
to their nature, two kinds of tempera can be identified: the one obtained from animal proteins
such as egg, casein and glue and the one having a polysaccharide component of vegetable origin
(i.e. Arabic gum, dammar). During the Medieval and Renaissance period, egg tempera was
extensively used to create paintings on panel or polychrome sculptures. The most common
recipe involved the use of yolk diluted in water and mixed with a small amount of vinegar to
prevent fermentation processes. This mixture was then kneaded with powdered pigments, in
different amounts according to the nature of the colourant itself and the taste of the artist: an
excess of yolk leads to a “fat” and slow-drying pictorial film, a defect to an inhomogeneous
surface, with lacklustre colours. On the other hand, egg white was largely employed in
flluminations and decorated manuscripts, often in mixture with honey or sugar to confer

flexibility to the film. [1, 10]

Since the 15" century, the use of siccative oils became common practice. Even if their
application as binding medium was already reported from Greek and Romans historians, oil
paint established itself in this period in the Flemish environment, where it was introduced by
Jan Van Eyck. Subsequently, in the last decades of the same century, it arrived to Italy thanks
to the activity of Antonello da Messina and widespread all over Europe. [1, 11] From the
Renaissance to the 20™ century, when synthetic materials appeared, oil was the most popular
binder in artists’ workshops. However, it should be remarked that the transition between oil and
tempera gave rise to mixed techniques, where the two binders were used in mixture. It is the
case of the so-called fempera grassa, where oil was emulsified with a proteinaceous component,
such as egg, glue, milk or casein. Among the greater masters, Leonardo da Vinci himself used
to employ such method in painting. The superimposition of oil and tempera layers to create
peculiar effects and shades was documented too. Siccative oils were really appreciated as their
chemical structure, rich in long unsaturated chains of fatty acids, easily oxidises in the air, starting
a polymerisation reaction from which solid consistence films were obtained. Linseed oil was the
most used, as its structure gives painting films characterised by cohesion, resistance and
elasticity. Anyway, it is prone to yellowing with time and for this reason sometimes it was
replaced or mixed with other oils, such as poppy or walnut oil. They are less resistant and their
filming properties are not comparable to those of linseed oil, but exhibit better optical
properties. As a consequence, they were often used, pure or in mixture with linseed oil, to

disperse white pigments [1].
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2.2 Preparatory layers

The term preparatory or ground layer refers to the overall layers applied to the support (panel
or canvas) before paintings are executed. The application of this coating is important to obtain
a smooth and homogeneous surface, suitable to receive pigments. Its function is, in fact, to
make the support less absorbent and brighter. The layer(s) applied should adhere to the support,
be compatible with the subsequent paint layers and must remain stable over time. Because of
its function, the ground layer cannot be considered an isolated one, but must always be related
to the full stratigraphy of the painting. Features such as thickness, texture, degree of absorption
and colour are part of the artistic technique: over the centuries, stylistic developments went

hand-in-hand with changes in the materials.

Documentary research and analyses suggest that both for tempera and oil paintings on panel,
grounds were generally bound with animal glue (often skin or parchment based), prepared by
boiling the shredded material in water and using the filtered liquid.[13] Glue-bound grounds
typically contained chalk or gypsum. Generally, chalk (CaCO3) was predominant north of the
Alps, while gypsum (CaSO..2H20) was in use in the southern regions, probably due to local

availability. With only a few exceptions, gypsum was the most common filler in Italy [2, 13].

Whereas the transition to oil painting during the 15" century did not result in changes in panel
ground composition, it had its effect on the importance and meaning of insulating layers. An
insulating layer applied to the ground, called zmprimitura (primer or priming layer), became an
indispensable feature since it prevented uneven absorption of the oil binder into the support.
In addition to glue, unpigmented oil or oil-resin layers having such a function were identified.
While the importance of the insulating layer increased, it became more diverse in both material
composition and colour. Lead white is the main pigment found in such pigmented layers up to
the 15" century [13], while coloured priming layers became a regular feature of Italian panel
grounds towards the end of the same age [11]. Such thin, sometimes rather transparent priming
layers consisted of lead white in oil, tinted with blacks, red or yellow earth pigments and
sometimes minor additions of other pigments. In some cases, they were applied very diluted

and simply toned.

Since the second half of the 15" century, the use of canvas instead of panel as painting support
became common. This did not lead to significant variations in preparatory layers, unless for the
lack of the thick gypsum coating that was applied to confer homogeneity and smoothness to
the wooden support. The thickness of the preparatory layer became, in fact, extremely small

(Iess than 100-150 um), often to leave the texture of the canvas intentionally visible. During the

100



16™ century, the use of a mixture of pigments and oil spread on canvas to reduce its porosity
and to limit the absorption of oil binder became common practice because of its higher
flexibility in comparison with gypsum. For example, canvas was often covered by a thin layer
of animal glue mixed with white materials, such as chalk and lead white. Lately, from the second
half of the 16™ century and mainly during the 17" and 18" centuries, artists began to use dark-

coloured primer layer, obtained by dispersing in oil earth pigments such as yellow and red ochre.

2]

3. Near-infrared (NIR) spectroscopy

Fourier-transform infrared spectroscopy (FT-IR) is a well-established analytical technique in the
field of cultural heritage diagnostics. This vibrational spectroscopic analysis, in fact, provides
information at the molecular level which results in the unambiguous identification of a wide
range of organic and inorganic substances. Moreover, the recent technology led to the
development of compact and portable instruments, suitable for measurements in reflection
mode and thus allowing non-invasive analyses directly on the artistic objects in their place of

conservation.

The mid-infrared (MIR) region, ranging from 4000 to 400 cm™, is most commonly studied as it
hosts the fundamental vibration modes (stretching and bending) of molecules. In particular, two
different parts can be distinguished in the spectrum, the functional groups and the fingerprint

region, whose combined interpretation is uniquely associated with a specific compound [13, 14].

In the artistic field, infrared spectroscopy has been extensively employed for the examination
of paintings and a consistent number of spectral databases and reference data are reported in
the literature [15-19], allowing the identification of a wide range of compounds. However, it is
worth noticing that this method is especially suitable for the identification of the substances in
the most superficial layers of paintings. In particular, its main application is the identification of
inorganic pigments, whose absorption bands are strong and intense in the MIR region.
Otherwise, when there is a final layer of varnish on the surface of the artistic object, FT-IR
spectroscopy enables its certain detection. Information about the composition of the different
layers of a painting can be obtained analysing a cross section of a sample by the micro-FT-IR
technique [20]. In this case, however, the non-invasive applicability of the method is intrinsically

compromised by the need of a sample.

In recent years, the near-infrared (NIR) region has become object of research also in the
diagnostics field and the potentiality of this part of the electromagnetic spectrum (in particular

the interval 6500-4000 cm’, also referred as SWIR) has been studied. This spectral range,
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corresponding to the first non-visible part and ranging from 13000 to 4000 cm™, was firstly
discovered by Frederik William Herschel in 1800 [21]. However, during the 150 years after, it
was neglected by scientists in favour of analytical methods providing more unambiguous results
and because of the limited availability of suitable instrumentation. The situation radically
changed in the second half of the 20" century when Katl Notris [22] conceived the modern
NIR spectroscopy and Phil Williams introduced the application of this method for the analysis
of protein and moisture content in wheat. Nowadays, NIR spectroscopy is considered of equal
importance among the major analytical techniques and is currently applied for quality control in
various fields, ranging from agriculture, food and cosmetics to pharmaceuticals. Indeed, it is a
rapid, easy-to-use, chemical-free and non-destructive method allowing #n-situ detection of

substances directly in their packaging. [23]

NIR spectra comprise overtone and combination bands resulting from bond vibrations
(stretching and bending) whose fundamental bands occur in the MIR region. These signals have
a lower absorption coefficient, allowing for this reason the acquisition of spectra in reflection
mode without distortions and possibly without requiring processing (such as the Kramers-
Kronig transform). [24, 25]

The NIR spectral range is dominated by vibrational bands mainly associated with NH, CH and
OH (together with CC) functional groups. NIR spectra result generally quite complex and
characterised by broad and scarcely resolved signals. This can cause overlapping of the bands
themselves, making it difficult to interpret the spectra as well as to extract information about a
specifical chemical component. In this respect, a multivariate approach is often adopted for a

better understanding of the analytical results. [ 9, 25]

The functional groups showing signals in the NIR region, however, can be of great interest for
the detection of artistic binders and natural varnishes. These substances, in fact, as already
exposed in chapter 1, are characterised by functional groups (i.e. carboxyl and amino), which
allow the distinction between a lipidic and a proteinaceous compound. In this respect, the
exploitation of NIR spectroscopy for their identification has been already proposed, but mainly
referring to the study of pure reference materials [8, 9]. Moreover, the higher energy and the
lower absorption coefficient of NIR radiation, allows a deeper penetration [8], making possible,

in principle, to reach the inner layers and detecting their composition (Fig. 1).
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Figure 1. Schematic representation of the complex stratigraphy of a painting. NIR radiation is able to penetrate
through the most superficial layer, in comparison with the MIR one.

4. Materials and methods

4.1 Materials

Pure reference materials were purchased from Maimeri and from local paint shops, while the
inorganic pigments (lead white, azurite, yellow ochre and hematite) were from Zecchi. Gypsum
and calcite were commercialised by Sigma-Aldrich. For the synthesis of lead palmitate,
methanol, palmitic acid and lead nitrate were from Sigma Aldrich and ethanol from Fluka. For

cross sections, the Struers Epofix Kit, containing Epoxy resin and Epofix hardener, was used.

4.2 Instrumentation

A FT-IR spectrophotometer Bruker Alpha was used for non-invasive analyses in reflection
mode. The instrument is equipped with a reflection module for contactless measurements and
a deuterated triglycine sulphate (DTGS) detector, operating at room temperature and ensuring
a linear response in the spectral range between 7500 and 375 cm’. The FT-IR
spectrophotometer collects spectra from a sample area with a diameter of around 6 mm and
with a resolution of 4 cm™. An integrated video camera allows the operator to select the area to
be measured. FT-IR spectra were recorded as sum of 200 scans after the acquisition of the
background spectrum on a golden mirror. Reflection spectra in the MIR region were processed
by Kramers—Kronig transform using Bruker OPUS software. In the NIR range they were

instead transformed in pseudo-absorbance log(1/R).

4.3 Sample preparation

4.3.1 Pure reference materials
Pure reference substances were spread directly on glass slides and allowed to dry in the air or,

especially in the case of drying oils, in an oven set at =50° C to speed up the polymerisation
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process. In particular the reference materials were: siccative oils (linseed, poppy and walnut),

egg (white and yolk), animal glue, gum Arabic and dammar varnish.

4.3.2 Mock-up painting samples

Mock-up samples, simulating the complex layered structure of a real painting, were prepared on
the basis of historical treatises and scientifical reports [10-12]. They were painted on a wooden
panel employing two different preparatory layers commonly adopted by artists, calcite and
gypsum-based respectively.

In the first case, a ground layer made of calcium carbonate (CaCO3) mixed with rabbit skin glue
(ratio 1:7) was first applied on the wooden support. The mock-up samples were then prepared
according to the stratigraphy reported in Tab. 1. The selected inorganic pigments were yellow
ochre FeO(OH)'nH,O, azurite 2Cu(CO3)-Cu(OH), and lead white 2PbCO;-Pb(OH),, all
showing absorption bands in the NIR region, which could overlap those of the binders. The
chosen binding media were linseed or walnut oil, egg (whole or yolk) and a mixture of the two
materials to obtain the so-called fempera grassa. Two identical series of samples were prepared
and on one of them a final layer of dammar resin was applied as varnish.

For the second set of models, a preparatory layer made of gypsum (CaSO4 - 2H,0O) mixed with
rabbit glue (ratio 2:1) was first applied on the wooden panel, followed by a second one (ratio
1:1). On this coating, two different pigments (lead white and hematite Fe,Os) were then applied

with different binders, pure, in mixture or in multiple layers (see Tab. 1).

Table 1. Stratigraphy of the mock-up samples prepared on a wooden panel.

Preparatory layer | Priming layer Binders Pigments
Tempera
. Animal glue Tf’mpem grassa Yellow ochre
CaCOs + animal Linseed oil on tempera .
. - Lead white
glue Walnut oil + lead white Agurite
Walnut oil + lead white + | Linseed oil
red lead + lead tin yellow
Linseed oil
Walnut oil
CaSO42HO + Tempera Hematite
animal glue i Tempera grassa Lead white
Tempera on walnut oil
Tempera on linseed oil

4.4 Preparation of cross sections

Cross sections were prepared from the mock-up samples to evaluate the thickness of the

painting layers and to correlate it to the penetration depth of NIR radiation. For each sample, a
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small fragment containing all the layers was carefully collected by a scalpel and placed into a
silicon mould on an already hardened layer of the embedding resin. The latter was prepared by
mixing Struers Epoxy resin and Epofix hardener in a 15:2 ratio and stirring until the mixture
was completely homogenous. The sample was then covered with a second layer of resin and left
to cure overnight. The cross sections were polished manually employing a lapping machine
Struers Labopol-1 equipped with a magnetic rotating disk. Different silicon carbide abrasive
papers with decreasing granulometry were used in succession, until the surface of the sample
emerged from the resin block. Afterwards, a 6 um DP-Struers diamond paste was used to
obtain a perfectly smooth surface. Finally, the cross sections were observed and photographed

by means of an Olympus optical microscope.

4.5 Multivariate analysis of data

FT-NIR spectra were processed by principal component analysis (PCA), performed by
MINITAB 14 software. The spectra were first truncated between 6000 and 4000 cm™ and
normalised between 0 and 1. Afterwards, they were transformed into the corresponding 1°*
derivatives using GRAMS Al software (Thermo Fisher Scientific) and the Savitsky-Golay
algorithm (2™ degree polynomial and 31 points), to eliminate the contribution of the baseline
slope and to emphasise the differences among the spectra. In this case, the original variables of
PCA analysis are the dA/dv values in the range 6000-4000 cm™, while the samples are the
spectra of the different mock-ups or of pure binders. The covariance matrix was used in order

to give less weight to baseline points in the calculation.

4.6 Ratio calculation

To calculate ratios between band intensities, the baseline was subtracted from the spectrum and
band heights were evaluated by using Grams/Al software. Absorption bands typical of oil or
egg yolk respectively were chosen to exploit the ratio as discriminating value between the two
binders (see section 5.3 for more details). When bands due to the gypsum ground layer were
detected in the NIR spectrum, the contribution of calcium sulphate dihydrate was subtracted

using the same software.

4.7 Synthesis of lead palmitate

Lead palmitate was synthesised following the procedure reported in [29]. 30 mL of a 0.02 M Pb
(NOs)2 solution were prepared by dissolving 0.199 g of the lead salt in ethanol, water and
methanol in proportions 5:5:2. A second solution of palmitic acid 0.02 M in methanol was then

prepared by dissolving 0.064 g palmitic acid in 12.5 mL methanol. To promote the dissolution
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of the acid, the solution was sonicated for several minutes, until it became clear and transparent.
The two solutions were then mixed into a flask and left to react under sonication for 30 minutes.
A dense, white suspension was thus obtained and filtered. The collected product was washed
with hot water, ethanol and ether to eliminate any residual reagent and finally dried overnight.
The next day, the remaining white powder was scraped off the filter paper and placed on a Petri
dish in an oven at 50° C for about 2 hours, in order to evaporate all the residual water. Before
performing FT-NIR analyses in reflection mode, the lead palmitate was analysed in transmission
mode by FT-IR bench instrumentation to verify that the synthesis was successful. The acquired

spectrum confirmed the nature of the product (data non shown).

4.8 Ancient paintings

In the present work, different paintings from the 15" to the 18" centuries were studied by FT-
NIR spectroscopy. Three of the artworks under investigation belong to Leonardo’s school and
were painted in the last two decades of the 15™ century. They are The Virgin and Child (The
Madonna of the Rose) by Giovanni Antonio Boltraffio and The Virgin feeding the Child by an
unknown painter of the Lombard school, all exposed by Poldi Pezzoli Museum in Milan (Italy),
and The Virgin and Child by Francesco Galli, known as Francesco Napoletano, kept by
Pinacoteca di Brera in Milan.

St. Augustine and St. Jerome was painted by the Lombard artist Ambrogio da Fossano, called
Bergognone, at the end of the 15" century. The support is a wooden panel and it seems that
originally this painting was part of a polyptych. Today it is stored in the Church of #he Certosa
delle Grazie in Pavia (Italy).

St Jobn the Baptist was represented by the Milanese artist Bernardo Zenale at the beginning of
the 16" century. It is painted on a wooden panel and nowadays it belongs to a private collection.
The painting on canvas Porter boy sitting on a basket is a work by the Italian artist Giacomo Ceruti,
known as Pitocchetto (“the little beggar”), dating to ca. 1735. The painting, belonging to the
Milanese Pinacoteca di Brera, is documented as an oil on canvas.

The masterpiece Napoleon is one of the several versions of Napoleon’s portraits represented by
Andrea Appiani. It dates back to the second half of the 18" century and it is described as an oil
painting on canvas. It belongs to a private collection.

Finally, a peculiar case is represented by the work Ecce homo made by Andrea Solatio on a paper
support at the beginning of the 16" century. The artwork is exposed at the Accademia Carrara

Art Gallery in Bergamo (Italy).
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5.Results and discussion

5.1 Pure reference materials
NIR infrared spectra of siccative oils, proteinaceous substances, natural resins and some
inorganic pigments commonly employed for preparatory layers were first acquired on pure

reference materials.

Concerning drying oils, FT-NIR spectra are dominated by the absorption bands due to the
combination of C—H stretching and bending, the first and second overtones of CHa stretching,

the first overtone of ester carbonyl stretching mode and the combination of C=0O and C-H
stretching modes. The assignments for the main NIR bands are reported in Tab. 2 [8, 30]. The
spectra acquired from different siccative oils, namely linseed (raw and heated), poppy and walnut
oil, do not show significant differences in terms of shape and position of the bands (Fig. 2 and
Tab. 2). As reported by [8], further considerations about the nature of this lipidic substances
can be made on the basis of the first derivatives of the spectra. In fact, in the range between
4600 and 4000 cm™ the bands of the derivatives spectra have different relative intensities and

wavenumber shifts, which can be helpful for identification purposes.

Log (1/R)

6500 6000 5500 5000 4500 4000

Wavenumber (cm'!)

Figure 2. FT-NIR spectra of a) heated linseed oil b) raw linseed oil, ¢) poppy oil and d) walnut oil.
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Table 2. Wavenumbers (cm™) of NIR bands of oils and tentative assignment [8, 30].

Wavenumber (cm™) Band assignment

Linseed oil 4259 vs(CH2)+8(CHy)
(raw) 4333 vo(CH2)+6(CHy)
4686 v.(CO)+ v,(CHy)
5208 2nd overtone v(C=0) ester
5698 1st overtone vs(CH,)
5805 1st overtone v,(CH>)
Linseed oil 4201 vs(CH2)+8(CHy)
(heated) 4340 vo(CH2)+8(CHy)
4683 v.(CO)+ v,(CHy)
5210 2nd overtone v(C=0) ester
5696 1st overtone v{(CH,)
5803 1st overtone v,(CH,)
Poppy oil 4260 vy(CH2)+8(CHy)
4341 v.(CH2)+6(CHy)
4675 v,(CO)+ v,(CHy)
5216 2nd overtone v(C=0) ester
5695 1st overtone v,(CHy)
5803 1st overtone v,(CH>)
Walnut oil 4239 vy(CH2)+8(CHy)
4341 v.(CH2)+6(CHy)
4683 v.(CO)+ v,(CHy)
5204 2nd overtone v(C=0) ester
5698 1st overtone v,(CHy)
5803 1st overtone v,(CH>)

Referring to proteinaceous materials, they are characterised by the combination of amide 11
band and the first overtone of carbonyl stretching mode, together with the combination bands
of N—H stretching and bending modes. The discrimination among the different proteinaceous
substances is rather challenging, with the exception of whole egg and, in particular, yolk. In fact,
having yolk a lipidic component, its spectrum shows C—H combination and overtone bands
which are much more intense than the other proteins [8, 31]. FT-NIR spectra of proteinaceous

materials and the assignment of their bands are reported in Fig. 3 and Tab. 3 respectively.

108



Log (1/R)

6500

Table 3. Wavenumbers (cm') of NIR bands of proteinaceous materials and tentative assignment [8, 31].
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Figure 3. FT-NIR spectra of a) egg white b) egg yolk, c) yolk and d) animal glue.

Wavenumber (cm™) Band assignment

Egg 4258 vs(CH)+6(CH)
4331 v.(CH2)+8(CH,)
4602 1st overtone v(CO) amide I+amide 11
4660 -
4865 v(INH)+8(NH)
5165 v(OH)+6(OH)
5678 1st overtone vs(CHy)
5794 1st overtone v,(CHb)
Yolk 4258 vo(CH)+8(CH)
4331 v.(CH2)+8(CHy)
4602 1Ist overtone v(CO) amide I+amide II
4660 -
4865 v(NH)+86(NH)
5165 v(OH)+6(OH)
5680 1st overtone v,(CHz)
5793 1st overtone v,(CHy)
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Egg white 4262 vs(CH2)+8(CH,)

4602 1st overtone v(CO) amide I+amide 11
4864 v(NH)+38(NH)
5162 v(OH)+6(OH)
5750 1st overtone v{(CH»)
Animal glue 4257 vo(CH)+3(CHy)
4381 va(CH2)+8(CHy)
4604 1st overtone v(CO) amide I+amide 11
4893 vs(NH)+8(NH)
5157 v(OH)+6(OH)
5786 1st overtone v(CH.)

Referring to natural varnishes, the NIR spectrum of dammar resin (Fig. 4b) shows the
characteristic pattern of a triterpene resin, where the signals of the stretching and bending
overtone bands are not resolved and result in a single broad band. A different case is represented
by gum Arabic (Fig. 4a): being a polysaccharide its spectrum exhibits typical bands due to the

combination of O—H stretching and bending modes, to the combination of C—H stretching and

CH: bending and finally to the combination of C—H and C—C stretching modes (Tab. 4) [8].

Log (1/R)

6500 6000 5500 5000 4500 4000

Wavenumber (cm ™)

Figure 4. FT-NIR spectra of a) Arabic gum and b) dammar resin.

Table 4. wavenumbers (cm™) of NIR bands of gum Arabic and dammar and tentative assignment [8].

Wavenumber (cm™) Band assighment

Gum Arabic 4260 v.(CH)+ v(CC)
4300 v(CH)+8(CH,)
4750 v.(CH)+ v(CC)
5160 v(OH)+8(OH)
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Dammar 4057 3rd overtone 6(CC)

4164 vo(CH,)+8(CH>)

4345 vo(CH2)+8(CHy)

4632 1st overtone v(CO) amide I+amide II
4830 v(CO)+ v(OH)

5190 v(OH)+8(OH)

5737 1st overtone vy(CHy)

5864 1st overtone v,(CH,)

Obviously, all the examined binders show peculiar features also in the MIR region (Fig. 5). In
particular, oil and egg (especially yolk) exhibit a narrow band at 1740 cm™, due to the C=O
stretching mode of the lipidic component (Fig. 5 a and b). On the other hand, the proteinaceous
materials show the bands typical of amide bonds, such as the C—N—H stretching band around
1650 cm™(Fig. 5 b for egg and c for animal glue). Referring to gum Arabic, its spectrum (Fig.
5e) is dominated by the bands due to hydroxyl group. The band assignments are reported in
Tab. 5. However, it is worth remembering that these spectral features are well recognisable
studying pure reference materials, but when dealing with complex systems such as a painting,
the signals due to those inorganic pigments that absorb in MID-IR prevail, strongly limiting the

possibility of identifying the binding media.
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Figure 5. FT-NIR spectra of a) linseed oil, b) egg, ¢) animal glue, d) dammar and ¢) gum Arabic.

Table 5. Wavenumbers (cm) of NIR bands of binders and natural varnishes and tentative assignment [32].

Wavenumber (cm™) Band assignment

Oil 1750-1730 C=0 stretching band
1480-1300 C—H bending bands
1300-9900 C—-O stretching bands
750-700 C—H torsion band
Yolk 1750-1600 C=0 stretching bands
1565-1500 C—N-H bending band
1480-1300 C—H bending band
Animal glue 1660-1600 C=0 stretching band
1565-1500 C—N-H bending band
1480-1300 C—H bending band
Arabic gum  145( O—-H bending bands
1480-1300 C—H bending bands
1300-900 C—-O stretching bands
Dammar 1740-1640 C=0 stretching band
1650-1600 O—H bending band
1480-1300 C—H bending band
1300-900 C—-O stretching bands
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In addition, also some inorganic pigments that are commonly used in preparatory or priming
layers can show absorption bands in the NIR region. This is the case of gypsum CaSO, -2H,O
and lead white 2Pb(CO3),-Pb(OH),, whose chemical structure is characterised by the presence
of water molecules or hydroxyl groups. On the other hand, calcite CaCOj, another mineral
substance historically employed to prepare canvases and panels, does not show significant
absorption bands in this spectral range. NIR spectra and band assighments of these substances

are reported in Fig. 6 and in Tab. 6. In particular, lead white (Fig. 6b) shows signals due to the
combination of O—H stretching and the deformation modes of Pb—OH [8, 33, 34|, while

gypsum (Fig. 6a) those due to the combination of the stretching and bending modes of hydroxyl
group [8, 34-30].

Log (1/R)

6500 6000 5500 5000 4500 4000

Wavenumber (cm'Y)

Figure 6. FT-NIR spectra of a) gypsum and b) lead white.

Table 6. Wavenumbers (cm™) of NIR bands of gypsum and lead white and tentative assignment [8§].

Wavenumber (cm™)  Band assignment

Gypsum 4401 -
4506 vs(OH)+8(OH)

5051sh -
5150 v.(OH)+38(OH)

5726 -
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Lead white 4300 v(OH)+deformation modes (Pb-OH)
4403 v(OH)+ v(CO)
4988 -
5135 -

Finally, also the possible interference of degradation products, i.e metal soaps and calcium
oxalates, was taken into account. The presence of metal soaps in the layers of oil paintings is, in
fact, an important issue to be considered in the context of conservative studies. These
compounds are formed as a result of the interaction between free fatty acids in the degradated
oil (but also egg) binder and heavy metal ions deriving from inorganic pigments such as lead
white, lead tin yellow and zinc white, commonly used in preparatory and colour layers. Anyway,
the mechanism of their formation is not completely clear and still under investigation [37-40].
In this work lead palmitate, a typical metal soap deriving from the reaction between palmitic
acid and Pb ions, was synthesised (section 4.7) and its NIR spectrum was investigated. It shows
the typical bands due to the stretching and bending of C-H bonds, but also a characteristic signal
at 4190 cm™ (Fig. 7b). Another degradation product, already extensively studied in the NIR
region, are oxalate salts [41]. Although they have been the subject of extensive research as
alteration products on calcareous substrates (i. e. stone and fresco) [30, 42], oxalates can be
detected also on painting surfaces where they can be responsible for significant changes in the
surface appearance, posing challenges for the visual interpretation [43, 44]. The oxalate salts of
calcium, whewellite (calcium oxalate monohydrate) and weddellite (calcium oxalate dihydrate),
are those most commonly encountered on painted surfaces [45] and various mechanisms
(biological and chemical) have been proposed for their formation on artworks [46]. The NIR
spectra of calcium oxalates are dominated by the overtones and/or combination bands of the
O-H and C-O vibrational modes (Tab. 7 and [45]). In particular, weddellite was analysed in the
present work (Fig. 7a), while the NIR spectrum of whewellite is reported in [45]
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Figure 7. FT-NIR spectra of a) lead palmitate and b) weddellite.

Table 7. Experimental NIR wavenumber (cm™) of gypsum and lead white and tentative assignment [].

Wavenumber (cm™) Band assignment

Pb palmitate 4192 -
4252 vo(CH,)+8(CHy)
4325 vo(CH,)+8(CHy)
5670 -
5777 -

5.2 Model samples with CaCOj; preparatory layer

The first mock-up samples under investigation were those having a preparatory layer made of
calcite. Below, the spectra corresponding to the different samples will be discussed in detail.
First, the case of tempera, fezmpera grassa and oil on tempera on a preparatory layer made of calcite
and animal glue will be examined, followed by the one of a linseed oil painting layer applied on
two different walnut oil priming layers. Three different inorganic pigments traditionally
employed by artists, namely yellow ochre, azurite and lead white, were chosen, as they have
characteristic absorption bands in the NIR region because of the presence of hydroxyl groups

in their chemical structure.

Preparatory layer - Calcium carbonate is a material which does not show absorption bands in the

NIR region, so the only signals observed in this range for the spectrum of the ground layer are
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due to the animal glue used to prepare it, evidenced by Fig. 8. In particular, the bands of animal

glue at 4370, 4610, 4900 and 5142 cm™ are well evident in the spectrum of the preparatory layer.

Log (1/R)

6500 6000 5500 5000 4500 4000

Wavenumber (cm‘l)

Figure 8. Comparison between FT-NIR spectra of a) calcite preparatory layer and b) pure animal glue.

In the following, the NIR spectra obtained for the different model painting samples (Figg. 9
and 10) will be discussed in detail.
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Figure 9. FT-NIR (left) and FT-MIR (right) spectra of: a) linseed oil; b) model painting sample of linseed oil on tempera; ¢) model painting sample of fempera grassa; d) model
painting sample of tempera; e) yolk; f) model painting sample of fempera grassa with dammar varnish; g) dammar varnish. All model samples contained lead white as pigment. All

spectra of reference materials and model painting samples were acquired in reflection mode, except for the MIR spectrum of dammar that was acquired in transmission mode.
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Figure 10. FT- NIR (left) and FT-MIR (right) spectra of: a) linseed oil, b) white priming layer, ¢) pink priming layer, d) lead white in linseed oil on white priming
layer, €) lead white in linseed oil on white pink priming layer. All spectra of reference materials and model painting samples were acquired in reflection mode.
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Tempera - The NIR spectra of the tempera mock-up sample (Fig. 9d) allow the identification of
the proteinaceous binder from the characteristic bands at 5150, 4860, 4604, 4330 and 4258 cm’
!, clearly recognisable in the spectrum of pure yolk (Fig. 9¢). All the used inorganic pigments
show signals in this spectral range, because of the presence of OH groups in their chemical
structure. In particular, lead white is recognisable from the band at 4275 cm™', azurite from those
at 4370 and 4245 cm™ and yellow ochre at 4526 cm™. In Fig. 9 only the spectra referring to the
painting layers containing lead white are presented (see Appendix A for the other pigments).

Moreover, some minor spectral features suggest a contribution of the glue from the preparatory
and the priming layers: the slight broadening of the band at 4860 cm™, the shoulder at 4400 cm®
" and the intensity ratio of the bands at 5790 cm™ and 5674 cm’, lower than in pure yolk. In
these samples, in fact, the thickness of the painting layer is only 30 um, as demonstrated by the
cross section obtained from the mock-up sample of ochre in tempera (Fig. 11), allowing the

NIR radiation to reach the ground layer.

Figure 11. Cross section of the mock-up sample of yellow ochre in tempera.

The MIR region of the spectra is dominated by the signals of the inorganic pigments (for lead
white at 1443 and 683 cm™ [47]), while the binder is suggested only by the bands at 1650 and
1740 cm’', respectively due to the proteinaceous and lipidic components of yolk. It must be
remembered that in the MIR region the absorptions due to the pigments are the prevailing ones

(Fig. 9, box on the right).

Tempera grassa - When the binder is a mixture of yolk and a lower amount of linseed oil, the NIR
spectrum (Fig 9c) is dominated by the signals due to yolk. Anyway, in comparison with egg
tempera, in the spectrum of fempera grassa layers there is an increase of the signals at 4330 cm™
and 4258 cm™ due to the stretching of C-H bonds, typical of the lipidic component (Fig. 12) [8].
Moreover, also in the MIR region the relative intensity of the broad band at 1650 cm™,

characteristic of a proteinaceous material, and of the signal at 1740 cm™ is slightly higher in the
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case of the pure egg-based binder rather than for the mixture with oil (see dotted line in Fig. 9

c and d, right box).
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Figure 12. Comparison of NIR spectra of egg tempera (grey line) and fempera grassa with linseed (dotted line) and
walnut (black line) oils with yellow ochre (* = band of the pigment). The arrows indicate the signals of the lipid
component, which increase in intensity in the mixed binders.

Principal component analysis applied to the NIR spectra in the 6000-4000 cm™ region of pure
binding media (alone or in mixture) and of the tempera painting models, demonstrated that they
belong to the group of the egg-based binder (egg and egg yolk), but are shifted towards the
symbol representing the spectrum of the ground layer (see score plot in Fig. 13). To give more
consistence to the statistical analysis, poppy and walnut oils were also included in the PCA
besides linseed oil, both as pure binders and/or in the painting models. Indeed, as discussed
before, in the mock-ups the colour layer is thin enough to allow NIR radiation to penetrate and
reach the preparatory layer. It worth noticing that, because of the choice of three pigments
which absorbs in the NIR region, in multivariate analysis the comparison must be done between
spectra from paint layers obtained with the same pigment. Anyway, the three colouring materials
gave analogous results in the PCA. In the following the case of lead white will be shown (for

the score plots with the other pigments refer to Appendix A).

Oil on tempera - These mock-up samples were prepared to evaluate the possibility of
discriminating among the coexistence of oil and egg in the same layer rather than the
superimposition of a tempera on an oil layer. The spectrum of the oil-on-tempera superimposed
layers (Fig. 9 b) is very similar to those of #empera grassa in the NIR region, as confirmed by PCA.
In fact, as showed in the score plot for the painting layer with lead white (Fig. 13), when there

is a coexistence of oil and tempera, the symbol corresponding to the spectrum matches with the
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group of the mixed binders. Anyway, focusing again on the MIR, the band at 1650 cm™
disappears while the one at 1740 cm™, which is typical of siccative oils, arises (see dot lines in
Fig. 9 b, right box). Therefore, combining the information from the NIR and the MIR, it is

possible to distinguish a mixture from a superimposition of the two binders.
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Figure 13. Score plot of the first two principal components of the NIR spectra (6000-4000 cm-1) of pure oil and
egg-based binders and of model painting samples of tempera, Zempera grassa and oil on tempera on calcite ground
layer. In the model samples, lead white (LW) was used as pigment.

Dammar varnish on “tempera grassa” - When a layer of dammar resin is applied as varnish on the
painting samples, the MIR spectrum is dominated by its signals (at 1705, 1455, 1380 cm™) that
hide those of the inorganic pigments, as shown in Fig. 9f for a fempera grassa sample. On the
other hand, in the NIR range, the spectral trend remains substantially unvaried, still allowing the
identification of the binder. This fact is, again, explained by the higher penetration depth of the
NIR radiation which is able to pass through the most superficial layers. The cross section
prepared from a small fragment of the varnished mock-up sample allowed us to estimate a

thickness of 80 um for the surface coating (Fig. 14).
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Figure 14. Cross section of the mock-up sample of yellow ochre oil paint with a surface layer of dammar varnish.

Ot/ on priming layer- The NIR spectra acquired from these mock-up samples clearly demonstrate
the presence of a siccative oil as a binder. The bands at 5810, 5690, 5180, 4690, 4340 and 4260
cm™ are, in fact, typical of this lipidic substance. The spectra of the two priming layers are very
similar to each other (Fig. 10 ¢ and b), confirming that the presence of the two inorganic
pigments (red lead and lead tin yellow) in the pink sample do not affect the spectrum in the NIR
region. In both cases, the already mentioned signals at 4275 and a weaker one at 5150 cm™ are
due to lead white. It is worth underlining that such signals are less evident when a painting layer,
even containing the same pigment, is applied on the primer, as the latter contains a higher
pigment:oil ratio in comparison with the former. The MIR region is on the other hand
dominated by the signals due to the inorganic pigment, associated to the characteristic band of
oil at 1740 cm™ (Fig. 10, right box). The cross section of the azurite oil paint layer on white

priming layer is shown in Fig. 15.

Figure 15. Cross section of the mock-up sample of azurite in oil on white primer layer.

The presence of oil as binder is confirmed by PCA. In fact, both priming layers (white and
pink), with or without a superimposed layer of lead white in oil, occupy the region

corresponding to the group of pure oils in the score plot (Fig. 16).
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Figure 16. Score plot of the first two principal components of the NIR spectra (6000-4000 cm™') of pure oil and
egg-based binders and of model painting samples of pink and white priming layers, with and without a superficial
hand of lead white (LW) in linseed oil.

In addition, the possibility of recognising the coexistence of two different siccative oils, i.e.

linseed and walnut oil, by studying the 1% derivatives of their spectra (Fig. 17) was considered.

In particular, in our previous study [48] it was highlighted a diagnostic difference in the shift of

the minimum of the derivative pattern of the spectrum from 4430 cm™ for walnut oil to 4418

cm for linseed oil [48]. By applying the same criterium to the spectra acquired from the mock-

up samples, a better correspondence was found with walnut oil, although both of the binders

are present. However, especially referring to yellow ochre paint layers, the presence of linseed

oil seems to influence the position of this minimum, shifting it towards shorter wavenumbers.
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Figure 17. 1t derivatives of NIR spectra of a) linseed oil, b) yellow ochre paint layer on pink primer, c) yellow
ochre painting layer on white primer, d) lead white painting layer on pink primer layer, ¢) lead white painting layer
on white primer, f) pink primer, g) white primer, h) walnut oil.

Finally, also the possibility of exploiting the multivariate approach to distinguish simultaneously
the tempera mock-up samples from those having an oil priming layer was successfully tested.
As showed in the upper part of the total score plot (Fig. 18), when there is a coexistence of oil
and tempera, the spectra match with the group of the mixed binders, even if with a shift towards
the symbol corresponding to the ground layer as already observed.

On the other hand, both the priming layers (white and pink), with or without a superimposed
layer of lead white in oil, occupy the region corresponding to the group of pure oils in the graph.

It can be assumed that PCA is a powerful method to highlight even slight differences among

these spectra.
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Figure 18. Score plot of the first two principal components of the NIR spectra (6000-4000 cm™') of pure binders
and of all the model painting samples on calcite ground layer. In the model samples lead white (LW) was used as

pigment.

5.3 Model samples with CaSO4* 2H20 preparatory layer

A further step was the study of the influence on the NIR spectra of a preparatory layer made of

gypsum. As already discussed, this material, in fact, is characterised by an intense absorption

band [8, 34-36] in this region due to the two water molecules in its chemical structure. Therefore,

the possibility of identifying the binder through the NIR spectrum even in the presence of

gypsum was investigated and the information was correlated with the thickness of the painting

layers as estimated from the corresponding cross sections. In this respect, the prepared mock-

up samples differ not only for the binder/s, but also for the number of colour layers spread on

the gypsum coating, and thus for the total thickness of the superficial layer.

Fig. 19 shows the FT-NIR spectra obtained from the different mock-up samples for lead white

paint layers (for the hematite ones refer to Appendix A) and the results are discussed below.
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Figure 19. FT- NIR (left) and FT-MIR (right) spectra of model painting samples where the binder is a) linseed oil, b) walnut oil, ¢) zempera grassa with linseed oil, d) fempera grassa
with walnut oil, e) one layer of tempera on linseed oil, f) one layer of tempera on walnut oil, g) egg tempera.

126



Preparatory layer - The NIR spectrum (Fig. 20 left) obtained from the preparatory layer of the
panel shows the peculiar band of gypsum (CaSO4 2H;O) at 5150 cm™, associated with those at
4510 and 4105 cm™ [8, 35]. The signals due to animal glue are instead hidden by the inorganic
component. Also the MIR spectrum is dominated by the contribution of calcium sulphate
dihydrate with the intense band of silicates at 1160 cm™ accompanied by signals at approximately

1680, 1620, 670 and 600 cm™ (Fig. 20 right) [19].
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Figure 20. FT-NIR (left) and MIR (right) spectra of the gypsum preparatory layer.

Tempera - The NIR spectrum (Fig. 19g, left box) of this painting layer clearly allows the
identification of egg yolk as a binder thanks to the characteristic bands at 5160, 4867, 4604, 4330
and 4258 cm™'. Referring to the MIR spectrum, the signals of the inorganic pigments (lead white
in Fig. 19, right box, and hematite in Appendix A) are the predominant ones, while the presence
of yolk is suggested only by the broad and relatively weak bands at 1740 cm™, due to the C=O

ester bond of the lipid component, and 1650 cm™', associated with the proteinaceous one.

Oz/ - O1l paint layers are characterised by NIR spectra (Fig. 19) showing the signals due to the
lipidic binder: the pair of narrow bands at 4330 and 4260 cm™, the broad band at 4670 cm™ and
those at 5670 and 5807 cm™. On the other hand, the typical band of a siccative oil around 5200
cm’ is hidden by the band of gypsum when the thickness of the paint layer is thin enough to
allow the passage of near-infrared radiation through it. In this respect, mock-up samples having
colour layers of different thickness were analysed and the influence of thickness on the gypsum
rather than the oil band was studied. The spectral modifications as a function of thickness are
evidenced by comparing the spectra of the gypsum-based preparatory ground and of pure oil
with those of the single and double layered model samples (Fig. 21). In general, when a single
colour layer is applied, the NIR spectrum is dominated by gypsum, preventing the identification
of the binder. We observed in the cross section that in this case the thickness of the painting

layer is around 60 pm (Fig. 21 bottom photo), so NIR radiation is able to pass through it and
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reach the preparatory layer. When a second layer of colour is applied, for an overall thickness
of about 150 pm (Fig. 21 top photo), the contribution of calcium sulphate dihydrate decreases
and that of the binder becomes more evident. In the MIR, the characteristic signals of each

pigment are observed, associated with the band at 1740 cm™ typical of the lipid binder.

Log (1/R)

6500 5500 5000
Wavenumber (cm)

Figure 21. NIR spectra of: a) gypsum preparatory layer, b) one oil colour layer on gypsum, c) two oil colour layers

on gypsum, d) linseed oil; the bands due to gypsum are highlighted. Cross sections of mock-up samples
corresponding to b) (bottom) and c) (top) respectively are also shown.

Again, the 1% derivatives of the spectra were considered to investigate the possibility of
distinguishing linseed from walnut oil. Also for these models, a slight shift of few wavenumbers

of the minimum of the derivative pattern of the spectrum for walnut oil in comparison with

linseed oil was observed (Fig. 22).
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Figure 22. 1t derivatives of NIR spectra of reference a) walnut and d) linseed oils and model paintings of
hematite in b) walnut oil and c) linseed oil.

Tempera grassa - Referring to the tempera grassa paint layers, both in linseed and walnut oil, NIR
spectra are dominated by the signals due to the gypsum coating (Fig. 19 ¢ and d), again due to

the small thickness of the colour layer (around 60 um, as demonstrated by the corresponding

cross section in Fig. 23).

Figure 23. Cross section of the mock-up sample of haematite in fempera grassa.

The presence of the proteinaceous component in this mixed binder is however suggested by
the presence of the shoulder at approximately 4610 cm™ and by a hint of the second peculiar
band at 4865 cm™. In the MIR region, it is still possible to appreciate a slightly higher intensity

Oofr the band O e protein component a cm’™ in pure tempera compared to fempera rassa,
for the band of the prot p tat 1650 cm™ in pure temp pared to # g
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since in the former there is obviously a higher lipid : protein ratio. Moreover, the band at 1740
cm” due to the lipidic components rises because of the presence of oil. The effect is certainly

less remarkable than that observed in the NIR region.

Superimposed layers: tempera on oil - When a layer of tempera paint is spread on an oil one, the
thickness of the coloured layers (Fig. 24) is sufficient to considerably reduce the contribution of
the underlying gypsum ground layer. In the NIR spectral region, in the case of tempera on oil it
is possible to recognise the characteristic bands of protein at 4665 and 4850 cm™ (Fig. 19 e and
f, left). Even in the MIR the band at 1650 cm™ is clearly recognisable, although the prevailing

signals are always those due to inorganic pigments ' (Fig. 19 e and f, right).

Figure 24. Cross section of the multi-layered mock-up sample of haematite tempera on a layer of hematite in

linseed oil).

These differences between the spectra are evidenced by the score plot obtained from PCA of
the NIR spectra in the range 6000-4000 cm™ of the considered model samples (Fig. 25). It
should be emphasised that in all the samples in the score plot the thickness of the colour layer
was similar, so that also the contribution of the gypsum bands to the spectra was comparable.
To appreciate the effect of this contribution, it can be observed that in the plot the points
associated with the layers with a mixed binder are shifted along the first component towards the
symbol of the ground layer spectrum, dominated by the bands due to gypsum. Indeed, in those
models the thickness of the colour layer is slightly lower (50-60 um) than in the painting mock-
ups where two layers with different binders were superimposed.

The reported score plot refers to painting layers with lead white, but similar results were

obtained for hematite (Appendix A).
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Figure 25. Score plot of the first two principal components of the NIR spectra (6000-4000 cm-') of model
painting samples on gypsum ground layer. The binder are tempera and oil (linseed and walnut), pure in mixture
or in superimposed layers. The pigment is lead white.

In summary, the higher penetration depth of NIR radiation allows the identification of gypsum
in the preparatory layer, as already well known [8, 35]. On the other hand, the bands due to
gypsum can have variable intensities in the spectra depending on the thickness of the
superimposed colour layers. In principle, this fact could hinder the application of PCA analysis
of spectral data in the 6000 - 4000 cm™ region to the identification of binders and of their

mixtures.

Anyway, it should be considered that, when dealing with real paintings, the situation is more
challenging than in mock-up samples: the impossibility of predicting the stratigraphy, both in
terms of composition and thickness of the layers, and the possible presence of degradation
products make the situation more difficult. Calcium oxalates and metal soaps, for example, are
typical by-products formed by the interaction between a siccative oil (but also the lipidic
component of egg) and metal ions, i.e Ca, Pb or Zn, coming from pigments. As demonstrated
in section 5.1, these compounds are both characterised by absorption bands in the NIR range
that can interfere with those of the binder. Moreover, the natural ageing which can affect organic
materials used as binders must be considered as it may induce important compositional changes
reflecting on their FT-IR spectra. In fact, although proteins are quite stable and only small
modification in the MIR region were detected [50, 51], siccative oils can be strongly affected by

oxidative degradation processes [51]. Ageing could therefore induce slight variations in the
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relative intensity of the MIR spectral bands which are even more pronounced in the presence
of some inorganic pigments [50]. However, it is worth underling that the variations occurring
in the NIR region, apart from a worsening of noise, are not so evident, as already observed in
[8] and confirmed in the present work. Indeed, Fig. 26 shows a comparison between the
spectrum of fresh linseed oil and those of the same oil heated in an oven at 100° C for 72 hours
and irradiated for 6.5 hours by an Osram Powerstar lamp (150 W nominal power and emission
between 390 and 600 nm). The aim was to simulate both a thermal and a UV-induced ageing.
The spectra are rather similar and this is mainly due to the limited specificity of NIR
spectroscopy that makes this technique less sensitive to structural changes in comparison with
MIR spectroscopy [8]. This intrinsic limit of the NIR spectral range can however be exploited

to investigate ancient painting materials also using non-aged samples.
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Figure 26. Comparison between the spectrum of fresh linseed oil (dotted line) and those of a thermal (grey line)

and UV-aged (black line) sample respectively.

Nevertheless, and because of the uncontrollable factors described above, the use of PCA for
the identification of binders in ancient paintings failed. In fact, being really sensitive, this method
of data analysis is strongly affected even by subtle differences among the spectra. For these
reasons, an alternative method which can be combined with the direct observation of the
spectral data was proposed. It is based on the calculation of the ratio between the absorbance
values at 4694 and 5160 cm™, where bands univocally typical of oil and egg respectively can be
found (see Tab. 8 and Fig. 27). This approach can be successfully applied also to discriminate

an egg tempera from a tempera grassa (or a super imposition of tempera on oil). In particular, the
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ratio of their values proved to be in the range 0.2-0.5 for pure tempera, between 0.5 and 0.8

when the two binders are in mixture or in multiple layers and greater than 1 for pure oil (Fig.

28).
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Figure 27. Highlighting of the absorption bands at 4194 and 5160 cm ! uniquely typical of oil and egg respectively

Table 8. Relative absorbance values observed for bands of egg (characteristic bands in blue) and oil (characteristic
bands in red).

Linseed 0il Linseed oil

Wavenumber (cm-) (heated) (raw)

Poppy 0il Yolk Egg

5797 0,037 0,11 0,11 0,2 0,056
5685 0,022 0,066 0,063 0,12 0,035
5203 0,02 0,036 0,019 0 0
5160 0 0 0 0,26 0,13
4865 0 0 0 0,11 0,074
4757 0 0 0 0 0
4694 0,029 0,05 0,034 0 0
4608 0 0 0 0,083 0,055
4334 0,2 0,6 0,55 0,63 0,29
4262 0,18 0,54 0,5 0,58 0,24

The effectiveness of the method, successfully verified for the mock-up samples, was then

applied to the case studies, as will be explained below.
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Figure 28. Histogram resuming the ratio between the absorbance values at 4964 and 5160 cm-! calculated for
reference samples and for the examined ancient paintings.

5.4. Case studies

5.4.1 Paintings of the Lombard Renaissance (late 15" - early 16™ century)

The first three paintings here discussed are artworks by Leonardo’s pupils in Milan and were
investigated inside the museums in the scope of the project “Leonardesque artists beyond the
visible” coordinated by the italian Consiglio Nazionale delle Ricerche (CNR) and the University of
Milano-Bicocca. The project included an extensive campaign of imaging and spectroscopic
analyses [48]. The results of the investigation by NIR spectroscopy will be here discussed in
detail. The other two coeval paintings on wood panel, by Bergognone and Zenale, as well as the
painting on paper by Solario, were instead non-invasively analysed in the studio of restorer
Carlotta Beccaria (Milan), who is acknowledged for offering the opportunity to test the
proposed methodology on ancient artworks. It should be emphasised that Italian paintings of
the considered period are of special interest both from the point of view of the transition from
tempera to oil binder and of the possible use of different siccative oils, particularly by artists of
Leonardo’s school (see section 2.1). Also the possibility of recognising the presence and the
composition of the ground layer (see section 2.2) could supply valuable information about the
painting technique. With the exception of the painting by Solario, the other four artworks had
been already restored when NIR measurements were performed, therefore presenting a

finishing layer of synthetic varnish. In principle, as already demonstrated for dammar varnish
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(see section 5.2), this fact should not prevent obtaining NIR spectra of the underlying painting
layers, as further evidenced by the comparison shown in Fig. 29 between the NIR spectrum of
an oil layer as such on a glass slide and of an oil layer on which a layer of synthetic varnish was

applied.

Log (1/R)
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Figure 29. Comparison between the FT-NIR spectrum of an oil layer as such on a glass slide (black line) and that
of an oil layer on which a layer of synthetic varnish was applied (grey line).

5.4.1.1 Paintings by Leonardo’s pupils

Referring to the 17rgin and Child (The Madonna of the Rose) by Giovanni Boltraffio, the MIR region
of the spectra obtained from 15 different areas of the painting invariantly show the signals due
to the materials applied during the restoration works (synthetic varnishes and a consolidant
product). Moreover, some signals due to pigments were recognisable, such as lead white and
azurite [47]. More information can be achieved from NIR spectra (Fig. 30), which allow the
investigation of the inner layers of the painting. In particular, the presence of gypsum,
presumably associated with the ground layer, was detected by the typical signal at 5150 cm™, as
well as the use of a siccative oil as binder, also supported by a calculated ratio between the

absorbance values of the bands at 4694 and 5160 cm™ around 1.8 (Fig. 28).
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Figure 30. Some exemplificative FT-NIR spectra obtained from The Virgin and The Child by A. Boltraffio (1485-
1490). The painting is shown at [52]. Legend: * =signals due to azurite and = signals due to lead white.

The 1% derivatives of the NIR spectra were also tentatively examined to distinguish the type of
siccative oil. The obtained results seem to suggest, considering the intensity ratios of the signals
between 4450 and 4200 cm™, the use of linseed oil in area 15, while for the other areas the trend
appears more comparable with that of walnut oil (Fig. 31) [48]. However, it is not possible to
exclude, especially due to the position of the signals, the coexistence (even in different layers)
of several types of oils. Interestingly, this information is in agreement with a previous analysis
campaign carried out by the National Gallery of London laboratories, where GC/MS analyses
identified the use of walnut oil in primer and of linseed oil in painting layers, while a cross
section of the painting demonstrated the presence of a gypsum coating, covered by a pictorial
layer thick 60 pm. [53, 54]. The possibility of detecting the gypsum preparatory ground below
the colour layer is therefore consistent with what observed on mock-up samples and previously

discussed.
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Figure 31. 1%t derivatives of NIR spectra of reference a) linseed and d) walnut oils and of b) area 1 and c) area 15.

For the painting The 17irgin and Child by Francesco Napoletano, the MIR region of the spectra
resulted to be still dominated by the signals due to the synthetic varnish used as final coating
after the restoration work. In addition, some inorganic pigments were detected, namely azurite,
lead white and lead tin yellow, from their characteristic signals [47]. In the NIR region, all the
areas under examination showed the characteristic bands of a siccative oil and of gypsum,
presumably associated with the ground layer of the painting (some examples are provided in
Fig. 32). The presence of the lipidic binder was also supported by the results obtained from the
calculation of the ratio between the absorbance values of the bands at 4694 and 5160 cm™,
which results between 1.4 and 1.9 (Fig. 28). The use of gypsum was also confirmed by the
analyses made on the back of the painting, where a further coating of the panel was visible (area
11). The presence of lead white (areas 8 and 9) and azurite (area 6) was also confirmed from

their peculiar bands in the NIR spectral range.
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Figure 32. Some exemplificative FT-NIR spectra obtained from The 177rgin and Child by F. Napoletano (1490 ca).
The painting is available at [55]. Legend: * =signals due to azurite and ®= signals due to lead white.

Finally, similar results were obtained also for The 1irgin feeding the Child by unknown painter of
Lombard School. Again, in the MIR region the signals due to the restoration varnish are the
predominant ones, sometimes associated with those of lead white [47]. On the other hand, NIR
spectra (Fig. 33) confirmed the absence of a gypsum ground layer, and, for pigments, the
presence of lead white and azurite in light-coloured (8 and 9) and blue areas (area 9) respectively.
The use of a siccative oil as binder was confirmed also by the calculated ratio between the

absorbance values of the bands at 4694 and 5160 cm™, resulting in the range 1.7-1.9 (Fig. 28).
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Figure 33. Some exemplificative FT-NIR spectra obtained from The 1Virgin feeding the Child by unknown painter of
Lombard School (1500-1510). The painting is available at [506].

5.4.1.2 SS. Augustine and Jerome by Bergognone

Referring to MIR region, it is not particularly diagnostic as the only recognisable signals are
those due to the synthetic varnish applied to the surface when the restoration work was
complete.

Much more information can be obtained considering the NIR spectral range, demonstrating
once again the possibility of exploiting the penetration depth of the near-infrared radiation. First
of all, the spectra (Fig. 34) disclosed the presence of a gypsum ground layer (band at 5150 cm-
1), cleatly recognisable in the spectra acquired from areas 1 (white fur), 2 (blue border) and 3
(blue sky); in areas 4 (red mantle) and 5 (red shoulder), red in colour, it is less pronounced. As
far as the binder is concerned, the use of a siccative oil was indicated by all the spectra obtained
from the different areas. However, in the case of the white fur and the blue of the border, a hint
of bands at about 4625 and 4850 cm-' also suggested the presence of a protein component,
hypothetically used to spread an additional layer of colour over the oil one. The compresence

of the proteinaceous binder was also supported by the results obtained from the calculation of
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the ratio between the absorbance values of the bands at 4694 and 5160 cm™, resulting around

0.35 for areas 1 and 2 and around 1.8 for area 3 (Fig. 28).
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Figure 34. FT-NIR spectra obtained from Sz _Augustine and Jerome by Bergognone (1492-1494). The painting is
available at [57].

4.4.1.3 St. John the Baptist by Zenale

In the MIR region, the signals due to a superficial varnish applied after the restoration work
were invariably observed. On the other hand, the NIR spectra showed in all cases the signals
due to the gypsum associated with the preparation layer (Fig. 35). The typical bands of a lipid
component were also observed at about 4320 and 4260 cm™', which refer to the use of a siccative
oil as binder. However, in the case of areas 1, 2 and 4, the signals around 4850 and 4620 cm
associated with a protein component were also distinguishable, which suggested, despite their
low intensity, the possible presence of egg tempera. Not being able to obtain information from
the spectral response in the MIR (since the analyses were carried out at the end of the
restoration), it was not possible to hypothesise whether they are two different layers obtained
with the two different binders or if they were used in a mixture. The combined use of a lipidic
and a proteinaceous binder was highlighted also by the ratio between the absorbance values of

the bands at 4694 and 5160 cm™, corresponding to 0.4 (Fig. 28).
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Figure 35. Some exemplificative FT-NIR spectra obtained from . Giovanni Battista by B. Zenale (eatly 16
century). The painting is available at [58].

5.4.2 Ecce Homo by A. Solario

The artwork is painted on paper applied to a wood panel, but the artist’s technique is unclear: it
is classified as tempera and oil in the catalogue of the Accademia Carrara, to which it belongs
[59], while in the catalogue of the Lombard cultural heritage it is considered to be oil [60]. FT-
IR measurements were carried out on areas of the painting from which the varnish applied
during a previous restoration work had been removed. In the MIR region, the bands at 1640
and 1320 cm™ due to calcium oxalate CaC,O, presumably dihydrate, prevailed. It is evidently a
degradation product of the organic substances originally present in the painting and, although
it is sometimes particularly associated with the degradation of tempera, it has nevertheless often
been observed in oil paintings as well [29]. The presence of a lipidic component of the binder
was attested by a weak signal at about 1740 cm™, but the bands of any proteinaceous component

would be hidden by that of calcium oxalate. The spectrum obtained on the complexion was
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particular because it still showed intense bands at 1712, 1450 and 1380 cm™ possibly due to a

natural resin, probably dammar, used as varnish (Fig. 306).
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Figure 36. FT-MIR spectra from area 2 and 4, showing respectively the bands due to calcium oxalate (*) and to a
residual restoration varnish (o).

In the NIR region, the spectra were dominated by the bands at 5180, 4745, 4390 and 4280 cm’

!, typical of cellulose [61] and therefore of the paper that constitutes the support of the painting

Fig. 37). However, for the details of Christ's skin, hair and robe, it was also possible to

distinguish the two most intense peaks at about 4330 and 4265 cm’! typical of lipids. The absence

of evident signals attributable to gypsum and the possibility of observing the bands of the

support led to the supposition that a preparation layer is not present. Moreover, the fact that

the characteristic peaks of the lipidic component were not very evident suggested that an oil

priming layer was also lacking. However, the predominance of signals due to paper did not allow

to recognise even in the NIR region any band associated with a proteinaceous component.
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Figure 37. FT- NIR spectra of the corresponding analysed areas of the painting Ece Homo by A. Solario (early
16 century). The painting is available at [59]

In conclusion, thanks to the penetration depth of the NIR radiation, it could be assumed that
in this painting both a gypsum preparation and an oil primer are absent. In addition, due to the
prevalence of the bands due to the cellulose in the NIR region and those of calcium oxalates in
the MIR region, it cannot be excluded that the binder contains a proteinaceous component

alongside the lipidic one.

5.4.3 A late baroque Italian painting: Porter boy sitting on a basket by Pitocchetto

This painting on canvas dates back to a period (ca. 1735) in which the use of oil binder had been
established for two centuries (see section 2.1). On the contrary, the spectro-analytical
investigation was of interest from the point of view of the evolution in the characteristics of
ground layers (see section 2.2). Also this painting, as well as the one described in the next section,

was examined in the studio of restorer Carlotta Beccaria.

FT-IR measurements were carried out on areas of the painting having different colours;
moreover, in some of them a surface layer of varnish had already been removed during the
ongoing restoration work, while in others it was still present. Referring to MIR spectra, those
acquired on varnished areas show signals due to the surface coating; those from cleaned areas,
on the other hand, have a completely different pattern, where the main bands are attributable
to oil and pigments. In particular, in the light-coloured areas white lead is well recognisable [47]

(Fig. 38).
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Figure 38. Comparison between FT-MIR spectra from the varnished (area 4) and unvarnished (area 5) areas of
the wrist. * =signals due to lead white.

In the NIR region, spectra (Fig. 39) acquired from varnished and unvarnished areas are quite
similar to one another, demonstrating once more that in this spectral range it is possible to
investigate the inner layers without interference by the surface coating. In all cases, the prevailing
signals are those due to an oil binder, but in the spectra of the dark-coloured areas (area 1, 6, 7)
and in the lips (area 8), the band at 5200 cm™ is more pronounced than in the remaining areas.
This signal can be attributed to the -OH groups presence of an earth pigment, both for its shape
and the position. Being reported for this artist the use of dark preparations containing earth
pigments, a mock-up sample was prepared by spreading on canvas a mixture of red ochre, lead
white and oil, and was then analysed. Actually, a correspondence between the spectral data was
found, as shown in Fig. 39, in spite of the fact that the spectrum of the model sample showed
evident signals due to canvas. This hypothesis is supported by the fact that this feature is
recurrent in the reddish areas, where an earth could have been used as pigment or where the
deterioration of the painting film leaves the preparatory layer visible. The possibility that, in the
darkest areas of the painting, the ground layer was intentionally left visible by the artist must
also be taken into account. Finally, in areas 6 (jacket) and 7 (background), a signal at 4190 cm™
is recognised which could be associated with the presence of lead palmitates (see Fig. 7 and Tab.
7). This information is in agreement with the results obtained from the analyses performed by
u-FT-IR and SEM-EDX on two small fragments collected from the painting during the

restoration work (see Appendix B).
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Figure 39. Some exemplificative FT-NIR spectra obtained from Portarolo sit on a basket by Pitocchetto (1735). The
painting is available at [62].

5.4.4 A neoclassical Italian painting: Napoleon by A. Appiani

Also in the case of this painting on canvas, due to the one of the most important representatives
of Italian Neoclassicism, the main interest of the FT-IR analyses was related to the identification
of the materials of the ground layer, as well as to that of pigments. For the latter, also Raman
spectroscopy was employed, as detailed elsewhere [28].

In the MIR range the spectra are often dominated by the signals of the synthetic consolidant
spread on the surface after the restoration work; specifically, it is BEVA 371, a mixture of ketone
resin and polyvinyl acetate [28]. It is also possible to recognise the oil band at 1740 em™ and
some signals due to pigments: it is the case of lead white in the light-coloured areas, while the
use of Prussian blue was identified in the blue and in the green ones. An interesting case is
represented by the grey background: the measurements performed in three different areas gave

spectra (Fig. 40) that show a variation in the ratio between the oil band at 1740 cm™ and those
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attributable to calcium oxalate at 1640 and 1308 cm™. In particular, as oxalate increases (red
arrow) the amounts of oil decreases (green arrow). Therefore, it was possible to map an
inhomogeneous degradation process which affects the pictorial surface. In this area the signal

due to the synthetic consolidant were not detected.
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Figure 40. FT-MIR spectra from three areas of the grey background of the painting Napoleon by Appiani. A
decrease of the signal due to oil is joined by the increase of those corresponding to calcium oxalate.

Referring to the NIR region (Fig. 41), the spectral pattern is that typical of a siccative oil.
However, associated with the oil ones, the signal at 4290 cm™ attributable to lead white is well

recognisable, disclosing a possible ground layer composed of this pigment dispersed in oil.
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Figure 41. FT- NIR spectra of the corresponding analysed areas of the painting Napoleone by A. Appiani (1805).

6. Conclusions

In the present work the potentiality of FT-NIR spectroscopy for the non-invasive
characterisation of binders and preparatory layers directly on paintings was investigated.
Complex model samples were prepared, with two different compositions of the preparatory
layer, gypsum or calcite, and the use of oil and tempera binders, separately, in mixture (fezpera
grassa) or in ovetlapping layers. Different pigments were also used in the models, including
pigments containing hydroxyl groups and therefore prone to absorb NIR radiation. A
multivariate approach based on principal component analysis (PCA) was used to emphasize the
subtle differences in the spectral patterns, allowing the identification not only of oil and tempera,
but also of zempera grassa and of superimposed layers containing the two binders. The possibility
of individuating the presence of gypsum in the ground layer was correlated with the thickness
of the above colour layer. Finally, FT-NIR analyses were carried out on ancient paintings dating

from the end of the 15" to the beginning of the 19" century, giving a wide insight on the
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applicability of this method for the non-invasive detection of binders, also when different ones
were used in the same painting. At the same time, information can be obtained about the
presence or absence of a preparatory layer, in particular a gypsum-based one, or of a priming
layer, as demonstrated in the particular case of the painting on paper by Solario. Moreover, in
the two later paintings the use of a lead white or of earth pigments dispersed in oil as priming

layers was recognised, according to the artistic technique of that period.
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APPENDIX A

1. Reference FT-IR spectra and band assignment

FI-NIR and FT-MIR spectra of tempera painting models with lead white
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Figure 1. FT-NIR and FT-FT-MIR spectra from painting models of lead white in: a) fempera grassa with linseed
oil; b) tempera grassa with walnut oil, ¢) egg tempera, (d) linseed oil on egg tempera, (e) walnut oil on egg tempera.
Legend: *=signals due to lead white.

Table 1. Wavenumbers (cm) of the NIR absorption bands for tempera painting models with lead white.

Pigment bands Binder bands - Binder bands -
lipidic fraction proteinaceous fraction
Tempera grassalinseed 4275 4331, 4260 5168, 4869, 4610
Tempera grassawalnut 4273 4333, 4257 5155, 4880, 4605
Tempera 4274 4328, 4262 5160, 4884, 4597
Linseed oil on tempera 4275 43206, 4257 5151, 4876, 4600
Walnut oil on tempera 4275 4333, 4265 5158, 4879, 4578

Table 2. Wavenumbers (cm™) of the MIR absorption bands for tempera painting models with lead white.

Pigment bands
(cm)

Binder bands (cm)-

lipidic fraction

Binder bands (cm)-

proteinaceous fraction

Tempera grassalinseed 1440, 1044, 682 1745 1643, 1550
Tempera grassawalnut 1450, 1045, 686 1740 1630
Tempera 1430, 1042, 681 1742 1649, 1653
Linseed oil on tempera 1434, 1045, 681 1735 -

Walnut oil on tempera 1440, 1044, 682 1742 -
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FI-NIR and FT-MIR spectra of tempera painting models with azgurite
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Figure 2. FT-NIR and FT-MIR spectra from painting models of azurite in: a) zempera grassa with linseed oil; b)
tempera grassa with walnut oil, ¢) egg tempera, (d) linseed oil on egg tempera, (e) walnut oil on egg tempera.
Legend: *=signals due to azurite.

Table 3. Wavenumbers (cm) of the NIR absorption bands for tempera painting models with azurite.

Pigment bands Binder bands - Binder bands -
lipidic fraction proteinaceous fraction
Tempera grassalinseed 4371, 4245 4256, 4330 5160, 4872
Tempera grassawalnut 4368, 4242 4256, 4330 5164, 4864
Tempera 4374, 4243 4259, 4339 5163, 4870
Linseed oil on tempera 4373, 4242 4259, 4332 51506, 4880
Walnut oil on tempera 4373, 4243 4260, 4330 5167, 4875
Table 4. Wavenumbers (cm™) of the MIR absorption bands for tempera painting models with azurite.
Pigment bands Binder bands - Binder bands -
lipidic fraction proteinaceous fraction
Tempera grassalinseed 1091, 963, 860 1745 1649
Tempera grassawalnut 1092, 958, 858 1745 1641
Tempera 1095, 966, 860 1745 1635, 1540
Linseed oil on tempera 1086, 970, 851 1743 1544
Walnut oil on tempera 1087, 960, 862 1743 1646
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FI-NIR and FT-MIR spectra of tempera painting models with yellow ochre
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Figure 3. FT-NIR and FT-MIR spectra from painting models of yellow ochre in: a) zempera grassa with linseed oil;
b) tempera grassa with walnut oil, c¢) egg tempera, (d) linseed oil on egg tempera, (¢) walnut oil on egg tempera.
Legend: *=signals due to yellow ochre.

Table 5. Wavenumbers (cm™) of the NIR absorption bands for tempera painting models with yellow ochre.

Pigment bands Binder bands - Binder bands -
lipidic fraction proteinaceous fraction
Tempera grassalinseed 4526 4330, 4255 5158, 4866
Tempera grassawalnut 4526 4327, 4255 5158, 4869
Tempera 4526 4330, 4255 5149, 4863
Linseed oil on tempera 4526 4330, 4255 5143, 4872
Walnut oil on tempera 4526 4330, 4258 5152, 4869

Table 6. Wavenumbers (cm™) of the MIR absorption bands for tempera painting models with yellow ochre.

Pigment bands Binder bands - Binder bands -
lipidic fraction proteinaceous
fraction
Tempera grassalinseed 1036, 1011, 912 800 1740, 1635, 1532
Tempera grassa walnut 1031, 1006, 912 1745, 1645
Tempera 1030, 10006, 911 796 1743, 1640
Linseed oil on tempera 1037,1010, 913 800 -
Walnut oil on tempera 1036, 1010, 915 799 1745
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FI-NIR and FT-MIR spectra of tempera painting models with lead white and varnish
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Figure 4. FT-NIR and FT-MIR spectra from painting models of lead white in: a) Zempera grassa with linseed oil +
dammar; b) tempera grassa walnut oil + mastic varnish; ¢) egg tempera + dammar; d) linseed oil on tempera +

dammar; e) walnut oil on tempera + dammar. Legend: *=signals due to lead white.

Table 7. Wavenumbers (cm™) of the NIR absorption bands for tempera painting models with lead white and a

superficial layer of varnish.

Pigment bands - Binder bands - Binder bands -
lipidic fraction proteinaceous fraction
Tempera grassalinseed 4279 4329, 4255 5160, 4863
Tempera grassa walnut 4275 4332, 4258 5166, 4860
Tempera 4275 4328, 4255 5134, 4864
Linseed oil on tempera 4278 4330, 4258 5161, 4868
Walnut oil on tempera 4275 4328, 4252 5165

Table 8. Wavenumbers (cm™) of the MIR absorption bands for tempera painting models with lead white and a

superficial layer of varnish.

Pigment Binder Binder bands -  Varnish bands
bands bands- proteinaceous
lipidic fraction
fraction
Tempera grassa 681 1742 - 1706, 1456, 1380
linseed
Tempera grassa 682 1735 - 1703, 1450, 1381
walnut
Tempera 680, 1400 1743 - 1706
Linseed oil on - 1741 - 1704, 1457, 1379
tempera
Walnut oil on - - - 1705, 1457, 1383
tempera
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FI-NIR and FI-MIR spectra of tempera painting models with agurite and varnish

g
2 |V g
= 2
= o)
a0 2
Q
=
— b)
C
d)
€)
[MPtvwtr ; ; ; , .
6500 6000 4500 5500 < 4000 1800 1600 1400 1200 1000 800 600

Wavenumber {cm™)

Wavenumber (cm!)

Figure 5. FT-NIR and FT-MIR spectra from painting models of azurite in: a) Zempera grassa with linseed oil +
dammar; b) zempera grassa walnut oil + mastic varnish; ¢) egg tempera + dammar; d) linseed oil on tempera +

dammar; e) walnut oil on tempera + dammar. Legend: *=signals due to azurite.

Table 9. Wavenumbers (cm) of the NIR absorption bands for tempera painting models with azurite and a

superficial layer of varnish.

Pigment bands Binder bands - Binder bands -
lipidic fraction proteinaceous fraction
Tempefa grassa linseed 4375, 4244, 4331 4259 5156, 4879
Tempera grassawalnut 4369, 4243, 4330 4255 5165, 4874
Tempera 4375, 4243, 4332 4259 5162, 4885
Linseed oil on tempera 4375, 4241, 4333 4260 5162, 4885
Walnut oil on tempera 4372, 4242, 4330 4258 5175, 4866

Table 10. Wavenumbers (cm™) of the MIR absorption bands for tempera painting models with azutite and a

superficial layer of varnish.

Pigment Binder Binder bands - Varnish
bands bands - proteinaceous bands
lipidic fraction
fraction
Tempera grassa - 1743 - 1706, 1450,
linseed 1380
Tempera grassa - 1743 - 1703, 1450,
walnut 1381
Tempera - - - 1706
Linseed oil on 1579,971, 844 1741 - 1704, 1457,
tempera 1379
Walnut oil on 1577, 969, 860 1740 - 1705, 1457,
tempera 1383
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FI-NIR and FT-MIR spectra of tempera painting models with yellow ochre and varnish
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Figure 6. FT-NIR and FT-MIR spectra from painting models of yellow ochre in: a) zempera grassa with linseed oil

+ dammar; b) zempera grassa walnut oil + mastic varnish; c) egg tempera + dammar; d) linseed oil on tempera +

dammar; e) walnut oil on tempera + dammar. Legend: *=signals due to yellow ochre.

Table 11. Wavenumbers (cm™) of the NIR absorption bands for tempera painting models with yellow ochre and

a superficial layer of varnish.

Pigment bands

Binder bands -
lipidic fraction

Binder bands -
proteinaceous fraction

Tempera grassalinseed 4375, 4244, 4331 4259 5156, 4879
Tempera grassa walnut 4369, 4243, 4330 4255 5165, 4874
Tempera 4375, 4243, 4332 4259 5162, 4885
Linseed oil on tempera 4375, 4241, 4333 4260 5162, 4885
Walnut oil on tempera 4372, 4242, 4330 4258 5175, 4866

Table 12. Wavenumbers (cm!) of the MIR absorption bands for tempera painting models with yellow ochre and

a superficial layer of varnish.

Pigment bands Binder bands - Binder bands - Varnish bands
lipidic fraction  proteinaceous
fraction
Tempera grassa 799, 914, 1009, 1743, 1630 1540 -
linseed 1034
Tempera grassa - 1737 - 1705, 1455, 1383
walnut
Tempera 1011 1749 - 1705, 1459, 1377
Linseed oil on - 1742 - 1706, 1457, 1379
tempera
Walnut oil on 1008, 1030 1747 - 1705, 1458, 1377
tempera
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FI-NIR and FI-MIR spectra of painting models with linseed oil on white priming layer
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Figure 7. FT-NIR and FT-MIR spectra from painting models of: a) white priming layer with lead white and
walnut oil; b) lead white in linseed oil layer on white priming layer; c) azurite in linseed oil layer on white priming

layer; d) azurite in linseed oil layer on white priming layer. Legend: *= signals due to lead white, W= azurite and

*= yellow ochre

Table 13. Wavenumbers (cm!) of the NIR absorption bands for painting models of linseed oil on a white

priming layer.

Pigment bands Binder bands Other oil bands
lipidic fraction
Lead white priming layer 4280 4330, 4261 5803, 5685, 4688
Lead white in linseed oil 4280 43306, 4259 5801, 5685, 4680
Azurite in linseed oil 4372, 4244 4339, 4261 5804, 5696, 4881
Ochre in linseeed oil 4526 4335, 4261 5796, 5796

Table 14. Wavenumbers (cm™) of the MIR absorption bands for painting models of linseed oil on a white

priming layer.

Pigment bands

Binder bands-
lipidic fraction

Lead white priming layer

1436, 1040, 681

1745

Lead white in linseed oil 1420, 1045, 682
Azurite in linseed oil 1579, 1424, 1092, 954, 838 1745
Ochre in linseeed oil 1113, 1034, 1010, 914, 798 1742
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FI-NIR and FI-MIR spectra of painting models with linseed oil on white priming layer
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Figure 8. FT-NIR and FT-MIR spectra from painting models of: a) white priming layer with lead white, red lead
and lead tin yellow in walnut oil; b) lead white in linseed oil layer on white priming layer; ¢) azurite in linseed oil
layer on white priming layer; d) azurite in linseed oil layer on white priming layer. Legend: *= signals due to lead

white. = = azurite and *= yellow ochre

Table 15. Wavenumbers (cm™) of the NIR absorption bands for painting models of linseed oil on a pink priming
layer.

Pigment bands Binder bands Other oil bands
lipidic fraction
Lead white priming layer 4282 4339, 4261 5804, 5689, 4685
Lead white in linseed oil 4279 4339, 4261 5808, 5688, 4684
Azurite in linseed oil 4375, 4242 4337, 4261 5803, 5689, 4680
Ochre in linseeed oil 4526 4335, 4260 5801, 5686

Table 16. Wavenumbers (cm™) of the MIR absorption bands for painting models of linseed oil on a pink priming
layer.

Pigment bands Binder bands-  Other oil bands
lipidic fraction
Lead white priming layer 1437, 1045, 682 1740 -
Lead white in linseed oil 1434, 10406, 684 1743 1169, 1101
Azurite in linseed oil 1577, 1460, 1092, 967, 846 1743 1168, 1098
Ochre in linseeed oil 116, 1037, 1009, 915, 799 - -
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FI-NIR and FI-MIR spectra of painting models with hematite on a gypsum preparatory layer
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Figure 9. FT-NIR and FT-MIR spectra from painting models of hematite in: a) egg tempera; b) egg tempera on
walnut oil; ¢) egg tempera on linseed oil; d) Zempera grassa with walnut oil; e) fempera grassa with linseed oil; f)
walnut oil (2 layers); g) linseed oil (2 layers); h) walnut oil (1 layer); g) linseed oil (1 layer). * = signal due to

hematite.

Table 17. Wavenumbers (cm) of the NIR absorption bands for painting models of hematite in different binders
on a gypsum preparatory layer.

Pigment Gypsum Binder Binder bands- Oil bands
bands bands bands-lipidic  Proteinaceous
component fraction

Linseed oil - 5147, 5058, 4337, 4262 5788, 5694
(11layer) 4511,

4398sh,

4125, 4029
Walnut oil - 5146, 5058, 4330, 4257 - 5793, 5697
(11layer) 4500,

4391sh,

4126, 4029
Linseed oil - 5047,4398 4339, 4262 - 5800, 5693, 5220,
(2 layers) sh 4672,
Walnut oil - 5047,4399 4338, 4261 - 5800, 5693, 5220,
(11layer) sh 4651
Tempera - 5148, 5054, 4334, 4259 4862, 4593 5799, 5714
grassa 4512,
linseed 4401sh
Tempera - 5147, 5065, 4334, 4257 4859, 4600 5791, 5701
grassa 4511,
walnut 4399sh
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Tempera - 5155, 5049, 4334, 4257 4862, 4607 5789, 5701
on linseed 4400sh
Tempera - 5816, 5674, 4332, 4257 4861, 4615 5816, 5674, 5200
on walnut 5200, 4332,

4257
Egg - 5153, 5042, 4331, 4259 4853, 4600 5800, 5681
tempera 4512,

4394sh

Table 18. Wavenumbers (cm!) of the MIR absorption bands for painting models of hematite in different binders
on a gypsum preparatory layer.

Pigment Gypsum Binder bands- Binder bands-
bands bands lipidic Proteinaceous
component fraction

Linseed oil (11ayer) 600, 480 - - -

Walnut oil (1 614, 483 - - -

layer)

Linseed oil (2 610, 477 - 1741 -

layers)

Walnut oil (2 606, 479 - 1740 -

layers)

Tempera grassa 472 1168 1745 1640

linseed

Tempera grassa 472 1168 1744 1640

walnut

Tempera on 600, 470 - 1637

linseed

Tempera on walnut 600, 470 1744 1640

Egg tempera 603 - 1646
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FI-NIR and FT-MIR spectra of painting models with lead white on a gypsum preparatory layer
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Figure 10. FT-NIR and FT-MIR spectra from painting models of lead white in: a) egg tempera; b) egg tempera
on walnut oil; ¢) egg tempera on linseed oil; d) Zempera grassa with walnut oil; €) tempera grassa with linseed oil; f)
walnut oil (2 layers); g) linseed oil (2 layers); h) walnut oil (1 layer); g) linseed oil (1 layer). * = bands due to lead
white.

Table 19. Wavenumbers (cm™) of the NIR absorption bands for painting models of lead white on gypsum
preparatory layer.

Pigment Gypsum Binder Binder bands- Oil bands
bands bands bands-lipidic  Proteinaceous
component fraction
Linseed oil 4297 5705, 5148, 4337, 4261 - 5705, 5148
(11layer) 5047, 4512,
4509

Walnut oil 4296 5156, 5035 4337, 4261 - 5705, 5148
a
layer)
Linseed oil 4296 5156, 5051 4338, 4262 - 5810, 5700, 4673
(2 layers)
Walnut oil 4296 5156, 5051 4331, 4260 - 5810, 5700, 4673
(11layer)
Tempera 4295 5704, 5149, 43306, 4259 4840, 4604 -
grassa 5072, 4508,
linseed 4403
Tempera 4296 5712,5148, 5787,4334, 4855, 4600 -
grassa 5067, 4509, 4262
walnut 4400
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temperaon 4295 5148, 5053, 5791, 5689, 4855, 4592 ]
linseed 4508, 4333, 4259

4369sh
Tempera 4298 5154, 4508, 5799, 5689, 4860, 4594 -
on walnut 4398 sh 4331, 4261
Egg 4303 5147,5057, 5786, 5701, 4862, 4593 R
tempera 4511, 4229, 4261

4402sh

Table 20. Wavenumbers (cm!) of the MIR absorption bands for painting models of lead white in different

binders on a gypsum preparatory layer.

Pigment Gypsum Binder bands- Binder bands-
bands bands lipidic Proteinaceous
component fraction
Linseed oil (1layer) 1435,1045, 1158 1739 1744-
0681
Walnut oil (1 1433,1047, 1158 1744 -
layer) 682
Linseed oil (2 682, 1436 - 1742 -
layers)
Walnut oil (1layer) 1451,1682 - 1740 -
Tempera grassa 1450, 1046, 1635, 1166, 1744 1657
linseed 682 683
Tempera grassa 1447,1044, 1631, 1162 1743 1653
walnut 682
Tempera on 683, 1426, 1166 1740 1647
linseed 10406, 683
Tempera on walnut 1428, 1045, 1166 1742 1649
684
Egg tempera 1426, 1046, - 1740 1642
683
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2. Score plots from PCA of NIR spectra of model samples
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Figure 11. Score plot of NIR spectra (6000-4000 cm™) of tempera painting models with azurite.
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Figure 12. Score plot of NIR spectra (6000-4000 cm™) of tempera painting models with yellow ochre.
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Painting models with azurite in linseed 0il on coloured priming layers
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Figure 13. Score plot of NIR spectra (6000-4000 cm™) of painting models with azurite in linseed oil on white and
pink priming layers. A shift of the points corresponding to the spectra of the painting layers containing the blue
pigment is due to the overlapping of its bands with those of oil.
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Figure 14. Score plot of NIR spectra (6000-4000 cm!) of painting models with yellow ochre in linseed oil on
white and pink priming layers.
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Painting layers with hematite in different binders on a gypsum preparatory layer
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Figure 15. Score plot of NIR spectra (6000-4000 cm™) of painting models with hematite in different binders on a

gypsum preparatory layer.
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APPENDIX B

Analyses on micro-samples from the painting
Porter boy sitting on a basket by Pitocchetto

1. Introduction

During the campaign of in-situ analyses on the painting Porter boy sitting on a basket by G. Ceruti,
two micro-samples were provided by restorers. They were taken from an area of the edge under
the frame, where the colour layer was extremely brittle and detached very easily on its own. The
samples consist of a series of microscopic fragments, whose observation under the optical
microscope revealed two different natures: some are light in colour (probably small fragments
of canvas with possible residues of a first preparatory layer), others are dark (probably coming
from the paint layers). Moreover, one of the samples, which seemed to contain all the layers,
was embedded in epoxide resin to prepare a cross section. These samples were then studied and
characterised by SEM-EDX microscopy and micro-FTIR spectroscopy to have a better insight
on the artistic technique of the painter and fully understand the results obtained from the non-

invasive analyses presented in chapter 3.

2. Materials and methods
SEM-EDX analyses were performed by means of a Hitachi TM 1000 microscope, having a

resolution of 1 nm and equipped with an energy dispersion X-ray (EDX) spectrometer. The

accelerating voltage was 15 kV.

Micro-FTIR spectra were recorded both in transmission mode on the fragments and in
reflection mode on the cross section in the MIR region (4000-600 cm™) by a Jasco IRT 3000
spectrometer, equipped with a 32x objective. The resolution was 4 cm' and spectra were

collected as sum of 256 accumulations.

3. Results and discussion

First, the samples were characterised by SEM in order to investigate their morphology and EDX

analyses were performed to understand their elemental composition.

Dark sample - This sample seems to be a fragment from the coloured layer and revealed an
almost homogeneous morphology (Fig. 1). The elemental analysis disclosed the presence of Ca,

K, Al, Fe and Si, all elements possibly attributable to the use of an earth pigment, as well as
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traces of Pb. It is conceivable that this heavy metal is due to the presence of metallic soaps on
the surface of the painting itself, as had already been highlighted by FT-NIR spectra acquired

in reflection mode during the 7z-situ measurements (see section 5.4.3 of chapter 3).

Scuro0001 L D3.9 x150 500 um

Figure 1. SEM image of the examined dark sample from the painting by Pitocchetto.

Micro-FTIR analyses performed on this sample in transmission mode gave a spectrum (Fig. 4a),
characterised by the silicate band at 1030 cm™. Its position seems to suggest it may be a burnt
umber or a Senna earth. The bands at 795 cm™, in fact, is typical of goethite, a mineral also
present in these earth pigments [1]. Finally, the band at 1540 cm™ suggests the presence of metal

soaps, probably lead palmitate as EDX analysis recognised this element (Fig. 4a) [2].

Light Sample - In this sample it is possible to recognise two different parts (Fig. 2): the former
has a fibrous appearance and probably corresponds to residual fragments of canvas; the latter
resembles the paint layer. The elemental analysis on the fibrous part revealed the presence of
Ca, leading to the supposition that the artist may have applied a very thin layer of calcite (CaCO»)
preparatory ground to the canvas. On the other hand, in the second layer Al, Si, Ca, Fe possibly
attributable to an earth pigment were identified, revealing a correspondence with the dark

sample and supporting the hypothesis that it may corresponds to the colour layer.
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chiaro0001 chiaro0004 L D43 x250 300 um

Figure 2. SEM images of the examined dark sample from the painting by Pitocchetto, where two different layers

are well recognisable.

The micro-FTIR transmission spectrum (Fig. 4b) obtained from the fragment shows a pattern
similar to that of cellulose, as suggested by the characteristic band at around 1050 cm™ [3]. The
presence of CaCO;s is then highlighted by the bands at 875 and 1400 cm™, supporting the
supposition made on the basis of SEM-EDX analysis. Finally, the signal at around 1730 cm™
suggests the use of a siccative oil as a binder, confirming once again the results provided by the

previous non-destructive analyses.

Cross section - The observation of the cross section, both by an optical microscope (50x
magnification) and by SEM, confirmed the presence of two layers (Fig. 3). The darker one
showed in the EDX analysis the presence of the aforementioned elements attributable to an
earth pigment, while in the light-coloured part the main element was still Ca, attributable to a

possible ground layer composed of calcite.

Light layer

Light layer

Dark layer

Dark layer

sezione0001 D2.0 x500 200um

Figure 3. SEM and 50x images of the cross section. The presence of two layer is highlighted.
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Micro-FTIR spectra were acquired in reflection mode for each of the two recognisable layers
(Fig. 4 ¢ and d). In the dark one, the peculiar band of silicates at 1030 cm™ is still recognisable
and always attributable to an earth pigment, while the one at 1538 cm™ seems to suggest the
presence of lead palmitate, even if this element has not been identified by EDX. In the light
layer, on the other hand, there is the carbonate band, coherently with the detection of calcium
in the EDX analysis, leading again to the hypothesis of a calcite ground layer. In the spectrum
it is not possible to identify any signal attributable to the binder used by the artist to spread this

pigment on the canvas.

v O

Absorbance

3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4. Micro-FTIR spectra obtained in transmission mode from the a) dark and b) light sample from the
painting by Pitocchetto and in reflection mode from the c) light and d) dark layer respectively of the

corresponding cross section. Legend: * = bands due to a silicate component ® = band due to cellulose; o = band
due calcite; V = signal due to lead palmitate; x = signal due to goethite.

4. Conclusions

SEM-EDX and micro-FTIR analyses performed on small samples from the painting Porter boy
sitting on a basket by G. Ceruti provided a further insight on the technique of the artist, confirming

on the other hand the results obtained from the in-situ campaign of NIR analyses. In particular,
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the use of an earth pigment spread on the pictorial surface to confer a reddish hue was
demonstrated, as well as the presence of a thin layer of calcite applied to prepare the canvas.
This evidence was not provided by FT-NIR analyses since, as already extensively discussed in
chapter 3, this material does not absorb in this spectral range and therefore it cannot be
identified. Finally, in some areas lead metal soaps due to a degradation process of the oil binder

were also found, in agreement with the results of NIR analyses.
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Chapter 4

Dry-state SERS for the non-invasive investigation
of natural dyes in textiles

Abstract

The present chapter is dedicated to the development of a simple method to identify natural dyes
directly on ancient textiles by means of Surface-enhanced Raman spectroscopy (SERS). A dry-
state approach, i.e. exploiting only the electromagnetic interaction between a solid nanometallic
substrate and the dye molecule absorbed onto a textile fibre, is proposed, pursuing the objective
of avoiding sampling. In this respect, a simple method starting from colloids immobilised onto
a functionalised microscope glass slide was developed. Silver and gold nanoparticles having
different geometries (spheres, stars and rods) were experimented to obtain the most performing
sensor and to get the greatest SERS enhancement in dry-state condition, leading to successfully
acquire the SERS spectra of four historical dyes from reference dyed wool threads. Moreover,
the issues of metal release and of the protection and cleaning of the substrate were considered

and investigated.

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a powerful analytical technique for the
identification at trace level of organic compounds, allowing the overcoming of the drawbacks
connected to traditional Raman spectroscopy. As Fleischmann first observed in 1974 [1], a great
enhancement of the Raman signal occurs when a molecule is absorbed on, or in the proximity
of, a metal nanostructured surface. Indeed, thanks to this close contact, Raman scattering
excited by visible light experiences an enhancement up to a factor of 10°[2]. In addition, the
metallic substrate absorbs most of the fluorescence photons emitted by the molecules, acting as

quencher of the fluorescence emission often associated with organic substances.

For its potentiality, SERS has been largely exploited in the field of cultural heritage diagnostics
to study natural and synthetic dyes from several artistic and archaeological artefacts [3, 4].
Indeed, these compounds, most of which fluorescent, are not detectable by conventional Raman
spectroscopy, whereas SERS, thanks to the strong enhancement of the signal and to the
quenching of the fluorescence, is the ideal technique for their univocal identification.

Traditionally, SERS experiments are performed with the use of colloidal solutions of metal
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nanoparticles (more commonly silver). This method is inherently invasive: in principle, it cannot
be used directly on the artistic object as wetting is required, if not the use of extraction methods
in order to separate by hydrolysis the colourant from its matrix (i.e the textile fibre for fabrics

or the inorganic substrates for lakes) [3].

In the last years, many attempts have concentrated on the development of non-invasive SERS
strategies using different approaches, i.e. hydrogels based on solid phase micro-extraction
techniques which extract trace amounts of dyes and are then treated with silver colloid for SERS
measurements [5 - 7], or laser ablation followed by the “in-situ” analysis of the ablated
substances [8, 9]. A further step towards totally non-destructive SERS analysis is the
implementation of dry-state measurements. The possibility to obtain a SERS response starting
from a solid nanometric substrate in contact with dyes on textile was already successfully
experimented in the artistic field [10, 11]. In this respect, it is worth noticing that the
enhancement of the Raman scattering in SERS is due to two different mechanisms, an
electromagnetic and a chemical one. The former is a long-range effect, based on the
intensification of the electric field of the electromagnetic radiation in proximity of a
nanostructured metallic surface, thanks to the excitation of surface plasmons of the metal. The
latter needs instead a chemical interaction between the molecules and the SERS substrate to
promote charge-transfer transitions. These two phenomena do not contribute at the same extent
to the SERS intensification of the Raman scattering: indeed, the electromagnetic one contributes
in an order of magnitude of 10", while the chemical one of 10°. Thus, although the interactions
are obviously more challenging to establish than those occurring between a solution of the target
dye and the same substrate, a dry-state analysis leading to a completely non-invasive approach

is, in principle, possible.

In this chapter, the development of a simple protocol to produce dry-state SERS substrates
from deposition of silver and gold colloids on an optically transparent support, such as a glass
slide, will be presented. The final aim is, in fact, to create simple, accessible and easy-to-produce
sensors suitable for 7z-situ analysis by means of portable Raman instrumentation, with no need
of complex procedures as those already reported in the literature and cited above [10, 11]. The
proposed analytical set-up is shown in Fig. 1: the laser beam passes through the glass support
and the metal substrate, and the scattered Raman signal, in principle enhanced by the
nanostructured film, is collected back by the microprobe objective. Obviously, also the problem

of transparency must be considered.
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Figure 1. Schematic set-up for dry-state SERS analysis on a dyed wool thread sample.

In this respect, previous studies were carried out in our laboratory to produce SERS substrates
starting from Lee-Meisel silver colloid. In particular, thin films of nanoparticles were prepared
by immersion of a functionalised glass support in pre-concentrated colloid (depositing from 1
to 5 layers), by air-brush deposition or by silver coating silica micro-spheres [12]. The most
promising method, however, proved to be drop deposition, which consists in drop-casting small
volumes of suitably pre-treated colloid on a microscope glass slide. In this work, the attention
was therefore focused on the optimisation of this procedure in terms of aggregation and
deposition condition of the colloid. In addition, in order to try to further enhance the SERS
effect of the substrate promoting the acquisition of intense spectra in dry-state condition, silver
nanoparticles having different geometries (nanorods and nanostars) were synthesised and
deposited. The Raman enhancement generated by spherical nanoparticles and other isotropic
nanomaterials can be, in fact, further increased by employing nanostructures characterised by
anisotropic features [13-17], reaching a higher enhancement factor [18]. In addition, anisotropic
nanoparticles offer the great advantage of not needing activation by aggregating agents, which
is an important drawback due to the addition of species which can lead to the appearance of
interference bands in SERS spectra. [19, 20] The morphology of the SERS substrates was
characterised by scanning electron microscopy (SEM) in order to verify the presence of
nanoparticle aggregates, which represent the so-called “hot-spots”, highly localized regions of
intense local field enhancement. Dry-state SERS analyses were finally performed by means of a
portable spectrometer on mock-up samples of wool yarn dyed with some of the most common

ancient natural dyes (alizarin, purpurin, lac dye and indigo).

The issues of metal release on the artefact and the protection of the substrates from
environmental degradation were then faced up. During SERS analyses, in fact, residual silver
nanoparticles were left on textile fibres. This can potentially be a concern for artefacts, as

residual silver can give rise to tarnishing phenomena and a consequent variation in colour. In
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this respect, the possibility of embedding nanoparticles in a polymeric matrix was explored, as
well as the use of gold instead of silver, again studying the effect of two different nanoparticle
geometries, spherical and star-shaped.

Finally, electrochemical-deposited commercial SERS substrates were also tested, considering
that not always the analyst of, for example, a museum has the possibility to prepare his own
substrates. On the basis of the good results obtained, preliminary studies on the optimisation
of electrochemical deposition of silver nanoparticles to prepare our substrates were undertaken
thanks to the collaboration of L. Falciola and V. Pifferi of the Universita degli Studi di Milano.
Lastly, aiming to re-use the substrates, the problem of their cleaning to remove residual
molecules of the target analyte and degradation products of the substrate itself was considered

by exploiting the self-cleaning properties of titanium dioxide mediated by UV light.

2. Objects of study
2.1 Natural dyes

Since prehistoric times, men have used colouring substances to decorate objects and to create
images: dyes and pigments were applied to a wide range of surfaces, becoming integral part of
a consistent number of artifacts. Before the advent of modern chemistry and the development
of the industry of synthetic dyes in the 19™ century, all the colourants were of natural origin.
They were obtained from mineral, vegetable - roots, berries, woods and leaves - or animal
sources, for example insects or molluscs. Over the centuries, the progressive development of
dying art leads to discover which families of plants and which animals were particularly rich in
a certain dye and suitable for obtaining a certain colour. Moreover, a wide variety of recipes to
improve the fixing of the colour to the fibres was experimented, for example the addition to the
dye bath of other substances, both mineral (salts, mud, metal oxides) and organic (urine, fats
etc). In this respect, a first classification of natural dyes can be made on the basis of the way in

which they were applied to fabrics. [21-24]

Mordant dyes: The most part of natural dyes does not show high chemical affinity for textile
fibres, thus a pre-treatment aimed at promoting their lasting and stable adhesion was commonly
performed. In particular, fabrics were previously processed with metallic salts, known as
mordants, able to fix the dye molecules on fibres. From a chemical point of view, mordant
dyestuffs have functional groups, i.e. hydroxyl, amino or carboxyl groups, which are able to
form complexes with metal ions. Similarly, textile fibres are rich in functional groups suitable to

bond complexed dyes: in particular wool and silk display carboxyl and amino groups. The metal
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ions, therefore, seem to mediate the interaction between the dye molecule and the fibre itself.
Typical mordants were alum (KAISOy),'12H,O) and potassium bitartrate (KCy4H504),

sometimes joined by tin, chrome and copper salts to obtain different hues and chromatic shades.

Direct dyes: these dyes do not require special treatments and can be applied directly to the
textile fibres. The interaction is based on secondary bonds, such as Van der Waals forces,
hydrogen bonds and dipole associations. Such interactions are weaker, determining a lower
degree of lightfastness. Chemically, direct dyes are water-soluble molecules characterised by
linear and flat shapes, which promote their diffusion into the fibre. [22] A typical example of

substances belonging to this category are carotenoids.

Vat dyes: the term zat refers to the particular kind of vessel used in the dyeing process. Dyes
belonging to this family are water-insoluble in their coloured form, therefore, to be dissolved in
the dye-bath, they must be transformed in their reduced, uncoloured, but water-soluble form.
Under reducing conditions, in fact, these dyes are converted into their /xco form and penetrate
into the fibres by immersion of the textiles in the bath. Once the textile is removed from the
dyeing bath and exposed to air, they are oxidized again to their coloured form. The most

important dyes belonging to this group are the blue indigo and woad and the precious Tyrian

purple.

A further classification of dyes can then be made on the basis of their chemical structure. In
general, they are large molecules, which exhibit conjugated double bonds, aromatic systems and
ketone groups. Their colour depends on the selective absorption of light in the visible range
(400-750 nm) of the electromagnetic spectrum. This property is conferred by specific part of
the molecule, known as chromophores. They generally consist of functional groups belonging
to systems of conjugated double bonds, for example carbonyl (-C=0), nitroso (-N=0) and
vinylene (—C=C) groups. In addition, other functional groups can act as auxochromes, such as
carboxyl (-(COOH), hydroxyl (-OH) and amino (—NH») groups. These parts of the molecule
are not responsible for colour, but can shift the absorption of an already coloured compound
to shorter (hypsochromic effect) or longer (bathochromic effect) wavelengths. [22, 24]
Generally, the main chromophores in red dyes are anthraquinones, while the yellow and blue
colours are conferred respectively principally by flavonoids and indigoids. In addition, other
dyes can belong to the classes of carotenoids, naphthoquinones and tannins. In the following
section, a brief overview of the dyes analysed in the present works, which are among the most

diffused, will be provided.
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2.1.1 Madder

Madder, belonging to the anthraquinone family, is one of the most historically important and
widespread red dyes. Its use, documented since ancient times by Greek and Romans historians
[25, 26], lasted for many centuries all over Europe. This red dye was extracted from the roots
of plants belonging to the family of Rubiaceae, in particular from Rubia tinctorum, and owes its
success to the fact that these vegetable sources could be cultivated, making this dye much
cheaper than the luxury reds obtained from insects. The madder roots contain an impressive
number of anthraquinone derivatives, but the main chromophores are alizarin and purpurin.
The relative amounts of these two compounds can differ slightly from one botanical source to
another. For example, the most common Rubia tinctorum is rich in alizarin, while wild madder,
derived from Rubia peregrina R., owes its colour mainly to purpurin and pseudo-purpurin. [21]
In this respect, the chemical characterisation of this dye can provide interesting information

about the origin of the raw material and thus about its geographical provenance.

OH O OH
O‘O jeoen
O OH
Alizarin Purpurin

2.1.2 Lac dye

Lac dye is probably the most ancient anthraquinone dye of animal origin. It was extracted from
the resinous exudation produced by female insects Laccifer lacca Kerr, also known as Coceus lacca
L., on host trees typical of the geographical area ranging from Northern India to Indochina.
Because of its origins, it was mainly employed for dyeing silks in Asian countries, while its eatly
use as textile dye in Europe is only rarely documented. It is known that for a certain period lac
dye replaced cochineal in an attempt to stop the Spanish monopoly on this precious substance,
but it was a failure because of the lower tinting strength of this dye and the presence of
impurities which could damage the fibres. Anyway, since the 13® century it was extensively used

as pigment by artists. [27] Laccaic Acid A and B are the main chromophores of this dye.
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2.1.3 Indigoids

The most diffused blue dyes, indigo and woad, belong to the chemical class of indigoids. They
are vat-dyes: in the dyeing process their molecules were reduce to their water-soluble form and,
once penetrated inside the textile fibres, re-oxidated to their coloured form by atmospheric
oxygen (section 2.1).

Indigo is one of the most ancient dyes (its use dates back to ancient Egypt in 2000 B.C.). The
main source of this very stable organic dye were fermented leaves of Indigofera tinctoria L., an
herbaceous plant typical of India, or of Isatis tinctoria, more widespread in Europe, from which
woad was extracted [24]. Indigo and woad were often employed in mixture with yellow, red and
brown dyes to obtain green, purple and black hues. Because of their high stability, these
colourants were still extensively exploited in oil paintings by the greatest masters of the 17" and

18™ centuries. [28]

3. SERS spectroscopy

Surface-enhanced Raman spectroscopy (SERS) is an analytical technique which takes advantage
from the enhancement of the Raman signal of an analyte, when it is absorbed, or in proximity
of, a rough metallic surface. SERS effect was firstly observed by Fleishmann and co-workers in
1974, while studying by Raman scattering the electrochemical reactions of pyridine at the surface
of a silver electrode [1]. Thanks to this close contact, Raman scattering excited by visible light
can experience an enhancement up to a factor of 10° as observed by Van Duyne [2] and

Albrecht and Creighton [29].
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A large variety of substrates have been exploited to amplify Raman scattering, ranging from
modified electrodes to colloidal nanoparticles and, more recently, metal nanostructures
fabricated directly on solid supports by nano-lithography, electrodeposition or template-based
synthesis. [30] The preferred metals are silver and gold, even if also the use of copper is
documented. Wet chemical synthesis of SERS-active nanoparticles is, anyway, the most
common method, being cheap and versatile. Briefly, metal nanoparticles are obtained by
reducing silver or gold ions in a solution, typically aqueous, by means of reducing agents such
as citrate, sodium borohydride, hydrazine or hydroxylamine hydrochloride [31]. Moreover,
chemical reduction methods often employed capping agents, having the double aim of binding
to the surface of the nanoparticle, preventing aggregation by either repulsive or steric forces [32]
and directing the shape to nanoparticles with peculiar morphologies. [33] Typical capping agents
are sodium citrate, polyvinylpyrrolidone (PVP), cetyltrimethylammonium bromide (CTAB) and
hydroxylamine hydrochloride.

The exact mechanism underlaying the SERS effect is still not completely clear. The most
accredited theory states that two different effects are responsible for it: the chemical and the
electromagnetic one. They involve different processes and contribute to SERS in different
extents; in addition, different kinds of interaction between the analyte and the substrates occur.

In the following sections, the complex mechanisms underlying SERS will be briefly explained.

3.1 Optical properties of metals

The enhancement of Raman signal in SERS is due to the optical properties of metals, typically
silver and gold, which are able to intensify the signals emitted by the molecules in their
proximity. Materials are characterised by two parameters, the dielectric function e(w) and the
refraction index #7(w), depending on the frequency of light w and linked by the following

equation: [34]

n(w) = {/e(w)

In the simpler case of transparent material, both the dielectric function and the refraction index
are positive real numbers. Dealing with metals, and in general with non-transparent materials,
however, e(w) becomes a complex number, expressed by an imaginary (small and positive) and
a real (large and negative) function. Considering for simplicity only the real part, the dielectric
function of metals can be described by the /lossless Drude model as function of the frequency w, or

of the wavelength A:
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where wg is the plasma frequency of the metal. This value is proportional to the square root of
the density of free electrons and corresponds to the frequency at which the conduction electrons
naturally oscillate. Silver and gold have actually very similar electronic densities, since the real
parts of their dielectric functions are not so different from each other. Anyway, in real metals
the imaginary part of the dielectric function is not neglectable and determines the absorption of
light. For Ag, the imaginary part of e(w) is approximatively zero [Im[e(1)] = 0)], meaning that
almost all the incoming photons are reflected. Differently, in the case of Au, the imaginary
function assumes higher values for wavelengths lower than 600 nm, causing the absorption of
photons in that spectral region and thus the typical colour of this metal. However, it is worth
noticing that, for A =2 600 nm, the imaginary parts of e(w) for both Ag and Au is comparable,
meaning that both materials are similar from the viewpoint of their electromagnetic response in
the near and far infrared range, while are slightly different in the visible one. In addition, their
surface chemical behaviours are of course different and one material might be preferred over

the other for specific chemical reasons. [34]

Once the complex dielectric function ¢(4) is known, all the electromagnetic properties of the
material can be calculated for different geometries: geometry-induced resonances, in fact, have
a great importance in SERS [34]. However, the most typical SERS substrate is composed by
nanoparticles, whose shape is approximately a sphere with a diameter ranging from 20 to 100
nm. Size is, in fact, an another fundamental issue since increasing this parameter causes a red-

shift of the surface plasmon resonance.

When an external electric field E interacts with a metal nanosphere an induced dipole p is
produced. It depends on the dielectric function of the embedding medium, generally the air (em

= 1), and on the one, wavelength-dependent, of the metal, £(1):

eN)—eym

e(AD)+2epm
When e(\) = - 2en, the denominator equals zero and the induced dipole tends to infinite. In
detail, the real part of the dielectric function satisfies the condition [Re[e(A)] = —2¢&y; , limited

only by the imaginary function whose influence, especially for Ag, can be neglected. As a
consequence, the system will show a large response, known as dipolar localised surface plasmon

resonance (LSPR) of the sphere. [34]
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Therefore, when the wavelength of the incident field satisfies the boundary conditions for the
resonance (A ~ i), the surface of the sphere will undergo a strong local field enhancement,
expressed by the local field enhancement factor (LFIEF). LFIEF is a dimensionless parameter
expressing the change in local intensity caused by the presence of objects which perturb the
electric field of light. In the case of a sphere, it is maximum at the two extremities of the axis
passing through its centre, where the external field and the induced dipole add up (Fig. 2). If a
molecule is placed at those positions, it experiences the consistent enhancement of the local
field, allowing the SERS effect to take place [34]. LFIEF can be calculated as the ratio between
the normalised value of the local field intensity at position r and depending on the incident

wavelength A and the intensity of the incoming field Eo(r;4) at that point:
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Figure 2. Schematic representation of LFIEF of a metal sphere (Ag or Au) in the point A. when resonance
conditions are satisfied, the intensification is maximum. The LFIEF of Ag is stronger due to its low level of
absorption compared to that of Au. Adapted from [34]

Silver is the most suitable metal and, in fact, it is widely used for SERS application. Gold and
copper can also be employed, but only at longer exciting wavelengths (typically = 600 nm). Aa
explained above, at such wavelengths, the optical absorption of gold in fact becomes

comparable to that of silver. Au is therefore more recommended for application in the red and

near IR. [35]

3.2 The SERS effect

The exact mechanism underlying SERS effect is still not completely clear. As already mentioned,
the most accredited theory states that two different effects are responsible for it: the chemical

(CE) and the electromagnetic (EM) one. The former involves charge-transfer processes between
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molecular orbitals of the analyte and the conduction band of the metallic substrate [30]; the
formation of a chemical bond is therefore mandatory. The latter is based on the intensification
of Raman scattering caused by the enhancement in the electric field generated thanks to the
optical properties of the nanostructured metal surface; in this case, a physisorption of the analyte
on the surface is enough. [37.] In fact, while the chemical effect is short-range, the
electromagnetic one is long-range. Moreover, it is worth recall again that the two phenomena
contribute a different extent to the SERS enhancement of Raman scattering: an order of

magnitude of 10" for EM, of 10* for CE. [38]

In order to understand how electromagnetic and chemical effect works, the origin of Raman
effect must be considered. When the electric field of an incident photon interacts with a
molecule of polarizability «, a magnetic dipolar moment, p, is induced. The intensity of the
Raman scattering depends both on the square of the applied electric field and of the
polarizability: Trama & E?o* .

In the electromagnetic effect, the intensification of the Raman scattering is due to an
enhancement of the electric field in proximity of the metal surface; in the chemical one, the

polarizability of the adsorbed molecule is modified itself. [34]

3.2.1 Electromagnetic mechanism

When a molecule is absorbed onto a nanoparticle, it experiences an electric field which is the
sum of two components: the electric field of the laser, Eo, and the electric field scattered by the
metal itself, Es. The photons of these two components have the same frequency wo and, when
it corresponds to the surface plasmon resonance of the metal, the field scattered by the metal is
strongly intensified of a g factor. In this case the total electric field affecting the molecule can be
approximated to the one scattered by the metal substrate. The total Raman scattering radiation
which is recorded by the detector is the sum of that emitted by the molecule (Ex) and the one
enhanced by the nanoparticle (Ers). A schematic representation of this process is represented
in Fig. 3. The resulting energy of the scattered electric field or, in other terms, of the enhanced

Raman effect, corresponds to Egs: [39]

Esers = Ers € g Er € g ar Es o g ¢ ar Eo
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Figure 3. Schematic representation of electromagnetic mechanism in SERS. Adapted from [39]

On the other hand, the intensity of the scattered photons due to SERS effect is proportional to
the intensity of the incident electric field multiplied by the square of the enhancing factors and

the polarizability of the molecule:
Lsers = (g.2)” or” Eo

Generally, the difference between the frequency of the incident photons and the Raman ones
can be neglected, therefore it is possible to approximate the enhancing factor of the impinging
radiation and that of the scattered one. In this way, the amplification of the incident radiation
results multiplied by the fourth power of the enhancing factor, g'. It is important to define the
G intensification factor in order to understand the relation between the SERS and Raman
intensity of the scattered photons:

_ Isers _ @ar 2
G=-"E8 =R (4
@Ro >

IRaman

where Iraman 1S the intensity of the scattered electric field without the metal and aro the

polarizability of the molecule in absence of the SERS substrate. [38, 39]

3.2.2 Chemical mechanism

In opposition to the electromagnetic mechanism, the chemical one is based on charge-transfer
processes, so a chemical interaction between the analyte molecule and the substrate is required
[37]. If a chemisorption takes place, the molecule forms a complex with the metal and new
electronics transitions can occur, leading to different energy levels of the adsorbates. These
transitions, induced by an external incident radiation, consist in charge-transfer processes in
which the electrons belonging to the HOMO (highest occupied molecular) orbital of the
adsorbate pass to its LUMO (lowest unoccupied molecular orbital) or to the Fermi level of the

metal. This last transition is the predominant, as the stronger interaction molecule-nanoparticle
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implies a higher degree of connection of their molecular orbitals. Charge transfer more likely
occurs the most when the molecule presents m electrons, prone to be yielded and, as a

consequence, involved in this process. [38, 39]

3.2.3 Hot spots and SERS enhancement

So far, only the case of an isolated spherical particle was considered; however, it is possible to
obtain a further enhancement of the SERS signal in the presence of aggregates of nanoparticles.
Experimental evidence and theoretical calculations show that when two spherical nanoparticles
are at a distance of less than 5 nm, at the intermediate point between them, an amplification of
the local electric field of several orders of magnitude higher than in the case of isolated
nanoparticles takes place [40]. This enhancement of the electric field derives from the
constructive interference of the surface plasmon resonance of the two particles and the
interparticle region where this field amplification is experienced is called ot spot. The SERS
signals, therefore, increase dramatically when the molecules to be detected are found in a hot
spot (Fig. 4a) rather than on the surface of an isolated nanoparticle. [41] Although the
determining factor remains the interparticle distance (if it is too large, the SERS effect is strongly
penalised), also the size and the morphology of the nanoparticles have a certain influence on
the enhancement factor. In particular, the amplification is greater when the two nanoparticles
have very similar dimension [42] or when they have anisotropic geometry associated with sharp

tips and narrow gaps (Fig. 4b). [43]

2nm,

Figure 4. Examples of different types of hot spot: (a) hot spot formed between two
closely placed nanoparticles, (b) hot spot formed at a sharp geometrical feature. Reproduced from [44].

3.1.5 Quenching of the fluorescence emission
Beside the enhancement of the Raman scattering, the second aspect that makes SERS a
powerful technique for the analysis of organic molecules is the quenching of the fluorescence

emission, generally associated with such compounds. To understand this event, it is worth
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underlining that these two effects arise from radically different mechanisms and processes [34,
35, 38].

A Stokes Raman vibrational scattering event is an instantaneous optical process: an incoming
photon from the laser at wr. excites a molecular vibration with frequency w, while emitting a
scattered photon at ws = (wr. — w,). The absorption of the incoming photon is therefore not
implied. Fluorescence, on the other hand, involves that the incoming photon is absorbed by
the molecule, which passes from the ground state So to an excited electronic state Si.
Subsequently, the photon is re-emitted after undergoing a series of steps which lower its energy:
before relaxing to the ground state, in fact, a part of it is dissipated in a non-radiative way (i.e.
heat). As a consequence, the fluorescence phenomenon takes more time to happen than the
Raman scattering, which is almost instantaneous. Both fluorescence and Raman scattering are
positively affected by the absorption of the incoming photons, but, while in the instantaneous
emission process Raman scattering experiences a beneficial enhancement of its intensity,
proportional to the fourth power of the incident electric field (| E*|), in fluorescence the only
possible effect of the environment on emission is to modify the radiative efficiency 7, that is the
relative contribution of radiative and non-radiative decay. The radiative decay, also known as
quantum yield, is generally inhibited by the presence of a metal as it is able to absorbs the emitted
photons in other way. Therefore, the combination of the enhanced absorption and the lowering
of the radiative efficiency (0 = 1 < 1) results in a strong quenching of the fluorescence for a

molecule in the proximity of a metal substrate. [34]

3.4 SERS in cultural heritage diagnostics

SERS spectroscopy has been largely exploited in the field of cultural heritage diagnostics for the
detection of natural dyes in textiles and lakes. Actually, SERS was firstly applied for the detection
of colourants extracted from ancient artistic and archaeological objects in 1987 by Guineau and
Guichard [45], but, because of the low reproducibility and the unavailability of suitable
instrumentation, it is only in the last two decades that this method has become of common use
in this field of research [3, 46-49]. The potentiality of this technique for the identification of
natural dyes lies in the fact that, as described in the previous sections, the close contact with a
nanostructured metal substrate leads to an enhancement of the Raman signal and a simultaneous
quenching of the fluorescence emission typical of organic compounds. Moreover, natural dyes
have chemical structures rich in m-electron systems or atoms having lone pair of electrons,
conditions which promote their absorption on metal substrate. Finally, since organic dyes,

because of their high tinting strength, were used in very low concentrations, a very sensitive
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technique is mandatory for their identification and SERS spectroscopy fulfils this requirement.

(3, 49]

The most typical SERS substrates are colloidal suspensions of metal nanoparticles, as they can
be quickly prepared and easily used. This traditional approach involves the analysis in solution
of the target analyte. Anyway, since dyes are present in works of art as complexes with
aluminium or other metal ions and in this form their absorption on metal nanoparticle surface
is prevented, the first step towards SERS analysis of lake pigments and mordanted dyes is the
extraction of the colourants from their matrix. Extraction procedures are generally carried out
in strong acids or alkali, such as HCl or NaOH [3, 4], and allow the hydrolysis of the chemical
bond between the dye molecules and the substrate, aiming to isolate the dye. Despite the very
small amount of sample required, this method is invariably invasive towards the host material.
In this respect, progressively, gentler methods have been developed, such as non-extractive in-
situ hydrolysis and non-hydrolysis approaches. The former alternative methods involve selective
removal of the target dye by milder extracting reagents [46, 47, 48] or the use of room
temperature acid vapours (typically HF) instead of heated solutions [47, 52]. Referring to the
latter, the possibility of detecting some anthraquinone dyes directly on microscopic fragment of
the artistic object put in contact with a colloidal paste was demonstrated [53-55], as well as the
effectiveness of the use of photo-reduced silver nanoparticles to generate SERS signal directly
from dyed fibres [56-58]. These results confirmed that the SERS effect can be recorded even if
the molecules are still in form of metal complexes, even if it has been demonstrated that the
introduction of the hydrolysis step is the best method to ensure high reproducibility and the

certain identification of the dyes. [47, 59-60]

In most recent years, researchers dealt with the issue of transforming SERS into a less invasive
method. All the strategies described above, in fact, shall be considered as micro-destructive.
Recently the use of peelable gels associated with a SERS-active substrate was proposed by
different research groups [5-7]. This procedure involves the use of hydrogels loaded with
suitable organic solvents and chelating agents to extract micro-amounts of dyes directly from
the artistic object, followed by SERS analysis directly onto the gel surface. Anyway, even if these
strategies are non-invasive and applicable 7z situ, a close contact with a wet substrate is
mandatory and this could represent a limitation when dealing with artworks and ancient objects.
Foe example, close observation of detached composites showed that analytical surface
fragments (40 pm) underwent removal and trapping into the composite matrix, making the

method slightly invasive in nature.
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Another recently developed technique which reduce invasiveness of SERS spectroscopy by
improving the degree of spatial resolution is laser ablation (ILA)-SERS [8, 9]. This method
involves the ablation of the target dye molecules by an intense visible laser pulse and its
collection onto a SERS-active substrate, typically silver nano-islands made by vapor-deposition.
This procedure certainly required a more complex equipment and, although it seems non-
invasive, the high intensity of the laser beam causes a damage, although on a microscopic scale,

to the artefact.

In this scenario, an increasing interest towards dry-state methodology is arising. The use of silver
island fabricated by vapor deposition to detect dyes in textiles was proposed in [10] and also the
production of complex substrates obtained by deposition of self-assembled silver nanoparticles
on glass and polydimethylsiloxane (PDMS) substrates [11]. Anyway, these methodologies
involve the use of specific equipment and/or a complex procedure, not always accessible for
diagnostics laboratory. The aim of the present work was to develop a simpler and effective
protocol to produce dry-state SERS substrates starting from metal nanoparticles prepared on

the basis of simple wet chemistry.

4. Materials and methods

4.1 Materials

Trisodium citrate dihydrate, silver nitrate, hydroxylamine 50 % w/w in water, sodium chloride,
sodium  perchlorate, magnesium  sulphate, sodium  hydroxide, methanol, 3-
(aminopropyl)trimethoxysilane, hydrochloric acid (37 %), sulfuric acid (95-97 %), HAuCl,-H,O,
hydroxylamine hydrochloride, hexadecyltrimethylammonium bromide, iron sulphate
eptahydrate, indigo and alizarin were purchased from Sigma-Aldrich, purpurin from Fluka and
lac dye from Zecchi. Tylose H300 YP2 hydroxyethilcellulose was from ShinEtsu, the acrylic
polymer Exodisp C 4502 from Novachem and polyvynil alcohol (PW 61000) was from Sigma

Aldrich. All solutions were prepared in Milli-QQ water unless otherwise specified

4.2 Syntheses of silver colloids

4.2.1 Lee-Meisel nanospheres

The colloid was synthesised according to the procedure reported by Lee and Meisel [61]. Briefly,
150 mL of 2 10° M AgNO;s solution were prepared, using water previously degassed under a
gentle N, flow. This solution was heated to boiling under constant magnetic stirring and then 3
mL of a 1% trisodium citrate aqueous solution were slowly dropped into the flask. After 60

minutes at the boiling point, the colloid became of a light green-grey opalescent colour. After
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cooling, it was stored in the refrigerator overnight before use. The obtained nanoparticles have
a diameter ranging from 60 to 150 nm [62] and the concentration of silver is 10° M. The UV-

visible spectrum of the Lee-Meisel colloid shows an absorption maximum at 420 nm (Fig. 5).
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Figure 5. UV-visible absorption spectrum of Lee-Meisel colloid, showing a band at 420 nm.

4.2.2 Leopold-Lendl nanospheres

For the synthesis of Leopold-Lendl colloid [63], 90 mL of a 10° M aqueous solution of AgNO;
were prepared at room temperature and quickly added under fast magnetic stirring to a second
solution obtained by mixing 4.5 mL of sodium hydroxide 0.1 M with 5 mL of hydroxylamine
hydrochloride 0.06 M. The resulting colloid had a final pH around 7 and showed a milky grey
colour. The average diameter of the nanoparticles is 67 nm and the final concentration of silver

is 10° M. The UV-vis absorption spectrum is characterised by a band cantered at 426 nm.

A modified synthesis of Leopold-Lendl colloid, allowing the formation of larger nanoparticles,
was also tested following the procedure proposed in [64]. 90 mL of 2 AgNO; 10° M aqueous
solution was heated in a water bath at 45-50° C, with constant magnetic stirring. Then, a second
solution obtained by mixing 1 mL of 0.1 M sodium hydroxide with 5 mL of 0.02 M
hydroxylamine hydrochloride was quickly added under continuous stirring. The mixture was
cooled until it reached room temperature. The colloid showed a milky white-grey colour with a
final pH around 5. The average diameter of these nanoparticles is 100 nm and their UV-vis

spectrum exhibits an absorption maximum at 408 nm (Fig. 6).
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Figure 6. UV-visible absorption spectrum of Leopold-Lendl colloid obtained from the standard (black line) and
modified (grey line) synthesis. They show respectively emission maxima at 426 and 408 nm.

4.2.3 Garcia-Leis nanostars

The star-shaped nanoparticles were produced following the procedure reported by Garcia-Leis
[17]. Btiefly, 500 puL. of a 0.05 M NaOH solution were mixed for 1 minute with 500 pL
hydroxylamine 50 % w/w one, then 9 mL. of AgNO; 10° M were added and the mixture was
stirred at 670 rpm for 5 minutes. Finally, 100 pLL of a 1% trisodium citrate solution were dropped
and the stitring was continued for 15 minutes. The reduction of Ag" ions is operated by
hydroxylamine but this process is very slow at low temperature. In order to make the long arms
of these spiky nanoparticles grow faster citrate was added. The resulting colloid, having a dark
green-black color, was stored overnight in the dark before use, in order to allow nanostars to
develop their final branched shape. The pH should be in the range 8-10: an acid pH prevents
the formation of the nanoparticles, while a too basic one leads to the formation of a polydisperse
system of nanospheres and nanostars. The average diameter of these nanoparticles is 100-200
nm and the final concentration of silver in the colloid is 10° M. The UV-visible spectrum is
characterised by a sharp band at 380 nm associated to an ascent from 600 nm (Fig. 0).
Comparison with the literature supports the formation of star-shaped nanoparticles since the
absorption at 380 nm can be due to the core while the broad increase in absorbance at longer
wavelengths can be attributed to the tips [15]. Indeed, this double absorption is responsible for

the greater SERS enhancement in comparison with spherical nanoparticles [65].

Moreover, the traditional procedure to obtain nanostars was slightly modified during the
optimisation of the substrates. In particular, the attempt of eliminating citrate from the synthesis

replacing it by hydroxylamine was made. In this respect, the standard procedure was followed

188



but, instead of adding a 1% trisodium citrate solution, a corresponding volume of
hydroxylamine 50% w/w solution was added again. The obtained colloid was characterised by
UV-visible spectroscopy and its spectrum, as can be seen in Fig. 7., shows the typical features
of nanostars; anyway, the problem of this colloid proved to be its instability as the day after its

preparation it precipitated.
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Figure 7. UV-visible absorption spectrum of silver nanostar colloid obtained from the standard (black line) and
modified (grey line) synthesis. They show emission maxima at 376 nm.

4.2.4 Nanorods

Silver nanorods were synthesised according to the method recently proposed in [66] and adapted
from [67].

It is a seed-mediated procedure, so it involves two different steps: the synthesis of small
spherical nanoparticles acting as nuclei and their addition to a growth solution to form
nanorods.

For seeds, 100 mL of a AgNO3 0.01 M were mixed with 400 pL. of CTAB 0.1 M and 10 mL of
NaBH, 0.01 M aqueous solutions. The mixture was stirred for two minutes and left to rest for
1 hour. The obtained seed colloid shows a greenish colour and its UV-vis spectrum shows an
absorption maximum at 420 nm (Fig. 8).

For the growth solution, 50 mL of a 0.01 M aqueous solution of CT'AB were prepared under
magnetic stirring and gentle heating to promote the dissolution of the surfactant: in this way,
the mixture turns to opalescent white and becomes transparent. Then, 1.25 mL of a 0.02 M
solution of AgNOs in water and 2.5 mL of 0.1 M ascorbic acid (the reducing agent) were added,

leading to the development of a yellow colour.
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Finally, to produce nanorods an aliquot of seeds (ranging from 625 to 375 L) was added to the
growth solution together with 500 ul. of NaOH 1 M to adjust the pH, thereby enhancing the
growth and the formation of nanorods [68]. After ten minutes, the final nanorods colloid, having
a dark colour, was obtained. Different attempts demonstrated that better results were obtained
if the seed solution was added while heating the growth solution. It is worth noticing that the
rod diameter corresponds to the diameter of the seeds, while the amounts of seeds added to the
growth solution determines their final length: more seeds lead to shorter rods. In particular
nanorods were synthesised by adding 625, 400 and 375 pL. of seeds. Their spectra are showed
in Fig. 7. As can be seen, they are characterised by two plasmon bands, corresponding to the
transverse (TSPR) and longitudinal surface plasmon (LLSPR) resonance respectively [66]. The
former is centred around 405 - 415 nm, while the latter changes its position from 500 to 600
nm according to the amounts of seeds added to the growth solution. The plasmon surface
properties of these nanorods are, in fact, highly sensitive to the seed concentration: its decrease
determines a shift of the LSPR band towards lower wavelengths.

The final concentration of the nanorods colloid was calculated as approximatively 10 M.
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Figure 8. UV-visible absorption spectrum of silver seeds (pointed line) and of nanorods obtained from different

amounts of seeds: 625 uL (grey line), 400 uL (black line) and 375 pl. (dotted line). The two plasmon bands are
due to TSPR and LSPR respectively.
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4.3 Syntheses of gold colloids

4.3.1 Frens nanospheres

10 mg of HAuCly*H,O were dissolved in 100 mL of water in a three-neck flask and the solution
was heated up to boil in an oil bath under reflux, whit constant stirring. 420 uL. of a 1% trisodium
citrate solution was then added: after 1-2 minutes the colour became intense blue, but it turned
progressively to red after 40 minutes. The final colloid has an intense Tyndall effect: its colour
changes from red to blue-violet depending on the light. The final pH is 3-4. The concentration
of gold is 2.94:10° M and the average diameter of the nanopatticles is comprised between 45
and 60 nm, as suggested by the band at 542 nm in the UV-visible spectrum of the colloid Fig.
9). [69]
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Figure 9. UV-visible absorption spectrum of Frens colloid, showing a band at 542 nm.

4.3.2 Gold nanostars
Gold nanostars were synthesised following two different procedures reported in the literature,

both seed-mediated.

The method proposed in [70] involves the preparation of four starting aqueous solutions: 22.5
mL of CTAB 0.1 M, 1.5 mL of HAuCl-3H,O 0.01 M, 300 uL of AgNO; 0.01 M and 320 uL.
of ascorbic acid 0.1 M. The seeds were prepared following the method reported in section 3.3.1.
For the growth solution, 1 mL of HAuCly;*3H,O 0.01 M was added to the surfactant solution
under magnetic stirring, followed by 150 puL. of AgNO3 0.01 M: the colour turned to brown-
yellow. Then, 160 pL. of ascorbic acid solution were added, making the colour of the solution

turn to transparent again. Finally, 50 uL. of seeds were added and the colloid was left for 2 hours
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in a water bath at room temperature, developing its final blue-violet colour. The final
nanoparticles have an average diameter of 140 nm and the concentration of gold in the colloid

is calculated to be 2.6:10* M. The absotption spectra of seeds and nanostars are shown in Fig.

10.
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Figure 10. UV-visible absorption spectra of gold nanostars (black line) and their seeds (grey line), showing bands
at 554 and 520 nm respectively.

This second synthesis was chosen as it specifically does not require the use of surfactants, which
can cause problem in the drop deposition step. It was proposed in [71]. For the seed synthesis,
20 mL of HAuClL,'H,O 1 mM aqueous solution were heated to boiling and 3 mL of a 1%
trisodium citrate solution were added. During the whole procedure, the flask was maintained
under reflux to avoid solvent evaporation and with constant magnetic stirring. The colloid soon
developed a transparent dark-red colour. The UV-vis spectrum, showing an absorption
maximum at 524 nm, suggests the formation of small seeds, having an average diameter of
around 50 nm. [70]

For nanostars, 100 uL. of HCl 1 M were added to 100 mL of a 0.25 mM HAuCL4 H,O aqueous
solution. 1 mL of seed was then quickly dropped into it and subsequently 1 mL of a 1 mM
AgNO; and 500 pL of ascorbic acid 100 mM were quickly added simultaneously. After few
seconds, the colloidal suspension became blue. The final concentration of gold is 2.6-10* M.
A second synthesis was repeated adding a double concentrated AgNOj; solution in order to
promote the formation of more branched nanoparticles. The concentration of this reagent is,
in fact, a determinant parameter for the anisotropic growth and leads to obtaining longer arms.
The absorption maximum of this colloid is at 694 nm, red-shifted in comparison with the

previous one because of a larger diameter of the stars (Fig. 11).
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Figure 11. UV-visible absorption spectra of gold nanostars (black line) and their seeds (grey line), showing bands
at 650 and 522 nm respectively.

4.4 Preparation of the substrates

4.4.1 Functionalisation of the glass supports

In order to promote the adherence of the nanoparticles to the glass support and to prevent the
so-called “coffee ring” effect, a functionalisation procedure of the glass slides with (3-
aminopropyl)trimethoxysilane was developed, combining different methods reported in the
literature [72-75]. The “coffee ring effect” is an evaporation-driven self-assembly and self-
organization. [76, 77] When a droplet of solutions containing non-volatile solutes (i.c.
nanoparticles) dries on a substrate, it leaves a dense, ring-like deposit of the solutes along the
perimeter. In more detail, the evaporation flux at the edge of the droplet is much higher than
that at the centre, leading to more solvent loss. The solvent must flow from the droplet centre
toward the edge to compensate for the solvent loss. Consequently, a flow is generated in the
evaporating droplet and more particles are carried to the edge. Translating this phenomenon in
the physics of colloidal solutions, it obviously hinders the possibility to obtain homogenous

films from colloids.

The developed functionalisation process consists of two phases: washing and immobilisation.
The former allows to make the hydroxyl groups of the glass slide free for the latter, that involves
the reaction between the glass substrate and the immobilising agent (Fig. 12). In particular, 3-
(aminopropyl)trimethoxysilane (APTMS) was chosen as it binds the Ag nanoparticles to the

surface of the salinized substrate through the amine groups.
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Figure 12. Schematic representation of the functionalisation process.

For washing, the glass slide was dipped in a 1:1 methanol and hydrochloric acid solution for 30
minutes, washed copiously with distilled water until a neutral pH is reached and then dried under
a N flux. Then, it is immersed into concentrated sulfuric acid for 30 minutes and washing and
drying were repeated as described above. For the immobilisation, the glass slide was dipped in
a solution containing 45 mL of methanol, 2.5 mL of deionized water and 2.5 mL of APTMS.
After 15 minutes it was carefully washed by immersion in methanol and subsequently in water
in order to eliminate all the residual traces of APTMS and finally put in the oven at 90° C for

30 minutes. The functionalised glass slide must be used in the day.

4.4.2 Drop deposition

Before drop casting, the colloid was centrifuged (time and rpm depend on the type of colloid
and varies from 30 minutes at 3000 rpm to 10 minutes at 6000 rpm) and re-dispersed in water
to obtain the right concentration factor (between 1:50 and 1:100). In this respect, after removing
the supernatant, a suitable volume of water was added to the nanoparticles paste deposited at
the bottom of the centrifuge tube and the suspension was homogenized by quick magnetic
stirring. Moreover, when requested, nanospheres were aggregated by adding a suitable
electrolyte agent; for spherical particles, in fact, the aggregation step is crucial in order to induce
the formation of the hot-spots, i.e. highly localised regions of intense local field enhancement,
and to increase the magnitude of the SERS effect [78, 79] Different salts (NaClO,, NaCl,
MgSO,) were tested aiming to choose the most effective one (see section 5.1.1). On the other
hand, nanostars and nanorods were deposited without the addition of aggregating agents: the
anisotropic shape of these nanoparticles, in fact, allows a large intensification of the
electromagnetic field, taking place directly on the tips or in the spaces between the arms [13-17,
80]. Finally, a micro-drop (10 pL) of the treated colloid was deposited by a micropipette on the
functionalised glass slide and put in the oven at 50°C for about 2 hours, inducing a slow

evaporation of the solvent to obtain a homogeneous film. Fig. 13 shows an example of the
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obtained substrate, with (a) or without (b) the functionalisation step: in the latter case a more

pronounced coffee-ring effect is well evident.

—

0.5 cm

Figure 13. SERS substrate obtained from drop deposition of pre-treated silver nanostars on a) functionalised and

b) not-functionalised glass slide.

4.4.3 Multi-layered deposition
The multi-layered deposition involves the application of two layers of nanoparticles, Lee-Meisel

nanospheres and Garcia-Leis nanostars respectively, as described below.

1% layer of Lee-Meisel nanospheres: the deposition of Lee-Meisel colloid was deposited by
immersion. In this respect, the functionalised glass slide was dipped for 24 hours in 8 mL of
pre-concentrated colloid. The concentration factor was set to 1:10, aiming to obtain a quite
transparent layer of nanoparticles in view of the deposition of the second layer. The glass slide

was finally extracted, gently rinsed with milliQQ water and dried under a nitrogen flux.

2" layer of nanostars: to start, the first layer of nanoparticles was functionalised using a sol-gel
method [81]. A solution containing 80 mL of water, 970 uL. of APTMS and 805 uL. of HCI 0.1
M was prepared and stirred for 1 hour. The glass slide covered with the first layer of Lee-Meisel
colloid was therefore dipped into it for 20 minutes, afterwards it was copiously rinsed with water
and immersed for 2 hours in pre-concentrated nanostar colloid. Two concentration factors were
experimented, aiming to obtain a film rich in nanoparticles but at the same time transparent
enough to perform SERS measurements through it. They were 1:10 and 1:20. Finally, the second
layer was dried into a tubular graphite oven at 110° C for 15 minutes. As the deposition of the
second layers by immersion did not lead to satisfying results, a further attempt was made of
depositing nanostars by drop deposition on the first layer of functionalised nanoparticles. The
stars were concentrated up to a factor of 1:25 and 10 pl were deposited as described for drop-

deposition in section 4.4.2.
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4.4.4 Films based on modified coffee-ring effect

This procedure for the deposition of gold nanoparticles was adapted from [82]. A non-
functionalised glass slide was cut into small stripes (3 x 0.5 cm ca), then cleaned by sonication
in an ultrasonic bath for 10 minutes using deionized water. These glass supports were then laid
in a Petri dish maintaining an angle of inclination of approximately 10°.

The solution of concentrated nanoparticles was poured into the Petri dish and the evaporation

was carried out inside an oven set at 50°C until complete drying.

4.5 Metal nanoparticles embedded into polymeric matrixes

4.5.1 Exodisp C 4502 matrix

Exodisp C 4502 polymer is an aqueous emulsion of an acrylic copolymer, which crosslinks
because of the solvent evaporation. Thanks to its form, it could be added directly to the colloid.
Silver nanoparticles were not pre-aggregated by addition of an electrolyte assuming that the
evaporation of the solvent gives rise to the formation of the so-called “dynamic hot spots”, i.e.
aggregates of nanoparticles originated as the network volume decreases and the nanoparticles
get close to each other [83]. In this respect, 5 mL of Lee-Meisel colloid were concentrated up
to 1:100 factor and then re-dispersed under magnetic stirring in in 25 pulL of milliQQ water and 25
uL of polymer. When 50 uL. of polymer were added directly, in fact, a very strong aggregation
of the nanoparticles was induced, as demonstrated by the colour of the colloid which turned
immediately from opalescent yellowish-green to black. By diluting the polymer in water (1:1)
the aggregation process induced by the polymer itself was less effective, leading to a dark green
colour. Finally, 5 pl. of this suspension were deposited by a micro-pipette on a non-
functionalised glass slide, trying hardly to avoid the formation of air bubbles. The deposited
drops were left to dry overnight at room temperature to promote a slow evaporation process

and prevent cracking phenomena. Once dried, in fact, this polymer becomes very stiff.

4.5.2 Hydroxyethilcellulose 250 matrix

As described elsewhere [84], Ag nanoparticles polymeric films have been prepared by drying an
aqueous mixture of hydroxyethilcellulose (HEC) and pre-aggregated nanoparticles. The
procedure was adapted to our experimental conditions in the following way. After centrifuging
10 mL of the colloid and removing the supernatant, the nanoparticles were re-dispersed in 90
ul of ultrapure milliQQ water and it was aggregated by 10 ul. of MgSO, 10 mM, thus achieving
a concentration factor of 1:100. The gelation of the concentrated colloid was then progressively
induced by adding 100 pL of an aqueous solution containing 160 g/L of HEC, which were

gradually dropped by a micro-pipette in ten minutes (around 1 pL per minute). 5 uL. of the
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obtained suspension were then collected after different times of stirring (0, 10, 30, 40 minutes)
and deposited onto a glass slide. The drops were left to dry in a dark place overnight. The final
concentration factor of silver in these substrates is 1:50, as 1:100, when experimented, led to a

very concentrated film having a mirror-effect surface and low transparency.

4.5.3 Silver nanoparticle-doped polyvinyl alcohol films

The procedure was adapted from [85]. A 5% w/w polyvinyl alcohol solution was prepared by
dissolving 0.1 g of polymer in 2 mL of water, under gentle heating and stirring. In our
experiment, a PVA having a molecular weight of 61000 was used (in reference it was 88000).
After a homogeneous solution was obtained, 0.24 g of AgNO; were added and the mixture was
stirred at room temperature for 24 hours. Glass microscope slides were cut into rectangular
strips and cleaned in ethanol several times. For spin coating deposition, 150 uL. of PVA-AgNOs
solution was delivered to the surface of the glass plate making sure that the whole surface of the
glass was covered, afterwards the glass plate was spun at 2000 rpm for 20 s (using a spinning
device) in order to spread the composite on the glass surface uniformly. The coated supports
were then dried overnight at 60° C and then further dried at 100° C for two hours. Finally, to
reduce Ag" ions to silver metal nanopatticles, the dried substrates were dipped into 4% w/w
FeSO, - 7TH,O for 30 s and then placed into the oven at 100° C for 15 minutes. The PVA-AgNO;
solution-coated glasses, which were transparent after spin coating, changed their colour into

yellow with time and became red after the drying step.

4.6 Commercial SERS substrates

Commercial SERS substrates commercialised by the company SERSitive™ were used. They are
obtained from electrochemical deposition of silver or silver and gold nanoparticles on an I'TO
(indium tin oxide) conductive glass. Moreover, they are available in two forms according to the
nature of their surface, if hydrophobic or hydrophilic. In our work, both silver and combined

silver-gold substrates were tested, as well as both types of surfaces.

4.7 Electrochemical deposition of silver nanoparticles

Electrochemical deposition of silver nanoparticles is a well-assessed method to produce SERS
substrates and a consistent number of procedures was reported [86-88]. We followed the
method reported in [89], which allows the production of silver dendrite fractal nanostructures
by a facile electrochemical deposition method.

The substrate was a FTO (fluorine tin oxide) glass, previously cut in strips of about 2x1 ¢cm, and

cleaned in an ultrasonic bath for 15 minutes in acetone, distilled water and ethanol respectively,
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in order to remove any impurities from the surface. The electrolytic deposition solution was
then freshly prepared, containing citric acid (40 g/L) and silver nitrate (2 g/L) in ultrapure milliQ
water. The deposition was carried out by chronoamperometry in an electrochemical cell
composed of three electrodes: an Ag/AgCl reference electrode (maintained in the saline bridge
to avoid the formation of KNOs in the deposition solution), a platinum counter electrode and
the working electrode made up of the FTO plate. The electrodes were placed triangularly at
close range, making sure that the conductive side of the plate was facing the other electrodes.
The deposition solution was then added and, under constant magnetic stirring at 200 rpm, the
chronoamperometric deposition was started. The potential applied to induce the reduction of
silver nitrate to metallic silver was + 0.8 V, confirmed by cyclic voltammetry performed on the
solution itself.

The first test was carried out following the conditions reported in [89], which involves a time of
90 s, while the second was continued for a total of 600 seconds.

At the end of the deposition, the slides were immediately rinsed with abundant milliQ) water,

dried under nitrogen flow and stored in a dark place to avoid the degradation of silver.

4.8 The cleaning of substrates by TiO>

Two of the obtained films which gave good results in the dry-state detection of alizarin were
selected for the test. They were put in close contact with an alizarin-dyed wool yarn overnight
so that, possibly, some residual dyed fibres were released on the metal film. Indeed, SERS
spectra showing signals typical of alizarin could be acquired afterwards on different spots of the
substrate surface. Then, the substrates were put in contact with a FTO glass covered with a thin
layer of titania synthesised according to the procedure reported in [90] and exposed to UV light
for 4 hours. SERS analyses were repeated after different cycles of irradiation to check the
decrease in the signal intensity. The total irradiation time was 14 hours. In a further experiment,
the substrate was gently washed after irradiation to promote the elimination of degradation

products.

4.9 Preparation of reference mock-up samples

To prepare reference samples, firstly wool threads were washed and mordanted with alum,
(KAI(SO4)212H,0) for a lasting and stable adhesion of the colorants to the fibre. Then wool
threads were dyed following ancient recipes, as described elsewhere [91]. Before analysis, a small
piece of the dyed thread was washed in 1 mL of pure methanol in order to remove the not-
mordanted dye possibly remaining on the fibre. In the present work wool was dyed with the red

anthraquinone dyes alizarin, purpurin, lac dye and the blue dye indigo (Fig. 14).
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Figure 14. Image of the wool dyed mock-up samples used for dry-state SERS analyses.

4.10 Instrumentation

4.10.1 Raman spectroscopy

SERS spectra were collected with a portable micro-Raman microprobe, equipped with a notch
filter and an Olympus 50X microscope objective. The microprobe is connected by fibre optics
with a Lotoriel MS 125 spectrometer with a 1800 lines/mm grating and an Andor Peltier-cooled
CCD detector. The source, again connected to the microprobe by fibre optics, is a Nd : YAG
laser providing the exciting radiation at 532 nm, with an output laser power of about 100 mW.
Alternatively, the Raman probe can be coupled with a near-infrared diode laser, emitting at 785
nm All SERS spectra were recorded between 2000 and 200 cm™" by collecting 30 scans with an
exposure time of 2 s.

As the contact between the SERS-active substrate and the sample is fundamental to obtain a
good SERS response (the surface-enhanced electromagnetic field is a short range one [21], the
wool thread is fixed in close contact with the SERS substrate. The measurements were then
performed by focusing the laser beam on an area of the film where both an aggregate of
nanoparticles and the dyed wool thread below were visible through the SERS substrate thanks

to the use of a visualization system integrated in the Raman probe.

4.10.2 UV-visible spectroscopy
UV-visible spectra were acquired in the spectral range 400 — 800 nm using a JASCO
UV/VIS/NIR V-570 spectrometer, allowing measurements both in transmission and, when

equipped with an integrating sphere, in reflection mode.

4.10.3 Scanning Electron Microscopy (SEM-EDX)
SEM images were obtained using a Hitachi TM 1000 microscope, having a resolution of 1 nm

and equipped with an energy dispersion X-ray (EDX) spectrometer. The accelerating voltage
was 15 kV.
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4.10.4 Profilometry
The average thickness of the SERS substrates was evaluated by means of a Bruker DektakXT
contact profilometer, having a repeatability of 4 A and capable of measuring <10 nm step

heights.

4.10.5 Potentiometry

Electrochemical depositions were carried out with an Autolab PGStat30 (Ecochemie, The
Nethetlands) potentiostat/galvanostat equipped with FRA module and controlled by NOVA
and FRA softwares. No N, degassing of the solution was necessary, since dissolved O, did not

affect the procedure.

5. Results and discussion

5.1 Silver substrates

5.1.1 Lee-Meisel nanosphere substrates

Lee-Meisel silver nanospheres are the most common colloid employed for SERS detection of
natural dyes in the artistic field [3, 52, 54, 92-95]. These nanoparticles, in fact, are easy to
synthesise and lead to a great enhancement of the Raman signal. For this reason, it was the first
colloid to be chosen to produce our substrates. As already mentioned, previous experiments
carried out in our laboratory demonstrated that the best method to obtain SERS substrates from
this colloid is drop deposition. A consistent part of the work was therefore dedicated to the
optimisation of this procedure, aiming to obtain homogeneous and reproducible SERS

substrates, able to induce a high enhancement of SERS signal in dry-state conditions.

In order to induce the formation of hot-spots, the Lee-Meisel colloid must be aggregated by a
suitable electrolyte. This aggregating process is generally explained by electrostatic interaction
between the ions derived from the dissociated salts and the surface of the nanoparticles, which
causes a decrease in repulsion between them. Typical aggregating salts are NaClO4, NaCl and
MgSO.. The effect of these different electrolytes was studied in order to choose the most
effective one and the results are summarised in Tab. 2. Electrolyte solutions, having a 10 mM
concentration, were therefore prepared and added to the pre-concentrated (1:100) nanoparticles
in a ratio water to electrolyte of 9:1. The aggregating properties of the different salts was then
studied by UV-visible spectroscopy and SEM microscopy. As shown in Fig. 15 a and b, the UV-
vis spectra of the colloid aggregated by NaCl and NaClO, do not differ significantly from those
of the non-aggregated colloid. This suggests that the aggregation process is only partial and this

feature is reflected in SEM images of the films, where only small aggregates can be distinguished.

200



On the other hand, when MgSOy is added, the absorption band shifts towards longer
wavelength indicating the formation of aggregates (Fig. 15c). This is due to the fact that
Mg*"ions, thanks to their higher charge, induce stronger aggregation than singly charged cations
[96]. The better aggregation properties of Mg salts, in comparison with alkaline metal ones, are

demonstrated by the SEM images, where larger ensembles of nanoparticles can be seen.
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Figure 15. UV-visible absorption spectra of the reference Lee-Meisel colloid (grey line) compared with the same
colloid aggregated with a) NaCl, b) NaClO4, c) MgSO,. On the right, SEM images of the substrates obtained
from the corresponding aggregated colloid.

The latter electrolyte was therefore selected and further studies were carried out to find the best
water to electrolyte ratio for aggregating and re-dispersing the concentrated colloid. 6:1, 9:1 and
9:2 ratios were experimented and 9:1 proved to be the best one, as it results in obtaining a
substrate rich in nanoparticle aggregates, but also having the required transparency. In fact, to
reach the detector the scattered Raman signal has to pass through the nanoparticle film and the

glass support, undergoing invariably a loss of intensity.
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Figure 16. SEM image of a substrate
aggregated by MgSO, showing the overall
inhomogeneity of the surface.

The main problem of substrates aggregated by MgSOy,
is their inhomogeneity. The large aggregates of
nanoparticles, in fact, are concentrated in the centre of
the drop (Fig. 16), so the metal coating of the substrates
is extremely random from deposition to deposition. To
solve this problem, different experiments were carried
out, for example re-dispersing the aggregated
nanoparticles by sonication rather than by magnetic
stirring or aggregating the colloid 7 situ, 1.e. depositing a
drop of pre-concentrated colloid on the functionalised

glass slide and then applying a micro drop of extremely

diluted 2 mM electrolyte solution directly on it. Among all experiments, the method selected as

the most performing, despite its low reproducibility and the inhomogeneity of the metal coating,

was: redispersion of the concentrated nanoparticles in milliQQ water to obtain a concentration

factor of 1:100 and aggregation by MgSO, 10 mM (the ratio water to electrolyte was therefore

9:1). These SERS substrates obtained by deposition of the concentrated and aggregated colloid

were then further characterised by UV-vis spectroscopy and profilometry. The average

thickness of the film is 200 um and the UV-vis spectrum shows a broad absorption band centred

around 625 nm (Fig. 17). The position of the plasmonic band is in accordance with the fact

that better results are obtained by using the 532 nm excitation wavelength rather than the 785

nm one.

Absorbance
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Figure 17. UV-visible reflectance spectra of the SERS substrate synthesised with Lee-Meisel colloid aggregated

by MgSOy4 10 mM.
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These substrates were then successfully used for the detection of two anthraquinone dyes,
alizarin and purpurin, absorbed onto a mordanted wool thread. The acquired SERS spectra (Fig.
18) show intense signals (Tab. 1) due to the two analytes and a low fluorescence background,
allowing their certain identification. This is demonstrated by comparison with the spectra of the
same compounds analysed in solution on the same substrate, corresponding to those reported

in the literature for the dyes [27].

-
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Figure 18. Dry-state SERS spectra acquired on Lee-Meisel substrates from wool samples (black line) dyed with a)
alizarin and b) purpurin in comparison with those recorded on the same substrate from a 10-3 methanolic
solution of the same dye (dotted line).

Table 1. Wavenumber (cm) of SERS spectra of alizarin and purpurin obtained from Lee-Meisel nanosphere
substrates.

SERS signals (cm™)

Alizarin  solution 1043, 1157, 1183, 1206, 1289, 1325, 1427, 1454, 1152, 1586,

1625.
fibre 1047, 1161, 1191, 1285, 1319, 1448, 1578, 1623.
Purpurin solution 967, 1064, 1158, 1228, 1287, 1323, 1418, 1438, 1472, 1586,
1625.
fibre 974, 1056, 1157, 1218, 12277, 1329, 1450, 1467, 1585.
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Anyway, a strong dependence on the analysed micro-area of the surface was found: intense
SERS spectra with low fluorescence background were obtained when the laser beam was
focalized onto an area of the substrates where a large
aggregate of nanoparticles and, as a consequence, a hot-
spot were located (Fig. 19). In this respect, in fact, it
must be underlined that almost all these experiments
(including those on the substrates aggregated by NaCl
and NaClO,) led to obtain SERS spectra of the

reference dye alizarin from a dyed wool thread when

Figure 19: 50x image showing a large this condition is satisfied. However, when the available
aggregate of nanoparticles (a hot spot)
acoreoates tovether with the dved fibre. aggregates are few and small, the selection of an area

suitable for SERS analysis becomes challenging, as well as obtaining intense signals.

Pursuing the objective of reducing the dependence on the analysed area, also the possibility of
coupling the portable Raman probe with a 10x objective in order to lower the magnification
power and investigating a larger area was experimented. However, even if from this point of
view this could represent an advantage, it causes a loss of intensity of the scattered Raman signal

and, as a consequence, dry-state spectra were more difficult to obtain and of worst quality.
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Table 2. Summary of the results of the experiments performed to optimise Lee-Meisel nanosphere substrates.

Electrolyte Water to SEM images Observations SERS spectra
electrolyte (v/v)
ratio
NaCl 10 mM 9:1 Uniform morphology, but From reference solutions and
only small aggregates. in dry state condition from
alizarin and purpurin dyed
wool (weak).
D1-10
NaClO,4 10 mM 9:1 Very small aggregates and very  From reference solutions and
low metal concentration on in dry state condition from
the surface. alizarin dyed wool (very
weak).

L D47 x1.0k 100um

NaCl0410mM0003
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MgS0,410 mM

9:1

D9_B0012

L D3.8 x800

MgSO410 mM

8:2

D8_A0005

100 um

S e N

L D49 x600

100 um

Large aggregates, although
concentrated only in the
centre of the deposited drop,
which is overall quite
inhomogeneous.

From reference solutions and
in dry state condition from
alizarin and purpurin dyed

wool (very intense).

Large aggregates together with
smaller ones. They are still not
homogeneously distributed
along the surface.

From reference solutions and
in dry state condition from
alizarin and purpurin dyed
wool (very intense).

206



MgSO4 10 mM 19.1 Large aggregates, although From reference solutions and
concentrated only in the in dry state condition from
centre of the drop: overall alizarin dyed wool.
inhomogeneity.

D9_C0005

MgSO4 2 mM 1 uL of electrolyte
2mM deposited
directly on a drop (5

Thick and uniform metal layer ~No SERS signals.
where the p-drop of

electrolyte is deposited.

ul) of concentrated Very small aggregates along

nanoparticles. the perimeter.

D13C0001 L D40 x30 2mm
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The electrolyte

Uniform metal coating of the ~ No SERS signals.

solution was added surface.

for small subsequent
rates of 1 ul..

D13B0002

L D41 x1.0k 100 um
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5.1.2 Leopold-Lendl colloids

Even if it does not prevent the identification of dyes in dry-state conditions, the substrates
obtained from Lee-Meisel colloids are characterised by blank spectra (i.e. spectra acquired on
the surface of the substrate in the same experimental conditions, but without the analyte)
dominated by intense signals (Fig. 18a). Together with the peak at 230 cm™ attributed to the
interaction between colloidal Ag and ions adsorbed from the preparation solution [97], between
1000 and 1200 cm™ there is a group of signals mainly attributable to degradation products of
citrate [98]. After the reduction process, in fact, the oxidised products from the reducing agent
can remain on the surfaces of the nanoparticles and act as interferents. For example, molecules
such as 1,3-acetonedicarboxylic acid (CsH¢Os) and acetoacetic acid (C4sHqOs) are likely to be
found. [39]. This issue can be overcome when the analysis is performed focusing the laser beam
on a large aggregate, that means an active hot-spot, but when the signal of the analyte is very
weak, their presence can interfere and prevent a successful identification. Therefore, some
attempts were made to obtain substrates whose blank spectra had less intense signals. Firstly, a
washing of the substrate was experimented. In this respect, milliQQ water and subsequently
methanol were gently dropped on the substrate by a Pasteur pipette, aiming at the removal of
possible degradation products of citrate left on the silver surface during the evaporation of the
solvent. SERS measurements were then repeated and the comparison of the blank spectra
revealed that this method did not provide a significant improvement. The hypothesis was
therefore that the degradation by-products are strictly bond to the surface of the nanoparticles,
and thus trapped in the substrate itself. For this reason, a further attempt was to wash the
nanoparticles themselves: after the centrifugation step and the removal of the supernatant,
nanoparticles were dispersed again in an equal volume of water and centrifuged again before
proceeding with drop deposition. Anyway, some problems were encountered because the

washed nanoparticles aggregated by themselves, tending to precipitate.

Finally, pursuing the aim of eliminating citrate by-products, a further experiment consisted in
removing this reagent from the synthesis of the metal nanoparticles. Lee-Meisel colloid was
therefore replaced by the one proposed by Leopold and Lendl [63]. It contains spherical
nanoparticles too, but the reduction of Ag” ions is induced by hydroxylamine hydrochloride
instead of citrate. This represents a main advantage since its oxidation products are gaseous
H,O and N, which are dispersed without leaving residues in the colloid [39]. The procedure for
obtain suitable substrates is therefore optimised again for these nanoparticles by experimenting

two different syntheses and by testing different aggregation conditions.

209



The first colloid tested to obtain a SERS substrate was the conventional Leopold-Lendl colloid
(see section 4.2.2). In all the experiments the concentration factor of silver was set to 1:100.
First, silver films were produced without aggregating the nanoparticles, only exploiting the effect
of the solvent evaporation to induce their aggregation The resulted films appeared quite
transparent, even if SEM observation revealed the presence of small aggregates of nanoparticles,
forming a homogeneous net along the surface. Despite the functionalisation step, a little coffee-
ring effect was observed in most cases. Aiming to obtain larger aggregates of nanoparticles, a
micro-volume of a 10 mM NaCl solution was added to the pre-concentrated nanoparticles in a
volume ratio water to electrolyte volume equal to 9:1. After the addition of NaCl to the
nanoparticles, their colour did not change significantly, suggesting that only a weak aggregation
effect took place as already discussed for the Lee-Meisel colloid (section 5.1.1). This hypothesis
was reflected in SEM images, where the aggregates were still small, although more massive, as
if they were formed by a higher number of nanoparticles. Overall, the morphology of the film
was quite inhomogeneous, showing a little coffee ring effect and a major distribution of metal
along the perimeter of the deposited drop. MgSO, was thus tested to induce a stronger
aggregation effect. The procedure was analogous to that followed for NaCl, but immediately
after the addition of the salt a greater aggregation effect was obtained, as suggested by the colour
variation of the nanoparticles. SEM observation of the substrate showed however that the

dimension of the aggregates was still very small, similar to that of the unaggregated nanoparticles

(Tab. 4).

A modified synthesis of Leopold-Lendl colloid (see section 4.2.3), leading to larger
nanoparticles, whose average diameter is similar to that of Lee-Meisel nanospheres, was
therefore experimented. The films were again prepared starting from unaggregated or
aggregated by NaCl or MgSOy colloids. The concentration factor for the silver colloid was 1:100
for all the experiments. The substrate obtained from the unaggregated colloid showed a
homogeneous morphology and a characteristic milky-grey colour. SEM images demonstrated
the homogeneity of the surface, where a net of small aggregates can be seen (Tab. 4). When
NaCl or MgSO, were added, the situation was similar to that presented for the unaggregated
colloid films with a homogeneous distribution of the aggregates along the surface. Anyway, the
addition of both salts did not seem to provide any advantage. On the contrary, the ensembles
of nanoparticles appeared smaller, even if more massive, i.e. made of a large number of

nanoparticles closely spaced. Tab. 4 resumes the results obtained from these experiments.

Referring to SERS measurements, firstly the blank spectrum was acquired on the surface of the

substrates. For both colloids, a good result is obtained: it presents few signals of low intensity
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(Fig. 20 b and c), confirming that the absence of citrate is a main advantage. This is clearly
demonstrated by the comparison with the blank spectrum of the substrate obtained from Lee-

Meisel nanospheres (Fig. 20a).

Aexe = 532 nm

Intensity (a.11)

I ] I
500 1000 1500 2000
Raman Shift (cm™)

Figure 20. Raman spectra of the blank substrates obtained from: a) Lee-Meisel colloid aggregated by MgSOy; b)
unaggregated traditional Leopold-Lendl and c) unaggregated modified Leopold-Lendl.

Regarding SERS analyses on the probe dye alizarin, the best results were provided unexpectedly
by those substrates obtained from the unaggregated conventional colloid. An intense spectrum
was collected from alizarin in methanolic solution (Fig. 21a) and, in dry-state conditions, from
a grain of the powdered dye (Fig. 21b), while extremely weak signals were detected from the
dyed textile fibre (Fig. 21c). The SERS bands are listed in Tab. 3. By using the substrates
obtained from aggregated colloids, no spectra in dry-state condition could be detected. It seems
that the obtained aggregates, despite being rich in nanoparticles, are too small and the resulting
metal coating is really inhomogeneous. As a consequence, during SERS measurements especially
in dry-state condition, focusing the laser on a single aggregate in order to obtain the maximum

SERS enhancement is really difficult.

The modified synthesis did not yield a significant advantage, although the dimension of these
nanoparticles is closer to those of the Lee-Meisel colloid: SERS spectra were obtained only from
the target dye in solution, i.e. when the chemisorption of alizarin molecules is possible and

therefore the chemical effect of the SERS enhancement can be exploited.
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Figure 21. Dry-state SERS spectra of alizarin on a substrate obtained from the unaggregated Leopold-Lendl
colloid: a) methanolic solution; b) powdered alizarin; c) dyed fibre. These results are obtained from unaggregated
modified Leopold-Lendl substrates, the most effective one.

Table 3. Wavenumbers (cm!) of SERS bands of alizarin obtained from Leopold-Lendl nanosphere substrates.

SERS signals (cm™)

Alizarin solution 656, 830, 903, 1015, 1052, 1157, 1183, 1292, 1325, 1466,
1152, 1586, 1625.

powder 344, 406, 474, 826, 1012, 1045, 1156, 1187, 1286, 1328,
1460, 1625.

fibre 1159, 1184, 1284, 1326, 1465.

In conclusion, the use of a colloid obtained from the reduction of Ag” ions by hydroxylamine
hydrochloride provided the main advantage of a blank spectrum characterised by few and low-
intensity signals due to the absence of trisodium citrate and its oxidation by-products. However,
SERS spectra did not improve: although very good results were obtained from alizarin
methanolic solution (demonstrating that the substrates are SERS-active) in all cases, dry-state

analyses led to some results only for the substrates obtained from unaggregated Leopold-Lendl

colloid.
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Table 4. Summary of the results of the experiments performed to optimise Leopold-Lendl nanosphere substrates.

SERS signal

From alizarin in
solution and in
dry-state
condition
(powdered dye
and dyed fibre)

Colloid Aggregation Observations
Standard Unaggregated Homogeneous distribution
of aggregates, quite small
and not very massive.
NaCl 10 mM Homogeneous distribution

of aggregates, but very
small.

From alizarin in
solution, no
results in dry-
state condition.
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MgSO4 10 mM

Modified

Unaggregated

NaCl

NLL_NAcfr0003

Homogeneous distribution
of aggregates, but very
small.

L D46 x1.8k

From alizarin in
solution, no
results in dry-
state condition.

Homogeneous distribution
of aggregates, quite small
and not very massive.

From alizarin in
solution, no
results in dry-
state condition.

Homogeneous distribution
of aggregates, but very small
although massive.

From alizarin in
solution, no
results in dry-
state condition.
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MgSO,4 10 mM Homogeneous distribution  From alizarin in

of aggregates, but very solution, no
small. results in dry-
state condition.
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5.1.3 Silver nanostar substrates

As discussed above, the main problem of SERS substrates obtained from nano spherical
colloids is the difficulty in setting a standard procedure for a uniform and reproducible result.
In fact, the aggregation step, which is crucial to form hot-spots and to enhance Raman
scattering, results in an unequal distribution of the metal in the surface of the film. Moreover,
also the colloid itself is affected by low reproducibility and its aggregation response can slightly
vary from synthesis to synthesis. This irreproducibility derives from both from even slight
changes in parameters such as temperature and concentration and from a typically broad
distribution of nanoparticle size and shape in the colloidal solution [99]. To overcome these
limitations, colloids based on nanoparticles having different geometries can be exploited.
Nanoparticles with sharp corners and edge, in fact, are particularly attractive as their anisotropic
morphologies give rise to highly concentrated local electromagnetic fields, leading to a further
amplification of the Raman scattering in SERS [13-17, 80]. Moreover, these nanoparticles,
because of the presence of long tips and their particular geometry, are able to interact directly
to form hot-spots without requiring activation by aggregation [17]. Nanostars were therefore
tested to produce the SERS substrates avoiding the aggregation step and the consequent

inhomogeneity of the surface.

Different concentration factors of the colloid (1:5, 1:20, 1:30, 1:40, 1:50, 1:75 and 1:100) were
tested to have a substrate dense in nanoparticles and hot spots, but in the meanwhile transparent
enough to allow the passage of the laser radiation and of the scattered Raman signal. The best
results were obtained for the concentration factor equal to 1:50. SEM images revealed a
considerable presence of aggregates and a homogeneous distribution of the nanoparticles (Fig.
22). On the other hand, when the concentration is lower there are too few nanoparticles and
the distance between them during the evaporation of the solvent is maintained, preventing the
interaction between their branches and thus the formation of a consistent number of hot spots
(it should be remembered that a distance lower than 5 nm between the nanoparticles is
mandatory). However, when it is higher, the substrate is too covering, preventing the passage
of the laser radiation and of the scattered Raman signal. The results of the experiments are

summatised in Tab. 7.
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Figure 22. SEM images of the substrates obtained from silver nanostars (concentration factor 1:50).

The best nanostar substrate (concentration factor 1:50) was further characterized by
profilometry and UV-visible spectroscopy. Profilometric analyses estimated an average
thickness of 200 um and the UV-vis spectrum was characterized by a broad absorption band
cantered at 608 nm (Fig. 23). Again, this result is consistent with the greater enhancement
obtained by the 532 nm laser excitation wavelength, in comparison with the 785 nm one.

A strong dependence on the examined micro area was observed again, but in comparison to
Lee-Meisel nanosphere substrates, the higher number of aggregates make easier to select a
suitable spot to perform SERS measurement on the dyed yarn. In fact, the nanostar substrates
were finally successfully tested for dry-state SERS analysis of wool dyed with the anthraquinone
dyes alizarin, purpurin and lac dye and also with the blue dye indigo. In Fig. 24, the acquired
spectra are shown in comparison with the reference ones obtained from a solution of the same
analyte on the same substrate. Again, the SERS signals (listed in Tab. 5) correspond to those

reported in literature [24, 25]

Absorbance
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Wavelength (nm)

Figure 23. UV-visible reflectance spectra of the SERS substrate synthesised with Lee-Meisel colloid aggregated
by MgSO4 10 mM.
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Figure 24. Dry-state SERS spectra acquired on Garcia-Leis substrates from wool samples (black line) dyed with
a) alizarin, b) purpurin, c) lac dye and d) indigo in comparison with those recorded on the same substrate from a
10-3 methanolic solution of the same dye (dotted line).

Table 5. Wavenumbers (cm!) of SERS bands of alizarin obtained from Garcia-Leis nanostar substrates.

SERS signals (cm™)

Alizarin  solution 824, 898, 1015, 1043, 1157, 1183, 1206, 1289, 1325, 1427,
1454, 1152, 1586, 1625.

fibre 821, 1043, 1156, 1212, 1281, 1326, 1619.
Purpurin solution 826, 901, 967, 1064, 1158, 1228, 1287, 1323, 1418, 1438, 1472,
1586, 1625.
fibre 1065, 1155, 1286, 1321, 1443, 1475, 1590, 1629.
Lacdye solution 1009, 1050, 1098, 1194sh, 1230sh, 1368, 1461, 1578, 1625.
fibre 1051, 1094, 1187, 1293, 1325, 1465, , 1588, 1629.
Indigo  solution 958, 1045, 1081, 1160, 1266, 1332, 1391, 1461, 1527, 1584,
1616, 1703.
fibre 930, 1044, 1361, 1458, 1585

In addition, also the issue of the identification of dyes in mixture was faced. In this respect, a
wool thread was dyed with a mixture of alizarin and purpurin (1:1). Such combination of
colouring molecules, in fact, is typical of one of the most widespread red dyes, madder. The
SERS spectrum obtained from the dyed wool thread showed quite intense signal (Fig. 25b and
Tab. 6). By comparing it with reference spectra of pure alizarin (Fig. 25a) and purpurin (Fig.
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25c¢), it seems, apparently, more similar to purpurin, although minor signals due to alizarin are
recognisable too. It must be said that these two anthraquinone compounds are very similar in
their chemical structure, and, as a consequence, their SERS spectra are comparable too,
especially referting to the position of the signals at 1290 and 1320 cm™ (corresponding to SOH
+ 8CH [100]). The higher similarity to the spectral pattern of purpurin can be explained by the
fact that, as already demonstrated, when a green excitation wavelength is used, lower detection
limits can be achieved for purpurin by exploiting resonance condition. The strong electronic
absorption band for this dye at 481 nm originates a strong resonance Raman enhancement for
an excitation wavelength of 514.5 nm (not too different from the one used in this work). [101,

102]
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Figure 25. Comparison between SERS spectra of alizarin and purpurin and the one obtained in dry-state from a
wool thread dyed with a mixture of the two anthraquinone dyes. The substrate was a film obtained from Garcia-
Leis nanostar colloid.

Table 6. Wavenumbers (cm™) of SERS bands of a mixture of alizarin and purpurin (1:1) obtained from Garcia-
Leis nanostar substrates.

SERS signals (cm™)
Alizarin + 343, 418, 451, 649, 827, 900, 967, 1064, 1157, 1290, 1321, 1447,
Purpurin (1:1) 1471, 1548, 1625.

Finally, it must be underlined that, also in this case, some problems with blank spectra were

encountered in case of weak dry-state SERS signals. The second reduction step involved in
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producing star-shaped nanoparticles is, in fact, induced by trisodium citrate. As for Lee-Meisel
colloid, some experiments were performed to solve this problem: washing of the film with water
and then methanol, washing of the colloid by centrifugation (both leading once again to
unsatisfying results) and finally, the synthesis was slightly modified. In particular, also the second
reduction step was performed by means of hydroxylamine. Anyway, the obtained nanoparticles
proved to be really unstable and impossible to be deposited by drop deposition. Nevertheless,
silver nanostars demonstrated to be a very effective colloid to obtain performing dry-state SERS
substrates. The absence of activation by aggregation leads to very homogeneous and
reproducible surfaces, where, when the right concentration factor of the nanoparticle is adopted,
numerous aggregates are uniformly distributed. This is obviously a great advantage for the

selection of the measurement area during the dry-state analysis directly on the textile fibre.
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Table 7. Summary of the results of the experiments performed to optimise Garcia-Leis nanostar substrates.

Colloid
concentration

1:5

1:20

SEM images

D3.8

x1.2k

50 um

Observations

SERS spectra

Very small aggregates: the low
concentration prevent the interactions of
nanoparticles. transparent film.

Only from alizarin in
solution, not in dry-state
condition.

Very small aggregates joined by larger
ones: the concentration is still too low.
Transparent film.

Only from alizarin in
solution, not in dry-state
condition.
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1:30 Very small aggregates joined by larger Only from alizarin in
ones: the concentration is still too low. solution, not in dry-state
Transparent film. condition.

1:40 The aggregation effect becomes more From alizarin in solution
evident, leading to a homogeneous and, even if weak, in dry-
coating. state condition from alizarin

dyed wool.

L D39 x1.8k 50um
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1:50 Homogeneous coating of the surface and ~ From four dyes, alizarin,
large aggregates of nanoparticles. purpurin, lac dye and indigo,
Although rich in nanostars, the substrates  in solution and from dyed
are still transparent. wool.

1-5030002 L ._ u

1:75 e S Nanostars cover almost uniformly the Only from alizarin in
surface in many areas of the drop. Overall ~ solution, not in dry-state
low transparency of the substrate condition: the substrate
preventing the analyses on the fibre. resulted too covering.

1-75 20002 L D3.0 x1.2k
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1:100 Nanostars cover almost uniformly the Only from alizarin in
surface in many areas of the drop. Low solution, not in dry-state
transparency of the substrate preventing ~ condition: the substrate
the analyses on the fibre. results too covering.

1_100a0001 L D34 x2.5k
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5.1.4 Nanorods

In the framework of experimenting nanoparticles having different geometries to obtain larger
SERS enhancement and avoid activation by aggregation, silver nanorods were also tested. Due
to their optical properties, these nanostructures have attracted extensive research interest: their
absorption, in fact, can be fine-tuned by varying their aspect ratio [103-105]. According to the
amounts of seeds added to the growth solution, the length of the obtained rods differs, and the
resonance plasmon band of the nanomaterials is shifted towards longer wavelengths, as

described in section 4.2.4.

To obtain the SERS substrates, the depositions were carried out on functionalised glass slides
and, as the final concentration of the colloid is one order of magnitude lower than the previous
ones (=10 M), the concentration factor of silver was set to 1:1000. Very low final volumes of
the concentrated nanorods were thus obtained, resulting in a complication of the deposition
step. Moreover, the surfactant CTAB, which acts as stabilizer for the nanoparticles, also
represented an issue as it flocculated and formed a foam which trapped the nanoparticles
themselves. SEM observation confirmed this fact, as the substrate surface appeared extremely
transparent and rich in residual CT'AB, as demonstrated by the presence of air bubbles and a
mat and glossy appearance. The consistent amount of Br detected by EDX confirmed the
hypothesis. In addition, substrates exhibited an evident coffee ring effect and the low amount
of metal was concentrated in few determined areas of the drops. The obtained results did not
improve significatively by varying the length of nanorods (Tab. 8). No dry-state SERS signals
were obtained neither from powdered alizarin nor from the dyed fibre in all the conditions. It
seems that the low metal concentration of these colloid and the presence of the surfactant
represent strong limitations to obtain substrates having the required features for a SERS
enhancement high enough to be exploited in dry-state condition. For these reasons, this

geometry was discarded for our purposes.
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Table 8. Summary of the results of the experiments performed to optimise nanorod substrates.

Seed SEM Images Observations SERS
amounts signal

625 pL. Inhomogeneous No SERS
surface, matt signals.
appearance

because of

CTAB. Small

amounts of

silver

nanoparticles

deposited.

Inhomogeneous No SERS
surface, matt signals.
appearance

because of

CTAB. Small

amounts of

silver

nanoparticles

deposited.

Rods_400ulL.0005 L D43 x600 100 um

Inhomogeneous No SERS
surface, matt signals.
appearance

because of

CTAB. Small

amounts of

silver

nanoparticles

deposited.

-? > "~
Rods_375uL0001 L D43 x800 100um

5.1.5 Multi-layered substrates: nanostars on nanospheres

In principle, a hierarchically-organised structure of nanomaterials having different morphologies
can promote the plasmonic effect leading to a remarkable improvement of the SERS response

[106-110]. On this basis, we wanted to verify the possibility of obtaining a further enhancement
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of the SERS signal by the combined deposition of two colloids. In particular, the effect of
Garcia-Leis nanostars deposited on Lee-Meisel silver nanospheres was investigated. The first
problem to face was how to obtain a film transparent enough to allow the passage of the laser
radiation and of the scattered Raman signal of the analyte. For these reasons, different
approaches were tested, aiming to optimise the conditions for a multi-layer deposition. In
particular, the first layer was deposited by immersion and the concentration factor of the colloid
was set to 1:10, 10 times lower than that commonly adopted for drop-deposition. As verified
by SEM, this method led to a quite inhomogeneous results, with a marked coffee ring effect
and an inhomogeneous distribution of the deposited nanoparticles. When a second layer of
nanostars (concentration factor 1:10) was applied also by immersion on the first layer of
nanospheres previously functionalised (section 4.4.3), the result was not satisfying as it seemed
that only a few nanostars were deposited. The concentrations factor was increased up to 1:20,
but in both cases SEM analyses confirmed that the star-shaped nanoparticles were identifiable

only in some extremely localised area of the glass slide (Fig. 26a).

goccia10002 D36 x600 100um

1_20_20004 L D35 x600 100um

Figure 26. SEM images of multi-layered substrates obtained by depositing silver nanostars (1:20) a) by immersion

or b) by drop deposition on a layer of Lee-Meisel nanospheres (1:10).

From such substrates obtained by immersion, a dry-state SERS of wool dyed with alizarin was
obtained for both the concentration factor of nanostars (Fig. 27 a and b), but the enhancement
is similar to that achieved starting from a mono-layer film. Comparable results were provided
by the two experiments. In fact, the spectra were acquired from areas visually selected for the
analyses as rich in nanoparticles, therefore the result was not determined by the whole
concentration of nanoparticles on the glass slide, but by their amounts in a certain area. A strong

dependence on the examined spot is thus confirmed once again.

The multi-layer deposition was therefore repeated by applying a first layer of Lee-Meisel

nanospheres by immersion and the second of nanostars by drop deposition (Fig. 26b). In this
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respect the concentration of nanostars was lowered in comparison with that optimised for the
mono-layer deposition (1:25 vs 1:50). The film, in fact, would have been too covering. This
procedure led to a better result for the deposition of the second layer of colloid, as confirmed
by the comparison of SEM images (Fig. 26). The second layer of nanostars, in fact, was more
homogeneous and the amounts of deposited nanoparticles was considerably higher. The signals
due to alizarin in dry-state SERS spectrum (Fig. 27¢) were, in fact, more intense and defined,
but there was no considerable improvement in comparison with the results obtained by the

mono-layered drop-deposited substrates.
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Figure 27. Dry-state SERS spectra from an alizarin dyed wool thread obtained from the multi-layered substrates:
a) nanostars (1:10) on nanospheres (1:10) by immersion; b) nanostars (1:20) on nanospheres (1:10) by immersion
and c) nanostars (1:25) by drop deposition on nanospheres (1:10) by immersion.

In conclusion, it seems that the SERS enhancement is mainly due to the effect of nanostars, as
demonstrated by the fact that upon increasing the concentration factor of these nanoparticles
(from 1:10 to 1:20 by immersion and 1:25 for drop deposition) a more intense signal is found.
As a consequence, the SERS enhancement is comparable with that obtained starting from the

standard drop-deposited nanostar film.

5.2 Silver nanoparticles embedded into polymeric matrixes

The release of silver from the SERS substrates to the analysed textile fibres and the lack of
stability under environmental conditions of the deposited nanoparticles represent two

limitations to take into account. In fact, SEM-EDX analyses performed on the fibre put in
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contact with the substrate revealed that a small quantity of silver remained on the sample (Fig.
28). Obviously, this is a problem that must be considered and avoided, as the silver left behind
can react with the surrounding environment and tarnish, causing alteration effects on the artistic
objects. Moreover, silver nanoparticles have a limited temporal stability and their deterioration
can influence the spectral response, leading to a considerable decrease of the SERS

enhancement.

D8-500003 L D32 x60 1mm D8-500004 L D37 x800 100um

Figure 28. SEM images showing residual silver nanoparticles left on the textile fibre after dry-state SERS analysis.

Therefore, the possibility of embedding silver nanoparticles in a thin, optically transparent
polymeric matrix was investigated. To allow the simultaneous protection of nanoparticles and
the decrease of the metal amount released on the sample. In the literature, a large number of
such experiments are reported referring to SERS analyses in solution [111-115]. Thus we
investigated the applicability of this method also for dry-state SERS analyses. To this aim, two
different polymers (the acrylic copolymer Exodisp C 4502 and the HEC 250 polymer) were
tested as embedding matrix for Lee-Meisel and Garcia-Leis silver colloids. In addition, a
different procedure involving the reduction of silver nanoparticles directly into a PVA solution

was experimented.

Exodisp C 4502 is an acrylic, aqueous-based copolymer, which crosslinks because of the solvent
evaporation. In this preliminary test silver nanoparticles were not pre-aggregated assuming that
the evaporation of the solvent gives rise to the formation of “dynamic hot spots” [83]. However,
the films resulted strongly cracked from the centre to the sides because of a lack of flexibility
and no nanoparticle aggregates were highlighted by SEM examination (Fig. 29). Furthermore,
EDX analysis, performed on an area where silver nanoparticles could be, revealed a major
contribution due to light elements, while silver is almost not-detectable in comparison with the
polymeric matrix. No SERS spectra could be recorded from the probe molecule alizarin neither

in solution nor adsorbed onto the wool fibre.
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Figure 29. SEM images of the substrates obtained by embedding Lee-Meisel nanospheres into Exodisp C 4502
polymer.
Consequently, a more flexible polymer was chosen: hydroxyethyl cellulose HEC 250 YP2. Silver
nanoparticle polymeric films were prepared by drying an aqueous mixture of the polymer and
pre-aggregated nanoparticles (section 4.5.2). HEC proved to be more suitable than the acrylic
copolymer as its higher flexibility prevents cracking phenomena during the crosslinking process.
This method gave indeed a more promising result: the films were quite transparent, with an
extensive, but recognisable net of aggregates. As a drawback, a higher concentration of metal
was located in the centre of the deposited drop. The effect of different polymerisation times,
i.e. the time the colloid was stirred in the polymeric solution before being deposited, were
studied by they did not result in different situations. Tab. 9 shows the SEM images of the

obtained substrates.

Table 9. SEM images of the substrates obtained after different polymerization times.

Time Sides Centre

0 minutes
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It is worth noting that the central area of every deposition is affected by the presence of
anomalous cubic structures in addition to silver aggregates. EDX analyses performed on them
revealed the presence of Cl and Na (deriving from NaCl used as aggregating agents), besides

Mg, Si and S which are the same elements dominating the spectrum of the pure polymer.

The possibility of using these polymeric films for dry-state SERS analysis was finally
investigated. Considering the SEM-EDX observations, the measurements were made on the
lateral areas of the depositions, where the aggregates were prevalent and no anomalous
structures were observed. First, the Raman spectrum of pure HEC polymer was acquired to
confirm the absence of Raman bands that could interfere with the spectrum of the analyte (Fig.
28). Then the blank spectra of the silver films were recorded, showing a satisfying pattern, where
only less intense signals attributable to silver nanoparticles were recognisable (datum not
shown). Finally, SERS analyses were performed to investigate the possibility of detecting the
probe dye alizarin. At first, the SERS activity of the substrate was tested: a drop of a2 10° M
methanolic solution was applied on the substrate and the SERS analysis was performed,
showing the typical spectral pattern of this anthraquinonic compound. However, the spectrum
was dominated by an intense fluorescence background due to the polymeric matrix and only

the main signals of the analyte were clearly recognisable (Fig. 30).
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Figure 30. SERS spectrum obtained from a 10-3 M alizarin solution (black line) and of HEC polymer (grey line).

In dry-state condition, it was not possible to collect any spectrum. Probably, the presence of the
polymeric matrix embedding the colloid could prevents a close contact between the analyte and
the substrate required also to achieve an efficient electromagnetic enhancement. This problem
does not exist when the analysis is performed on a solution, as the analyte molecules permeate
the substrate spreading through it. To overcome this limitation, a chemical etching of the HEC

matrix was tested, aiming to uncover the surface of the nanoparticles.

The etching procedure was made by immersing the substrate for 1 minute into a mixed solvent
composed of water and ethanol in different ratios (1:1, 7:3, 4:1). HEC is, in fact, water-soluble,
and these attempts pursue the aim of eliminating only the most superficial layer of it, avoiding
the complete detachment of the substrate from the glass. After this treatment, the 7:3 water to
ethanol solution was selected as the most efficient (1:1 was ineffective, while 4:1 led to the partial
detachment of the film from the glass) as the substrates did not show loss of silver and the
Raman spectrum collected as a blank exhibited strong signals due to the sub-products of the
colloid synthesis, confirming the removal of part of the polymeric matrix. Anyway, no Raman
spectra of alizarin could be obtained in dry-state condition and only fluorescence was detected:
it seems that the partial etching of the polymer is not enough to allow the electrochemical

interaction between the analyte molecules and the embedded nanoparticles.

The same embedding and etching procedures were tested for silver nanostars, but in this case

the polymer had a negative effect on the interaction between the nanoparticles (Fig. 31). In fact,
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in comparison with the substrates obtained re-dispersing nanostars in an aqueous medium, very
small aggregates were formed. Analogous results were obtained for different concentration
factors of the colloid (1:25, 1:35 and 1:50) and also in this case the etching procedure did not

seem to provide great advantages. As a consequence, no SERS signal were obtained.

25etch0002 L D50 x1.0k 100 um

Figure 31. SEM image of the substrate obtained embedding nanostars into a HEC matrix. The polymer seems to

prevent the interaction between the nanoparticles and the hot spot formation.

Considering the poor results given by the embedding of the nanoparticles into polymers, a
different approach was tested. It involves the reduction of the nanoparticles directly into a PVA
thin film containing the metallic precursor AgNOjs and applied by spin-coating method. Also
this experiment did not lead to remarkable outcomes: SEM images disclosed the presence of a
stiff layer of polymer, where silver is mainly unidentifiable (Fig. 32). Once again, significant

SERS results were not obtained and also this method was discarded.

L D42 x7.0k 10 um

150 uL0007

150 uL0002 L D42 x500 200um

Figure 32. SEM images of the substrate obtained by reducing silver nanopatticles into a PVA solution.
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5.3 Gold substrates

In this part of the work the possibility of exploiting gold rather than silver nanoparticle
substrates was explored. The choice was dictated by trying to overcome the already mentioned
problem of the release of silver on ancient artefacts. Gold, in fact, in comparison with silver,
does not suffer from tarnishing problems, representing a minor potential damage for artworks
if some residuals are left. In literature many procedures to obtain gold substrates for biological
applications are reported [116, 117], but they are suitable for target analytes in solution. In this
work, two colloids were tested. The former is characterised by spherical nanoparticles, the latter
by a star-shaped morphology. The conditions of synthesis, aggregation (if required) and
deposition were optimised and the SERS response was evaluated first by analysing a 10° M

methanolic solution of alizarin and then a wool thread dyed with the same dye.

5.3.1 Frens nanosphere substrates

The gold colloid obtained according to the method reported by Frens (section 4.3.1) has a final
metal concentration of gold equal to 3-10* M, corresponding to almost a third of that in silver
colloids (10” M). The drop deposition procedure was therefore optimised through different
attempts to obtain a film that is transparent enough, but in the meanwhile has an appreciable
amounts of metal aggregates. In this respect, the possibility of avoiding the aggregation step by
exploiting the self-assembling effect produced on nanoparticles by slow solvent evaporation
was firstly exploited; subsequently the colloid was aggregated by different electrolytes, namely
NaClOy4 and MgSOy, always redispersing the colloid in a ratio water to electrolyte equal to 9:1.
Finally, a method which exploits a modified coffee-ring effect was tested (section 4.4.4). Table
11 summarises the different experiments made and the corresponding results are discussed in
the following.

The substrates obtained from the unaggregated colloid showed, in general, some coffee ring
effect and a slight inhomogeneity of the nanoparticle distribution on the surface. Anyway, even
if the metal coating is diffuse, only very small aggregates were formed. The situation was similar
for the two concentration factors of gold (1:100 and 1:200), although the aggregates obtained
from the double concentrated colloid appeared slightly larger. The colloid was therefore
aggregated to intensify the hot spot formation. The first salt to be tested was NaClOy, as its use
for the aggregation of gold nanoparticles in SERS has been reported [118]. The concentration
was kept at 1.8 M, even if this value is much higher than those experimented for drop-deposition
of aggregated silver colloids. When the micro-volume of perchlorate solution was added to the
concentrated colloid, the colour suddenly turned from intense red to dark blue, suggesting a

consistent aggregation. Anyway, the high concentration of NaClO4 gave rise to the presence in
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SEM images of parallelepiped crystals precipitated during the evaporation of the solvent (Fig.
332). EDX analysis, detecting as main elements Na and Cl in association with Au, Ca and Si
(due to glass), confirmed this hypothesis. To overcome this limitation, films were gently washed
by dropping milliQQ water from a Pasteur pipette to remove this highly-soluble (2090 g/L at 15°
C) by-product. This washing resulted in the dissolution of the salt crystals, without an apparent
loss of gold nanoparticles, but with voids remaining in their place. (Fig. 33b) Aggregated films
are characterised by larger aggregates than the unaggregated ones, however the ensembles of
nanoparticles are mainly localised in the centre of the drop, determining an overall
inhomogeneity of the drop surface. Few differences were observed between the film
concentrated 100 rather than 200 times. In addition, a further attempt was to concentrate the
colloid 300 times in order to obtain the same metal concentration of the films prepared from
silver colloids, whose concentration is 10 mM versus 0.3 mM. Anyway, the experiment did not
lead to a significantly better results and the metal coating was still inhomogeneous. Surely a loss
of metal nanoparticles occurred during the concentration and re-dispersion steps because of the

very low volumes involved when higher concentration factor are used.

L D37 x120 500 um L D3.0 x150 500um

Figure 33. SEM images of an Au-nanoparticle substrate before and after washing. The crystals of NaClO4 are
dissolved but their print remains on the surface.

To overcome the problem of precipitation of the NaClO,, MgSO, solutions with lower
electrolyte concentration were tested on its behalf. The use of this salts is documented in the
literature for SERS with gold nanoparticles as it bonds only weakly to their surfaces and does
not compete with target analytes [119]. The solution of magnesium salt was added (always in a
ratio 9:1 to water) at two different concentration, 0.1 M and 10 mM. When the less concentrated
MgSO, solution was dropped into the concentrated colloid (1:200), the colour of the suspension
turned from red to purple-red, indicating a lower aggregation effect in comparison with

perchlorate. This is expected according to the lower concentration of the salt in the aggregating
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solution. The obtained gold substrates appeared quite homogeneous and characterised by a net
of small aggregates (see corresponding figure in the resuming Tab. 11). In addition, EDX
analysis showed that Au was the major element, while magnesium was present only in a low
percentage, suggesting that the salt did not precipitate on the surface. On the other hand, using
an electrolyte solution ten times more concentrated led to a strong aggregation with the
precipitation of the aggregates at the bottom of the centrifuge tube. As an obvious consequence,
drop-deposition gave an unsatisfying result, with a transparent film having only sporadic

ensembles of nanoparticles.

In addition, a different experiment was carried out aiming to obtain films with a suitable metal
concentration and a uniform substrate. This method, already tested for SERS analyses of drugs
in solution [82], exploits the evaporation of the solvent by controlling the coffee-ring effect
simply tilting the substrate. Anyway, despite an
uniform coating of gold nanoparticles deposited on
the functionalised glass support, the metal
concentration progressively decreased from the top
to the bottom of the support itself (Fig. 34). This
can be explained by the fact that, while

nanoparticles progressively deposited on the

support during the evaporation of the solvent, the cofeeringooss T D43 X150 500 um

colloidal solution is depleted. Moreover, SEM  Figure 34. Substrate based on modified coffee-

ring effect. Gold concentration decreases from
observation suggested that no remarkable  the upper (right in the image) to the lower part

(left).

aggregation took place.

The described gold substrates were then tested for SERS analyses. Two different excitation
wavelengths were experimented: 532 and 785 nm. The former has the disadvantage of not being
in resonance with the metal, but it is absorbed by red dyes; the latter is, in principle, more
suitable for SERS analyses on gold substrates, but in this case resonance conditions with the
target dyes are not satisfied. Therefore, in order to select the best excitation wavelength, a
preliminary study was made by analysing a methanolic solution of alizarin (10° M) to establish
the most advantageous conditions to perform SERS measurements in dry-state mode on both
unaggregated and aggregated films. The obtained results revealed that in any case the near-
infrared excitation wavelength leads to a more intense SERS spectrum. However, also the
excitation at 532 nm allowed the identification of alizarin, but only the three main signals are
recognisable, whereas by exciting at 785 nm also the peaks at lower wavenumbers can be

detected and the signal-to-noise ratio is lower.
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The spectra presented in Fig. 33 for the two different excitation wavelengths (a and b
respectively) were obtained from the substrate aggregated with NaClOy, previously washed to
eliminate the residual salt. As expected, the results achieved for alizarin in solution by using the
aggregated film are better than those acquired on the unaggregated one (Fig. 35 ¢ vs d) and,
upon equal aggregation, when gold is more concentrated. An exception is represented by those
films obtained from gold nanoparticles concentrated 300 times, but this is attributable to the
problems encountered in the deposition step, as already described in the previous section.
Finally, NaClO,-aggregated substrates proved to be more performant than those aggregated by
MgSO,, despite their inhomogeneity, but this is probably due to the higher electrolyte

concentration.

Intensity(a.u.)
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Figure 35. SERS spectra of alizarin (10-3 methanolic solution) obtained from gold substrates concentrated 1:200,
aggregated by NaClO, and washed a) excited at 532 nm and at b) 785 nm; comparison between the spectra
obtained from an c) aggregated by NaClO4 and d) unaggregated film at Aexe = 785 nm.

Table 10. Wavenumbers (cm!) of SERS bands of alizarin obtained in solution from Frens nanosphere substrates.

SERS signals (cm™)

Aexe= 532 nm 1158, 1191, 1296, 1326, 1572, 1639.

hewe = 785 nm 360, 413, 483, 563, 652, 765, 833, 934, 1152, 1185, 1302,
1326, 1461.

All substrates were finally tested for the detection of alizarin in dry-state condition, using the
NIR-emitting laser on the basis of the just showed results. A first attempt was made on pure
powdered dye, but both on it and on the textile fibre no signal due to alizarin could be detected.
This unsuccessful result can be possibly attributed to a too low concentration of metal in the

starting colloid (a third in comparison with that of silver colloids) and to the impossibility of
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creating a homogeneous system of aggregates and hot spots. In conclusion, the NIR excitation
wavelength, although fulfilling resonance conditions with the gold substrate, is not in resonance

with the red dye molecules, penalising in this way the enhancement of the Raman signal.
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Table 11. Summary of the results of the experiments performed to optimise Frens gold nanosphere substrates.

Concentration

factor

SEM image

Unaggregated

1:100

1:200

Observations

SERS spectra

Small aggregates, overall
homogeneous distribution.

L D28 x12k 50um

From alizarin solution,
both exciting at 532
and 785 nm. No
results in dry-state
conditions

Larger aggregates, overall
homogeneous distribution on
surface.

L D31 x1.8k 50um

From alizarin solution,
both exciting at 532
and 785 nm. No
results in dry-state
conditions
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NaClO;1.8 M 1:100 Large aggregates mainly From alizarin solution,
concentrated in the centre of both exciting at 532
the drop. Precipitation of and 785 nm. No
NaClOy, removable by results in dry-state
washing. conditions

L D40 x1.8k  50um
1:200 Large aggregates mainly From alizarin solution,
concentrated in the centre of both exciting at 532
the drop. Precipitated and 785 nm. No
NaClOs. results in dry-state
conditions

AuFr_3b30005
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1:300

MgS0, 0.1 M

1:200

Fr_0.1M_10002

L D38

x1.2k

50 um

Large aggregates mainly
concentrated in the centre of
the drop. Precipitated
NaClO4.

From alizarin solution
(very weak and noisy),
both exciting at 532
and 785 nm. No
results in dry-state
conditions

Very small aggregates together
with larger ones, already
formed before depositing the
colloid.

No SERS signals.
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MgS0,40.01 M 1:200 Homogeneous distribution of No SERS signals.
small aggregates, apparently

forming a net of hot-spots.

Gl;{t“‘.
P e
L D39 x15k
Modified coffee-ring Inhomogeneity in the No SERS signal in
effect concentration of nanoparticles dry-state conditions.

from the bottom to the top of
the glass support. Very small
nanoparticles, mainly

unaggregated.

CoffeeRing0006 L D43 x1.5k 50 um
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5.3.2 Nanostar substrates

Substrates obtained from nanostars synthesised following the traditional seed-method involving
CTAB as stabilizer [71], did not yield remarkable results. The deposition of the colloid, in fact,
as already described for Ag-nanorods in section 5.1.4, was strongly affected by the presence of
the surfactant. During the centrifugation step, it formed a foam hindering the redispersion of
the nanoparticles in water and also their deposition, because of the presence of air bubbles,
which left voids printed on the film surface after the drying process (Fig 36, blue box), and
residual CTAB (Fig 306, orange box). Moreover, SEM-EDX analyses demonstrated the
prevalence of the surfactant itself, being Br the major element observed in the EDX spectrum

gold was deposited, as the main substance was the surfactant itself.

Au 20005

L D49 x12k _ 50um

Figure 36. SEM images of gold-nanostars substrate. The boxes show two details of air bubbles printed on the
surface (blue line) and of residual CTAB (orange line).

The synthesis was therefore repeated following a method which does not involve the use of any
surfactant (section 4.3.2). The final concentration of gold in the colloid was 2.6:10* M: to obtain
a suitable concentration of the metal comparable to that of silver substrates, concentrated
nanostars must be dispersed in very small micro-volumes of water, very difficult to handle. No
aggregating salts were added as the peculiar morphology of stars, rich in tips, should induce by
itself the formation of hot-spots and the activation of the colloid. As mentioned in the reference
paper [71], the degree of branching of the stars can be settled by changing the concentration of
AgNO; added to the growth solution. This reagent is, in fact, responsible for the anisotropic

growth of the nanoparticles leading to the develop of longer tips. When a 1 mM silver solution
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was added, no consistent results were obtained: the morphology of the substrates was
inhomogeneous and only small aggregates were formed. The deposition was therefore repeated
starting from more branched nanoparticles, synthesised doubling the concentration of AgNOj3,
and the resulting substrates showed more promising features as a net of aggregates was
recognised. Anyway, also these metal films did not allow the acquisition of a SERS spectrum
neither from the alizarin-dyed textile fibre nor from the dye solution, suggesting that they are

not SERS-active. The experiments are summarised in Tab. 12.

In conclusion, all experiments revealed that silver is the best metal for the analysis of natural
dyes, both in solution and in dry-state condition. The reasons lies in the SERS enhancement
properties of the metal itself (silver nanoparticles have the largest SERS enhancement
capabilities due to their relatively high sensitivity and sharpness of scattered signals [120, 121])
and in the difficulties to produce suitable substrates starting from very-diluted colloidal

suspensions, such as those of gold nanoparticles.
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Table 12. Summary of the results of the experiments performed to optimise gold nanostar substrates.

Colloid SEM Images Observations

SERS

CTAB-nanostars
in a layer of residual surfactant.

AuSCTABO0001 L D47 x1.0k 100 um

Small aggregates of nanostars trapped

No SERS signals.

Surfactant-free nanostars Few and very small aggregates, very

low amounts of deposited gold.
[AgNO;] =1 mM

D48 x400 200 um

Au_conc0002

No SERS signals.
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Surfactant-free nanostars Appreciable number of aggregates, No SERS signals.

although small and inhomogeneous.

[AgNO;] = 2 mM

_______ -
Au_20008 D42 x400 200 um
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5.4 Commercial SERS substrates

Despite the final aim of this work was to develop a simple and accessible method to prepare
SERS substrates, it should be considered that a chemistry laboratory is not always available for
conservation scientists. Hence, the possibility of exploiting commercial SERS substrates for the
detection of natural dyes in textile fibres was investigated for the first time, to the best of our
knowledge.

First, the commercial substrates SERSitive, already described in section 4.6, were characterised
by SEM to check their morphology: the observations revealed a uniform and homogenous

distribution of metal nanoparticle aggregates. They appear smaller than those obtained from our

procedure and exhibit a three-dimensional structure, with a highly branched structure (Fig. 37).

—~ R - T

Figure 37. SEM image of a SERSitive substrate and its schematic representation.

SERS analyses performed on dyed wool threads lead to obtain SERS spectra of the three
anthraquinone dyes alizarin, purpurin and lac dye (Fig. 38 and Tab. 13). In particular, alizarin
and purpurin gave spectra of excellent quality, while that of lac dye, whose detection is
notoriously more difficult [122], had a more intense fluorescence background and weaker

signals.
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Figure 38. Dry-state SERS spectra of the anthraquinonic dyes a) alizarin; b) purpurin; c) lac dye obtained from
SERSitive Ag-substrates.

Table 13. Wavenumber (cm™) of SERS bands of alizarin obtained from nanostars substrates.

SERS bands wavenumber (cm™)

Alizarin 344, 400, 416, 478, 579, 633, 681, 828, 897, 1011, 1047, 1155,
1183, 1204, 1290, 1323, 1423 sh, 1451, 1558, 1563, 1611, 1629.

Purpurin 424, 456, 556, 608, 650, 741, 822, 965, 1061, 1158, 1205 sh, 1228
sh, 1282, 1318, 1408 br, 1442, 1474, 1581, 1610.

Lac dye 650, 1061, 1155, 1288, 1322, 1453, 1605 br.

The best results were obtained from Ag-substrates: the Ag-Au combined ones allowed as well
the identification of alizarin and purpurin, but the signals are less intense and resolved. For these
substrates both excitation wavelengths (532 and 785 nm) were tested and the green radiation
gave the best results. Besides satisfying the resonance conditions for red dyes, it was also more
suitable for the nature of the substrate itself, as EDX semi-quantitative analysis (Fig. 39) showed

that silver is the prevalent metal (87 vs 4%).
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Element Weight %
Silican | 2.5
Potassinm | 5.2
Caleinm | 1.2
Silver | 87.1
Gold | 4.0

Counts

Figure 39. EDX spectrum acquired on the surface of a commercial SERSitive Ag-Au substrate. The table reports
the semi-quantitative analysis of the detected elements (normalised).

Despite the positive results obtained from commercial SERSitive substrates, some drawbacks
must be underlined: first, the substrates (whose dimensions are 9 x 7 x 0.7 mm) are very difficult
to handle and to keep in contact with the textile without damaging their extremely fragile SERS-
active surface. Moreover, when analyses are performed in dry-state conditions, the blank spectra
gave very intense signals which, as already observed for substrates prepared from colloid in our
silver colloid, can prevent in some cases the identification of the analyte. Two different
commercial substrates were also tested, the former having a hydrophobic surface, the latter
hydrophilic. Obviously, this difference can be of interest when performing SERS analysis on
analytes dissolved in certain solvents, but the results in dry-state conditions were very similar
and the problem of the blank bands was not solved.

A further step was therefore to develop a strategy that allows us to produce electrochemical-

deposited Ag-film having a similar morphology, as will be discussed in the following section.

5.5 Electrochemically-deposited substrates

A preliminary study of the possibility to deposit electrochemically nano-structured substrates
suitable for SERS detection was carried out thanks to the collaboration of Prof. Valentina Pifferi
and Prof. Luigi Falciola of the Universita degli Studi di Milano.

The best condition to reduce Ag” ions was selected by cyclic voltammetry in order to find the
suitable reducing potential. The deposition was carried out by chronoamperometry starting
from a solution containing the metallic precursor AgNOs (2 g/L) and citric acid (40 g/L) as

reducing agent (section 4.7).
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Two explorative experiments of electrochemical deposition of silver nanoparticles on a
conductive FTO glasses were made. In both cases, at the end of the deposition, the FTO slides
took on an opalescent yellow colour, indicating the successful deposition of silver. The first
deposition lasted 90 s and led to obtain nanostructures characterised by a pseudo-round shape
(approximative diameter around 3 um), even if the presence of little branches could be supposed
(Fig. 40a). On the basis of the followed procedure [89], in fact, nano-dendritic structures should
be produced. The second lasted 600 s and originated larger structures, characterised by a
pseudo-round shape (approximative diameter around 5 um). Their “mushroom” morphology
led to assume that they are the result of the association of the single nanoparticles because of
an excessive growth (Fig. 40b). In general, an overall uniform and homogenous distribution of
metal nanoparticles could be observed.

The elemental analysis performed by EDX in correspondence of this area revealed the presence
of silver, together with silicon and tin due to the FTO glass in a minimum percentage. Compared
to the previous case, a larger amount of silver was detected after the second deposition, as
suggested by the uniform coverage of the FTO glass surface and by the larger dimension of the

nanostructures themselves.

DEO0004 L D36 x18k 50um

DE10003 L D35 x15k 50um

Figure 40. SEM image of nanoparticles electrochemically deposited for 90 (left) and 600 s (right).

In conclusion, these two explorative experiments demonstrated the possibility of producing
substrates for dry-state SERS analyses by electrochemical route. Anyway, further studies will be
mandatory to optimise the experimental conditions in terms of deposition time, concentration
of silver, choice of the best reducing agent and morphology of the nanoparticles. The described
substrates, in fact, did not allow the detection of alizarin in dry-state conditions because of the

formation of too small or too large nanoparticles.
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5.6 Exploiting the self-cleaning properties of titanium dioxide

Finally, the problem of the cleaning of the dry-state SERS substrates was considered.
Measurements performed on the side of the metal substrate previously put in contact with the
alizarin-dyed wool thread revealed that sometimes residual traces of the dyed fibres are released
on the nanostructured surface. This cause, as a consequence, to obtain a memory effect of the
SERS spectrum of the anthraquinone dye. In addition, the removal of the upper layer of the Ag
films, prone to oxidation and tarnishing, would be of interest, disclosing the possibility of
reusing the same substrate for more than a single analysis. In this context, the self-cleaning
properties of titanium dioxide (TiO») mediated by UV and visible light were explored. TiO; is
inexpensive, non-toxic, photostable and highly effective as a photocatalyst material. When it
undergoes band gap excitation, electron-hole pairs are generated, which can initiate reduction
and oxidation of organic compounds, leading to their decomposition. So, TiO: self-cleaning
properties can be used to prevent passivation caused either by silver oxidation or by the presence
of residual organic molecules, as already studied for electrode surfaces in [90]. In principle, this
method could represent a valuable approach to remove the degradation products of silver and
the organic compounds left on the silver surface after the SERS analysis. The possibility of
exploiting the self-cleaning properties of titanium dioxide mediated by UV light to remove
residual molecules of alizarin, just putting a thin film of it in contact with SERS substrates, was
studied. SERS analyses performed on an artificially alizarin-contaminated substrate after
different irradiation times (4, 9 and 14 hours), revealed that the SERS signal due to alizarin
progressively lost its intensity. Fig 41 shows how the intensity of the SERS signals sensibly
decreases with the extension of the irradiation time. In addition, a second artificially
contaminated substrate was monitored to check if only irradiating by UV-light, in absence of
contact with the titania thin layer, could produce a partial removal of alizarin from the film
surface. Actually, a slight reduction was observed but the result is not comparable to that

obtained in the presence of the titanium dioxide layer.
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Figure 41. SERS spectra of alizarin after 4, 9 and 14 hours under UV-irradiation in contact with a titania thin
layer.

In conclusion, the self-cleaning properties of TiO, mediated by UV light can be successfully
exploited to eliminate the memory effect of the SERS spectrum of alizarin on the silver
substrate. from silver substrate surface residual molecules of alizarin. After different irradiation
cycles, a decrease of the SERS signal due to the natural dye was observed, suggesting a
progressive removal of the residual organic molecules. In addition, a further step will surely
involve trying to deposit titanium dioxide on the silver film itself in order to enhance the
cleaning properties and also to prevent the release of metal. Anyway, it is necessary to verify if
the presence of an upper titania layer can interfere with the acquisition of the SERS spectrum

in dry-state condition.

6. Conclusion and future perspectives

In the present work, the development of SERS substrates for the non-invasive identification of
natural dyes in textiles was implemented. The objective was to create accessible and easy-to-
produce sensors able to provide a high SERS enhancement in dry state conditions, i.e. exploiting
the electromagnetic effect between a solid nanometallic substrate and the dye molecules
absorbed onto a textile fibre. A consistent number of experiments was carried out pursuing this
objective: different silver colloids were deposited on functionalised glass slides and the

experimental conditions were optimised to obtain reproducible and effective substrates, rich in
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hot spots. These highly localised regions of intense local field enhancements, in fact, are of
critically importance for SERS and, if in sufficient density, can dominate the properties of any
SERS active substrate within which they reside [34, 99]. For spherical nanoparticles, the hot
spot formation is induced by a suitable electrolyte, but this aggregation step proved to be the
main cause of the irreproducibility of the substrates, as it depends from experimental factor
during the synthesis and from the colloid itself. To overcome this issue, nanoparticles having
anisotropic geometries (stars and rods) were used, as their peculiar morphology with sharp
corners and edges gives rise to highly concentrated local electromagnetic fields and in the
meanwhile makes them able to interact directly to form hot-spots without requiring activation
by aggregation [17]. Among all experiments, silver nanostar substrates proved to be the most
reproducible and effective ones and were successfully used for the detection of four dyes of
artistic interest (alizarin, purpurin, lac dye and indigo). Moreover, the issue of metal release on
the artefact was faced by trying to embed the nanoparticles into an optically transparent
polymeric matrixes or depositing gold, a tarnish resistant metal, instead of silver nanoparticles,
but the original silver substrates still proved to be the most performing ones. The possibility of
exploiting SERS commercial substrates was finally demonstrated and some promising
preliminary studies about the possibility of obtaining the substrates by electrochemical

deposition of nanoparticles on conductive glass were made.

In perspective, the production of electrochemically deposited substrates will be carried on, as
well as the study of the possible protection of the nanoparticles by a thin titania layer, in order
to better exploit the self-cleaning properties of this smart material and protecting in the
meanwhile the substrate surface. In addition, silver nanostar substrates will be applied to detect
a larger number of natural and synthetic dyes, not only on mock-up samples but also on artistic
objects. The final aim should be to reduce the diameter of the support where the metallic
substrate is deposited, possibly creating a system based on fibre optics, to make this non-
invasive approach even more suitable and easy-to-apply for in situ analyses in museums and

exhibitions.
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Final conclusions

The present doctoral thesis work aimed at developing innovative and effective strategies based
on molecular spectroscopies for the non-invasive identification of organic materials of artistic
interest. Three different methods, namely spectrofluorimetry, infrared and Raman spectroscopy,
were successfully study for the detection of as many categories of organic substances: synthetic

organic pigments, painting binders and natural dyes.

First, the approach based on the combination of visible-excited spectrofluorimetry and visible
reflectance spectroscopy with a multivariate processing of data demonstrated to be an effective
method for the non-invasive identification of synthetic organic pigments. Such approach
allowed us to overcome the issues related to these electronic spectroscopies, which yield spectra
with broad bands and thus affected by a lack of specificity and strongly dependant on different
factors, such as the concentration of the pigments and the interference due to binders.
Moreover, the fluorescence emission exhibited by several synthetic pigments upon visible
excitation was confirmed under UV radiation and the possibility of individuating such materials
in paintings by ultraviolet fluorescence images was disclosed for the first time, to the best of our
knowledge. The importance of a multiwavelength approach in imaging to reduce the
dependence on the binder to pigment ratio was also evidenced and explained thanks to the

comparison with the results provided by spectrofluorimetric analyses.

As a second aspect, interesting results were obtained from FT-NIR spectroscopy as a non-
invasive method to recognise binding media directly in a very complex system such as a painting,
implementing and further developing the application of measurements in this spectral range,
reported in the literature for the characterisation of pure reference materials. The possibility of
exploiting FT-NIR spectroscopy for the investigation of paintings was at first studied in
complex multi-layered reference samples, aiming both at the identification of binders and the
understanding of the stratigraphy taking advantage of the higher penetration power of the NIR
radiation in comparison with the MIR one. The study was therefore carried out on reference
mock-up samples simulating different situations: pigments were dispersed in different binders -
pure, in mixture or in superimposed layers- and the support was coated with two different
preparatory layers (calcite and gypsum). In both cases, the characteristic absorption bands in the
range 6500-4000 cm™' proved to be useful to distinguish among the different binders and once
again, the elaboration of the spectral data by means of a multivariate approach demonstrated to

be an effective method to highlight minimal differences in the spectral patterns. Moreover, the
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greater penetration depth of the NIR radiation was exploited to gain information about the
inner layers of the painting disclosing the possible presence of a gypsum preparatory layer, as
this material show strong absorption bands in this spectral range. The comparison between the
spectral results and the thickness of the colour layers evaluated on cross-sections of the
corresponding samples, highlighted a penetration depth of around 100 um. Finally, as a proof
of concept, FT-NIR analysis were carried out iz sifu on eight masterpieces dating from 15" to
18™ century, giving a wide insight on the applicability of this method for the non-invasive

detection of binders and the comprehension of the stratigraphy in real paintings.

Finally, the proof of concept of performing SERS analyses in dry-state conditions by means of
easy-to-prepare and inexpensive substrates for the identification of natural dyes directly on wool
yarns was given. This was possible by exploiting only the electromagnetic component of the
SERS effect, which takes place when the analyte is in proximity of the substrate and not
necessarily chemisorbed to it. This goal was reached by producing SERS sensors through the
immobilization of colloidal silver nanoparticles on commercial microscopes glass slides. The
best conditions to obtain reproducible and homogeneous substrates leading to a strong
enhancement of the Raman signal in dry-state conditions were evaluated by experimenting
different aggregation processes and nanoparticles having spherical or anisotropic geometries.
The most reproducible and effective sensor proved to be the one obtained from a silver
nanostar colloid, which allowed us to detect alizarin, purpurin, lac dye and indigo from dyed
wool thread by means of a portable Raman instrument, suitable for non-invasive, zz-sit# analysis
directly on artefacts. Some related issues were also faced, in particular the possibility of
exploiting the self-cleaning properties of titanium dioxide under UV light to clean the substrates

after SERS analyses.

In conclusion, the present work proposed solutions to the problem of the non-invasive
identification of organic materials of artistic interest in complex systems, such as contemporary
and ancient paintings and ancient textiles, and disclosed new applications and potentialities for

spectroscopic methods commonly available in the conservation science field.
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