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Abstract:

UV-Vis reflectance spectroscopy has been widely used as a non-invasive method for the study of cultural her-
itage materials for several decades. In particular, FORS, introduced in the 1980s, allows to acquire hundreds of
reflectance spectra in situ in a short time, contributing to the identification of artist’s materials. More recently,
microspectrofluorimetry has also been proposed as a powerful non-invasive method for the identification of
dyes and lake pigments that provides high sensitivity and selectivity. In this chapter, the concepts behind these
spectroscopic methodologies will be discussed, as well as the instrumentation and measurement modes used.
Case studies related with different cultural heritage materials (paintings and manuscripts, textiles, carpets and
tapestries, glass, metals, and minerals), which show the usefulness of UV-Vis reflectance spectroscopy and mi-
crospectrofluorimetry applied to the study of artworks, will also be presented.

Keywords: non-invasive, UV-Vis spectroscopy, reflectance, FORS, microspectrofluorimetry, paintings and
manuscripts, textiles, carpets and tapestries, glass, metals, minerals

DOI: 10.1515/psr-2018-0008

1 Introduction

In order to provide the appropriate tools for curators, conservators, and conservation scientists to understand
and preserve the cultural heritage, it is important to analyse, identify, and characterise the materials used in
the production and restoration of artworks, which are often complex systems [1, 2]. Presently, the study of the
materials constituting artworks can be performed using invasive and/or non-invasive approaches including
spectroscopic methods which can be classified according to the region of the electromagnetic spectrum used
or produced in the measurement [2].

In its broadest sense, ultraviolet-visible spectroscopy is concerned with interactions between electromag-
netic radiation in the ultraviolet-visible region and matter. The ultraviolet (UV) region covers approximately
the 10-380 nm range of the electromagnetic spectrum. It is commonly divided in three main sub-regions, which
are: UVA in the 320-380 nm; UVB in the 280-320 nm; and UVC in the 100-280 nm. In addition, the 10-200 nm
range is also named as vacuum ultraviolet (VUV), even though it is only explored if measurements are done in
vacuum. The visible (Vis) region comprehends the 380-750 nm spectral range.

UV-Vis spectroscopy is related to excitation of the outermost electrons of the atoms, which are involved in the
formation of molecules, and is, therefore, often referred to as “electronic spectroscopy” [3]. Measurements in the
UV-Vis region are usually performed in transmittance, reflectance and photoluminescence (fluorescence and
phosphorescence) modes. Transmittance and reflectance measurements need to be recorded against a reference
material while photoluminescence acquisitions can be considered absolute measurements.

In the art conservation field this spectroscopic technique, unlike the most traditional applications of UV-Vis
spectroscopy [3], is mainly applied in situ by using portable devices and employing non-invasive methodolo-
gies. The studied artworks have, excluding a few cases such as glass items and stained glass windows, an opaque
appearance that force them to be measured in reflectance mode. Spectra acquired in reflectance mode on bulk
samples or masstone pigments and dyes are usually more difficult to interpret than the corresponding trans-
mittance spectra due to several factors affecting reflectance measurements, such as the surface roughness and
texture, particles dimension and distribution, packing density, compositional homogeneity and the thickness
of the paint layers.

Spectroscopic measurements in the Vis were introduced to the cultural heritage field by Rawlins at the Na-
tional Gallery in London in the 1930-1940s [4]. At the same time, Vis reflectance spectroscopy was applied to

Marcello Picollo is the corresponding author.
© 2018 Walter de Gruyter GmbH, Berlin/Boston.

Authenticated | tm.vitorino@campus.fct.unl.pt author's copy
Download Date | 11/16/18 11:10 AM 1


http://rivervalleytechnologies.com/products/

Automatically generated rough PDF by ProofCheck from River Valley Technologies Ltd

e Picolloetal. DEGRUYTER

characterise paints and pigments for the first time during the 1930s at the Department of Conservation and
Technical Research of the Fogg Art Museum, in Cambridge, Massachusetts [5]. After the World War II, in Rome
at the Istituto Centrale del Restauro (now Istituto Superiore per la Conservazione ed il Restauro) Manlio Santini
developed a precise and reliable non-invasive methodology for the acquisition of reflectance spectra in the Vis
on the painting Maesta by Duccio di Boninsegna to monitor the cleaning procedure during its conservation
treatments [6]. In the same years, Vis reflectance spectroscopic methodologies were strongly improved by re-
searchers working mainly in paint formulation laboratories and paint industries [7]. In the years that followed
this methodology was further developed at the Conservation Laboratories of the National Gallery in London
[8]. Lastly, since the early 1980s, when fibre optical devices became available and starting from the pioneering
work of Mauro Bacci at the Istituto di Ricerca sulle Onde elettromagnetiche of the Consiglio Nazionale delle
Ricerche (which became Istituto di Fisica Applicata “Nello Carrara” in [9]), the non-invasive technique of fibre
optic reflectance spectroscopy (FORS) has been applied and improved in this field including the use of portable
instruments and expanding the operating range from the UV up to the near-infrared (NIR, 750-1100 nm) and
short-wavelength infrared (SWIR, 1100-2500 nm) regions [10-16].

After the work of E. René de la Rie in [17], fluorescence spectroscopy has also become a powerful analytical
technique in the field of cultural heritage [17, 18]. More recently, microspectrofluorimetry, which combines the
advantages of fluorescence measurements with those of a confocal microscope, was introduced into the art
conservation field particularly for the study of organic colourants and binders [19-24]. Maria Jodo Melo and
co-workers have been pioneers of the development of microspectrofluorimetry, combined with data from other
analytical techniques, to characterise dyes and lake pigments, and of the creation of a reference database to
overcome the absence of a molecular fluorescence fingerprint [25-29]. Microspectrofluorimetry provides high
sensitivity and selectivity, combined with good spatial and spectral resolution and fast data acquisition [20].
Moreover, for movable objects that can be transported into the laboratory, it can be used in situ without any
contact with the artwork or (micro) sample under study [20].

In this chapter, the use of UV-Vis reflectance spectroscopy and microspectrofluorimetry in the study of
cultural heritage will be discussed. The principles and theory behind these spectroscopic methodologies will
be presented, followed by a section on the instrumentation and measurement modes used. The chapter will end
with the presentation of some relevant case studies related with different cultural heritage materials (paintings
and manuscripts, textiles, carpets and tapestries, glass, metals, and minerals), which show the usefulness of UV-
Vis reflectance spectroscopy and microspectrofluorimetry as in situ methods applied to the study of artworks.

2 Principles and theory

Ultraviolet and visible radiation that hit a surface can interact with matter in different ways: it can be trans-
mitted, transmitted in a diffuse way, reflected (in a specular and diffuse way, as discussed below), absorbed,
absorbed and emitted as photoluminescence (fluorescence and phosphorescence), or laterally diffused at wave-
lengths different from those of the incident monochrome radiation (diffusion or Raman effect) [30]. If the fre-
quency of incident radiation corresponds to the difference of energy of a transition between two energy levels
that specific frequency is absorbed by the material causing an excitation of resonance which generates a varia-
tion in the distribution of the electronic density (electronic spectroscopy). This effect can be represented by the
Bohr model:

AE=E, —E; =hv - hv=hc? =hc/A

where E; and E, are the initial and final energies, respectively; h = Planck’s constant (6.62 x 107 Js); c = light
velocity in vacuum (2.99 x 108 m/s); v = frequency; A = wavelength; © = wavenumber. This phenomenon causes,
for example in the case of electronic spectroscopy, a variation in the distribution of the electronic density in the
outermost orbitals of an individual atom or, in molecular orbitals, an electronic transition from the occupied
levels to the unoccupied levels. The Bohr’s relation therefore connects the atomic or molecular electronic energy
levels with the frequency of the incident radiation.

In general, when matter absorbs part of the incident radiation and is excited to higher energy levels, this
state is not stable and the species returns to its initial equilibrium. This ground state can be reached through
“deactivation” processes that can take place in several ways: without emission of radiation (for example, inter-
nal conversion of energy in order to obtain a thermal equilibrium, i. e. dissipation as heat), with spontaneous
emission of radiation with a lower energy than that of the absorbed radiation (fluorescence, phosphorescence),
with photochemical processes, etc. Depending on the molecular environment and the “deactivation” process,
the excitation states can exist for 10713-1073 sec. Lambert and Beer developed a relation that correlates the in-
tensity of an absorption with the concentration and thickness of the absorbing species (Beer-Lambert Law or
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Beer’s Law, which is strictly observed only for absorbing materials in diluted homogeneous medium):
A =¢ebc=-logT=1og (1/T)

where A = absorbance; € = molar absorptivity or molar absorption coefficient; b = thickness of the sample;
¢ = concentration; T = transmittance.

When dealing with measurements on opaque materials, different parameters play an important role in the
definition of the spectral features [3, 31]. The reflected radiation from a generic surface, or a paint layer, that
can be considered as a multicomponent polycrystalline assemblage, is generally called “total reflectance” (Ry),
which is the sum of the specular (or surface, Rg), diffuse superficial (Rpg), retro-diffused (Rzp), and diffuse (or
volume, Ry) reflectance (Figure 1). The specular component is the portion of the reflected radiation that has not
penetrated into the paint layer, whereas the diffuse component is that portion of radiation which has penetrated
into the paint layer and interacts with one or more pigment’s particles [32]. According to Vincent and Hunt, Ry,
depends on several parameters, such as wavelength, particle dimensions, packing density, real refractive index
n and absorption coefficient k, scattering coefficient s, and optics geometry [33].

Figure 1: Total reflection modes (courtesy of Miguel Angel Herrero Cortell).
No credits it's our own figure.

The volume reflectance carries with it the major part of spectral information that is used to identify the
materials. If one is interested in quantitative information, such as in the measurement mode in transmittance,
the reflectance spectra can be expressed as apparent absorbance:

A’ =log (1/R)

or as Kubelka-Munk (KM) function [34], f(R,,), from a homogeneous material with infinite thickness (R..). The
KM infinitive reflectance function is given by:

f(Ry) = (1 — Ry)%/2R, = k/s

where the parameters k and s are the absorption and scattering coefficients, respectively. This equation as-
sumes that the incident radiation is monochromatic, the scattering processes show no wavelength dependence,
and the two parameters k and s are constant in a homogenous medium. Both formulae try to represent the
relationship between the intensity of absorbance and the concentration of the compound in a linear way. A’ is
usually more favourable in the NIR-SWIR region and for highly absorbing samples (low dilution), while KM is
applied when condition of infinite dilution in a non-absorbing matrix (high dilution) is present. Even though
the KM phenomenological theory [34] is widely used for multiple scattering calculations in the paint indus-
try, it implies certain assumptions and hence has several limitations. The most significant assumption is the
isotropic scattering within the sample. Each particle that composes the paint layers, such as pigments, dyes,
fillers, etc., has to be far enough apart from one another in order to scatter or absorb the incident radiation
independently from all the others, which means that they have to obey to the “no dependent scattering” rule.
Moreover, the paint layer is assumed to have plane, parallel surfaces, sufficient in extent to ensure that edge
effects can be ignored in the measured reflectance spectra. The incident radiation and its reflected component
have to be diffuse, and no generation of radiation, such as fluorescence and related processes, within the paint
layer is expected. All these assumptions make the application of KM function to reflectance measurements ac-
quired on paintings, and artworks in general, very problematic as the paint layers constituting these objects
barely fit any KM theory requirements.
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2.1 Electronictransitions

In the UV-Vis spectral range transitions between electronic energy levels can be observed, which determine the
absorption bands in the UV-Vis region. An electron is excited when the frequency of the incident electromag-
netic radiation is the same as the difference of energy between two electronic states. This difference of energy
depends on the electronic structure of the molecule and of its “environment”. For a transition to happen after
absorption of radiation it is necessary to have a dislocation of charge and some rules, such as Laporte Selection
Rule, Spin Multiplicity Selection Rule, and Coupling Interaction with Neighbour Cations, have to be respected
[32].

The electronic transitions can be related to transitions between molecular orbitals and they are often classi-
fied according to the nature of the molecular orbitals involved. Based on the symmetry of the orbitals involved
and the electromagnetic field, it is also possible to assess the intensity of a transition. One of the most impor-
tant rules in this case is related with the spin multiplicity of the orbitals involved in the transition. Transitions
between states that have the same multiplicity of spin are allowed, whereas transitions between levels with
different spins are forbidden. The consequence of this rule is that the allowed transitions produce spectral
characteristics which are more intense, while the forbidden transitions are absent or create weaker absorption
bands.

The absorption bands of pigments are generally related to Ligand-Field (LF), Charge Transfer (CT), and
Valence-Conduction band transitions (VC), also known as Band theory, while for organic materials delocalised
Molecular Orbital (MO) band transitions are considered [30, 32, 35]. In many cases, the spectral features en-
able the identification of the nature of the compounds analysed and, in particular, to identify pigments, dyes,
alteration products, and some other organic compounds.

LF involves inorganic compounds containing metal ions with unpaired electrons in d or f orbitals, such
as the 3d transition metals: titanium (Ti), vanadium (V), chromium (Cr), manganese (Mn), iron (Fe), cobalt
(Co), nickel (Ni), and copper (Cu) [30, 32]. It explains absorption of the UV and Vis radiation by the transition-
metal compounds or impurities of many minerals, gems, and pigments, such as azurite, ruby, and chromium
sesquioxide (chrome green or chromium oxide green). The outermost electrons of the transition metals located
in orbitals 3d are responsible for the transitions between the energy levels. Several features cause the degeneracy
of the d or f orbitals of the transition-metal ions, such as the anions or dipolar groups (defined as ligands)
which surround the transition metals, the symmetry and geometrical arrangement of the ligands as well as
their number and type. These features determine the number of permitted transitions and the line shape of
the registered spectra, which can lead to different absorption spectra (and therefore different transmittance or
reflectance) for the same transition metal (for example as can be observed for Cu?* in azurite and in malachite).
However, not all possible transitions between levels have the same intensity. As previously stated, the selection
rules determine which transitions, and their intensities, are permitted and measured. The LF transitions are
usually not so intense since they are only partially permitted by the selection rules [32].

CT generally produces intense absorptions since these transitions are fully allowed by the selection rules
[30]. Here, processes in which the absorbed energy determines the migration of one electron between close ions
or between an ion and ligand are found. Although there is a real transfer of an electron, it remains located in its
new position, which means that this electron is linked to one specific ion. In the crystalline structure, an electron
mainly located in an orbital of a ligand can be excited and transferred to an orbital mainly located in the metal
ion or vice-versa (CT between ligand-metal, LMCT, or metal-ligand, MLCT, respectively), as in chrome yellow
pigment (lead chromate, PbCrO,), where the absorption of radiation causes the transfer of one electron from
one oxygen of the chromate ion to the chrome ion. These transfers can also happen between ions adjacent to
the same metal in different valence states, and in this case the process is essentially a photochemical oxidation-
reduction reaction. This is often the case of ion pairs such as Fe?* and Fe**, Mn?* and Mn®*, or Ti** an Ti**,
when they are placed next to each other, as for example in Prussian blue pigment, Fe,[Fe(CN)4]3- nH,O, where
the charge transfer occurs between two non-equivalent Fe ions (Fe, 2t + Feg®* — Fe 3t + Feg?*).

VC transitions are characteristic of metals and some inorganic pigments that show properties of semicon-
ductors [30]. In some crystalline lattices, the discrete energy levels of the external electrons of the ions consti-
tuting the lattice, are extended to energy bands that exist close to them. There are therefore two energy bands
in which the electrons can exist: one at lower energy called “valence band” and one at a higher energy called
“conduction band”. The electrons in the conduction band have higher energy than those in the valence band
and, in practice, are not linked to any ion, but are free to move in the crystalline lattice, from which comes the
definition “free electrons” or “conduction electrons”. Between the valence band and the conduction band there
is an energy gap, called “band gap”, in which the electrons cannot be found. In the semiconductor materials,
such as vermilion, HgS, red lead, Pb;O,, and cadmium yellows, CdS, (Cd,Zn)S, the width of the forbidden
band is in between that of the metals and the dielectric compounds, and the passage of electrons from the va-
lence band to the conduction band is seen as an intense absorption in the UV-Vis range. This type of transition
produces characteristic absorption bands with an “S” shape and the transition energies can be approximately
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defined by their inflection points, i.e. the point of the curve at which the sign of the curvature changes, which
is determined by looking at the first derivative of their reflectance spectra [16].

Finally, delocalised molecular orbital (MO) theory explains the electronic transition in organic molecules
[30]. The electronic orbitals in covalent or weakly ionic bonding are capable of overlapping between themselves
and form molecular orbitals called bonding molecular orbitals ¢ or m and anti-bonding molecular orbitals o* or
m*. In this representation, the bonding orbitals represent the maximum positive overlapping between symmetric
wave functions and are more stable than the individual atomic orbitals of the single atom. The corresponding
anti-bonding molecular orbitals, on the other hand, are less stable than the individual atomic orbitals of the
single atom. Absorption of radiation of appropriate energy can promote one of the ¢ or 7 electrons to an anti-
bonding orbital o* or * (transition ¢ — ¢* or m — 7*), respectively.

The vast majority of dyes, natural and synthetic, can be viewed as containing an extended conjugated chro-
mophore system to which are attached electron donor and electron acceptor groups (auxochromes). A chro-
mophore is the atom or group of atoms of a molecule in which the electronic transition responsible for a given
spectral band is approximately localized; the term referred originally to the groups in the molecule that are
responsible for its colour (IUPAC definition,http:/ /goldbook.iupac.org). Chromophores include C = C bonds
as well as the azo group (-N = N-), thio group (C =S), and nitro group (-N = O). In turn, an auxochrome is an
atom or group of atoms which, when introduced into a chromophore, causes a bathochromic shift (red shift)
and/or a hyperchromic effect in a given band of the chromophore, usually in that of lowest frequency (IUPAC
definition). Auxochromes have the capability to donate to, or accept from, one or more electrons, through o-
or -bonds. Those belonging to the first group are electron donor groups while those in the second group are
electron acceptor groups. The choice of o- or -bonds depends on the electronegativity, the presence of multiple
bonds or the existence of lone pair of electrons. The substituents -NH,, X (F, Cl, Br, I), -CHj3, Ar, -NR; and -OR,
where R represents an organic group, are electron donors through n-bonds, while -NO,, -R(C = O), -C = N,
-CO,H are electron acceptors. To have colour generation, the energies involved in the MO transitions have to be
moved from the ultraviolet into the visible, which can be done by increasing the size of the conjugated system
and/or with the addition of auxochromes. For example, a red shift induced by -OH groups is observed from
the colourless anthraquinone to the coloured alizarin (1,2-dihydroxy-9,10-anthraquinone) and purpurin (1,2,4-
trihydroxy-9,10-anthraquinone). Generally speaking, the absorptions occurring in organic coloured molecules
are based on m bonding in the extended conjugated systems and the colours observed are modulated by the
energy gap between the ground and excited electronic states involved in the transition.

2.2 Microspectrofluorimetry

When a species is excited through the absorption of a photon, it causes electronic transitions and brings the
absorbing species into an electronic excited state. In the case of organic molecules, the emission of photons
accompanying de-excitation is called photoluminescence, which can be divided into two phenomena depend-
ing on the nature of the excited state and the lifetime of the phenomena: fluorescence (excited singlet states)
and phosphorescence (triplet excited states) [36]. The phenomenon of fluorescence as an emission of radiation
following absorption of radiation was demonstrated by George Gabriel Stokes in the middle of the nineteenth
century [37]. Stokes stated that the emitted radiation is always of longer wavelength (lower energy) than the
exciting one (Stoke’s law).

Fluorescence is measured by exciting a species at an absorption wavelength, also called the excitation wave-
length, and measuring the emission at a longer wavelength called the emission wavelength. The characteristics
of fluorescence of a given species are affected by any excited-state process involving interactions of the excited
species with its close environment, which can provide information not only on the emitting species but also
on the respective microenvironment. For this reason, and for being highly sensitive, fluorescence spectroscopy
has been widely used in many scientific and technological fields, such as physics, chemistry, materials science,
biology, and medicine.

Spectrofluorimeters hyphened to confocal microscopes give the possibility to acquire both fluorescence ex-
citation and emission spectra. In the excitation spectrum, that resembles an absorption spectrum, fluorescence
emission is collected at a fixed emission wavelength, which usually corresponds to the maximum fluores-
cence, while the excitation wavelength is scanned. The fluorescence emission spectrum is obtained by keeping
a fixed excitation wavelength (commonly corresponding to the maximum of the excitation/absorption spec-
trum) while the emission wavelengths are scanned. Emission is generally highly sensitive and selective since
detection of different species can be achieved using the appropriate excitation and/or emission wavelengths.
The high sensitivity is important for detecting materials which may be present in low concentrations due to, for
example, degradation processes. Moreover, the confocal microscope helps to avoid emission from the support
or other layers possibly present in the sample. This is achieved with the use of a pinhole aperture at a focus point
that coincides with the focal plane of the objective lens. The light from the focal plane of the objective lens will
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pass through the pinhole aperture, while light which does not come directly from the focal plane (out-of-focus)
gets blocked by the pinhole [38].

3 Instrumentation, accessories and measurement modalities

The basic optical configuration for a spectrometer working in the UV-Vis region includes one or more poly-
chromatic light sources, one or two wavelength selectors for splitting the radiation into its different compo-
nents (wavelengths), and one or more detectors for measuring the radiation that interacts with the sample [3,
39, 40]. Depending on the type of instrumentation, an internal or external sample holder can also be present.
Reflectance spectra are usually measured using an integrating sphere linked to the spectrometer for working in
total and/or diffuse reflectance modes. Most of the compact-portable devices are also equipped with fibre optic
bundles to send radiation to the measured spot and to collect its reflected /transmitted component. Spectrom-
eters are split in dispersive and non-dispersive. The latter are based on interferometers, such as the Michelson
interferometer, while the former need one or two monochomators for spectrally dispersing the incident radi-
ation. However, in the UV-Vis regions the interferometric-based systems have not been very widespread for
routine analysis. Dispersive spectrometers are divided in spectrophotometers and spectroanalysers, the se-
quence of the optical path of the former being defined as a) light source, b) monochromator, c) sample, and
d) detector, while that of spectroanalysers is characterised for having the sample placed right after the light
source, before the monochromator. Traditional spectrometers are also grouped in “single beam” and “double
beam” devices. The latter group of instruments have two light paths, through the sample and the reference,
which are automatically and continuously interchanged during the acquisition of the spectra. The single beam
spectrometers make the acquisition of the sample and reference at different times, which means that the de-
vices require well stabilised light sources and electronics to keep the measurement conditions steady during the
acquisition of the spectra. Starting from the 1990s a new generation of spectroanalysers also became available.
They include multiplex detectors, made of linear photodiode or charge-coupled devices (CCDs) arrays, which
allow to measure a complete spectrum in fractions of second up to few minutes, depending on the device, ex-
perimental set-up, and the analysed sample. In the last years, Texas Instruments has produced a new set of
low cost micro electromechanical system (MEMS) digital micromirror devices (DMD) working in the UV-Vis
and NIR-SWIR ranges. The core of these devices, the DMD, consists of an array of thousands/millions of tiny
micromirrors, which pick the individual wavelengths by selectively turning columns of mirrors on or off, in
order to reflect only the desired wavelengths to the single detector [41].
The most common detectors and light sources are reported in Table 1.

Table 1: Most common detectors and light sources used in UV-Vis spectroscopy.

Detectors Sensitivity Radiation source Emission range

Photomultiplier tube < 190-850 nm Tungsten-Halogen filament lamps With ~ 320-3200 nm
the addition of iodine, a higher
filament temperature is obtained

Silicon photodiodes 200-1100 nm Deuterium lamp 185-400 nm
Silicon charge-coupled 200-1100 nm Xenon arc lamp 270-1000 nm
devices (CCD)

! there is no table footnote

As previously stated, reflectance measurements are “relative measurements” which means that these spec-
traneed to be referenced against a reflectance standard, such as barium sulphate (barite) plates or fluoropolymer
(PTFE) targets, which have high diffuse reflectance and are virtually free of spectral features over the UV-Vis
and NIR-SWIR ranges [32, 42]. These standards have to be stable with time, temperature, etc., show a homoge-
nous and smooth surface, present no fluorescence and be opaque (no transparency).

Fluorescence measurements are made with the aid of fluorimeters or spectrofluorimeters, the latter com-
prising an excitation and emission monochromator and recording both excitation and emission spectra [3].
Spectrofluorimeters hyphened to confocal microscopes offer the possibility to acquire fluorescence spectra in
situ, from samples placed directly on a programmable x-y-z microscope stage [22]. A continuous xenon lamp
is used, which is directed into a double-grating excitation monochromator that selects the desired wavelength
of the excitation beam. The beam passes through a dichroic mirror and all-reflective optic mirrors which direct
the incident light to the microscope. Within the microscope, a pinhole-turret containing holes of various di-
ameters controls the spatial resolution collimating the illumination, which then illuminates the sample on the
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programmable microscope stage. Fluorescence from the sample is directed back up into the microscope, pass-
ing through the optic mirrors and dichroic mirror to a spectrometer or spectrograph with one or two detectors
(a photomultiplier tube and a CCD array). The dichroic filters which transmit certain wavelengths and reflect
others enable the separation of emission and excitation light. Fluorescence signals are expressed in “counts
per second” (cps). Optimization of the signal is made through mirror alignment in the optic pathway of the
microscope using strong emitters references such as rhodamine.

4 Casestudies

Most of the applications of UV-Vis diffuse reflectance spectroscopy in the field of cultural heritage are car-
ried out using fibre optic systems (FORS). Other applications are carried out using handheld systems working
in contact with the object or, to a lesser extent, inside laboratories using systems equipped with integrating
spheres.

4.1 Paintings, manuscripts

A major part of FORS applications are related to paintings and illuminated manuscripts, for a couple of rea-
sons. Firstly, these artworks are generally flat, which is a favourable situation for analysis; secondly, the iden-
tification of coloured materials is usually straightforward if the artist’s technique, the geographic area and the
period in which the object was produced are known. Moreover, FORS can contribute to the identification of
organic colourants such as dyes and lake pigments in a non-invasive way, which is difficult to do with other
analytical techniques. Therefore, there are several works in which FORS has been applied in the identification
of colourants on historical paintings, such as easel paintings [11, 16] and mural paintings [15, 43—45], and on
illuminated manuscripts [46-49]. While most of these FORS studies on colourants aim at a qualitative identifi-
cation, some evaluate the possibility of obtaining quantitative data on the colourants present in a paint [50, 51],
using specific mathematic algorithms.

In the analysis of paintings and illuminated manuscripts, the spectral range used is the most important
feature. Vis range instruments are able to identify some of the “coloured” colourants, but will not provide in-
formation on certain groups of materials, such as the white and black pigments. The extension into the UV
region (200-380 nm) adds spectral features useful for discrimination among white pigments [16, 52]. On the
other side, extension into the NIR region adds spectral features useful for identification of specific materials,
such as irongall ink, which can be distinguished from carbon pigments according to its typical rising above 700
nm [53]. Finally, the possibility of extending the spectral range up to the SWIR range strongly widens the diag-
nostic power of the technique, adding information provided by vibrational band overtones and combinations
which allows identifying pigments containing hydroxyls, water molecules, and carbonates [14].

A different situation is the analysis of contemporary art. The number of colour materials used by artists is
perhaps hundreds of times larger than those used from the past up to the beginning of the twentieth century.
Moreover, many synthetic compounds show chromatic features similar or identical to historic artist’s materials.
One example is shown in Figure 2 in which the inflection points of vermillion and other four modern colourants
(alizarin crimson, irgazin scarlet, permanent red, cadmium red) are all located at ca. 600 nm. Despite these
premises, some studies recently proposed the use of FORS in the characterisation of contemporary painted
artworks [54, 55], at least as a complementary technique. In these cases, the existence of spectral databases is
particularly useful [56].
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Figure 2: FORS spectra of vermillion and modern red colourants.
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Of great interest in the field of conservation of paintings is the possibility of monitoring colour changes by
means of periodic reflectance measurements [8, 52, 57]. Data can be collected at regular intervals and possible
degradation trends can be easily highlighted. Some recent works have also evaluated the potential of FORS in
the characterisation of polymers used in paintings and manuscripts, with particular concern to binders [58, 59]
and plastics [55, 60].

Complementary to reflectance spectroscopy, microspectrofluorimetry has been particularly applied to the
identification of dyes and lake pigments in illuminated manuscripts and paintings, including analysis in paint
cross-sections and in situ [19, 24]. It has been used to study brazilwood [27], see Figure 3, lac dye [28], cochineal
[29], alizarin, purpurin and eosin [22], and orcein [25]. A recent work has applied microspectrofluorimetry
together with a chemometric approach to discriminate between the different chromophores in a reference
database [26].
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Figure 3: Excitation (Aem 610 nm) and emission (Aex 530 nm) spectra of Brazilwood lake pigments produced from differ-

ent medieval recipes in Livro de como se fazem as cores [27].
No Credits

4.2 Textiles, carpets, tapestries

The main application of FORS to textile materials is related with the identification of the dyes used to give
colour to fibres. From the analytical point of view, there is similarity between the identification of dyes on a
painting, illuminated manuscript or textile since the chromophores involved are mostly the same. The analysis
of textiles is however more difficult for at least two reasons: firstly, the surface of a textile artwork is usually
more irregular than that of a painting or manuscript, which is an unfavourable situation when using a surface
technique such as reflectance spectroscopy; secondly, in the art of textiles the most used dyes, the so-called
mordant dyes (e.g. madder, kermes, cochineal, weld, logwood) were applied on fibres with different mordants
(copper, tin, iron and aluminium salts), a feature that can introduce variability in the spectral characteristics
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useful for identification. An example of the great variability in the identification of cochineal is reported in a
study by Morales and Berrie [61], which includes both absorbance and fluorescence spectroscopies.

Due to the great performances of FORS as a survey method, in the last years several works have been pub-
lished concerning the analysis of carpets [62, 63], clothes [64] or various garments [65-67]. The fast response of
FORS can address further investigation such as sampling and analysis with more powerful techniques (HPLC-
MS, SERS, etc.). Ancient textiles have also been successfully studied with microspectrofluorimetry [19].

4.3 Glass

The use of FORS in the characterisation of coloured vitreous materials cannot yield information on their global
composition. However, it can provide information on the nature of the chromophore system in a simple way,
including the oxidation state of the species responsible for light absorption, an information that would need
more powerful and expensive analytical techniques such as Mossbauer, Auger or X-ray photoelectron spec-
troscopies. The characterisation of the oxidation state of the chromophores can also yield information on the
firing conditions used in glassmaking, in particular with concern to Fe** /Fe3* ratios. Most of the chromophore
systems in glasses can be identified due to their absorption positions and spectral shapes. Table 2 presents a
selection of these data.

Table 2: Absorption maxima of chromophore systems in glass.

Ions Absorption maxima References
Ag(0) 420-500 nm depending on particle size [68]
Au(0) 525-550 nm depending on particle size [68]
Co?* three bands in the 525-650 nm range [12]
Cr3+ 430-460 nm, bands in the 630-680 nm range [69]
Crb* 365 nm [69]
Cu(0) band centred at 450 nm, peak at 570 nm [70]
Cu* no bands [71]
Cu? 700-900 nm [72]
Fe?* 450 nm (sh), band in the 900-1200 nm range [72]
Fe¥+ a series of bands in the 375-450 nm range [72]
Fe**-S,” 405 nm [73]
Mn?* 430 nm, very weak [71]
Mnd* 470-520 nm [69]
Mn** 450 nm [69]
Ni%* three bands in the 430-640 nm range [69]
Uo,? 416 nm, bands in the 410-475 nm range [74]
V3 425, 645 nm [71]
Vi 1100 nm [71]
Vo 350 nm [71]

! There is no footnote

Several studies on glass artworks exploited the identification of chromophores by means of absorption spec-
trophotometry, using either the transmission or reflectance mode. The pioneering works by Bamford [71] and
by Schreus and Brill [73] set the basis for the measurement of the absorption properties of a glass system in
transmission mode. Subsequent works exploited the same method [12, 16, 75], using either sunlight or specific
light sources, while other studies exploited the reflectance mode [76-78]. Both transmittance and reflectance,
in fact, display the same electronic transitions [79]. The lack of scattering centres renders the reflectance mode
less advantageous for transparent glasses, while it is more advantageous (or even mandatory) when studying
translucent or opaque glass systems such as enamels [80].

4.4 Metals

Due to the intrinsic features of FORS, which is a technique mostly devoted to the characterisation of coloured
artworks, its contribution in the study of metals is poor. Most metals used in artworks can be identified only
when they are pure and unaltered [14]. In this context, a preliminary study proposed the possibility of moni-
toring the conservation state of metal swords [81].
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4.5 Minerals

With concern to the identification of mineral phases, FORS has already demonstrated its potential as a prelim-
inary technique. Several papers have shown its usefulness in the characterisation of iron oxides and hydrox-
ides [82] and some databases are available online (https:/ /speclab.cr.usgs.gov/spectral-lib.html). Yet, from the
mineralogical point of view, the most relevant information provided by FORS in the field of cultural heritage
is the identification of coloured gemstones. As in the case of glass, FORS provides the identification of the
chromophore system which, in many cases, leads to the identification of the gemstone itself. It cannot be used,
though, for the identification of uncoloured gemstones such as diamond and quartz. Another point in common
with the analysis of glass artworks is the fact that transparent gemstones usually yield poor spectral responses,
due to the lack of scattering centres, while much better spectra can be obtained when analysing opaque gem-
stones. Usually only the reflectance mode can be exploited in the analysis of gemstones, particularly when
complete jewellery artworks are studied in which gemstones cannot be taken away from their settings. Table 3
lists the absorption features that can be useful for identification of the most precious gemstones by means of
FORS.

Table 3: List of spectral features for the identification of gemstones.

Gemstone Spectral features Chromophore system References
amethyst 540 nm (absorption) Fe®* (colour centre) [83]
emerald 430/600-615 nm (absorption) Cr** (ligand field) [84]
garnet 500/525/575/695 (absorption) Fe?*, Fe’*, Mn?*, Mn3*, Cr3+ [85]
ruby 413/564 (absorption), 693/694 nm Cr* (ligand field) [86]
(fluorescence)
sapphire 385/450/578 nm (absorption) Fe?*, Fe*, Ti** (ligand field, [87]
intervalence charge transfer)
turquoise 425/625-915 nm (absorption) Fe?*, Fe**, Cu** (ligand field) [88]

! There is no footnote

4.6 General comments

Independently from the type of material analysed, it is important to point out that the characterisation given by
reflectance spectroscopy is based on the position of the minimum /minima of reflectance, which become max-
imum/maxima values when the spectrum is turned into apparent absorbance or Kubelka-Munk coordinates.
The reflectance maximum /maxima, in fact, only provide information concerning the colour of the area anal-
ysed, not the chromophore system. The reflectance spectra of cold colours (blue, green, turquoise, etc.) usually
have one or more minima and the identification of the spectral features is relatively simple. When the spectrum
has no minima, generally the characterisation is based on the inflection point, which is a typical situation for
warm colours (red, orange, yellow, brown, etc.). In these cases, an accurate identification of the spectral features
is based on the first derivative of the spectrum, where the inflection point becomes a maximum.

Given the features of reflectance systems, with concern mainly to portable FORS systems which can pro-
vide several spectra in short times, it can be useful to manage the spectral responses using pattern recognition
chemometric methods. Mathematical techniques such as Principal Components Analysis (PCA), Cluster Anal-
ysis (CA) or Discriminant Analysis (DA) can be used for the purpose, allowing to group objects (reflectance
spectra in this case) which are more similar and therefore providing a semi-automatic way to process large
amounts of spectral information. This is particularly important in cases when reflectance spectroscopy is used
as a survey method to address further, more powerful diagnostic techniques or the subsequent withdrawal of
samples. The most critical point of the pattern recognition process is the normalisation of spectral data, in order
to extract the best of the information contained in it. The most suitable methods are range scaling (scaling all
spectra between 0 and 1), mean centering and autoscaling (mean centering and normalisation to the standard de-
viation) [89]. Some examples of the application of pattern recognition methods to spectral information obtained
with FORS are reported in the literature with concern to paintings [90, 91] and textiles [9, 64].
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5 Conclusions (advantages, drawbacks)

For the technical features that it presents, UV-Vis reflectance spectroscopy has been particularly suitable for
diagnostic studies on a wide range of artwork typologies. Portable systems, in particular when coupled with
fibres, can be used for easily acquiring hundreds of spectra in short time; this amount of information can then
be used to address further measurements by means of more powerful techniques. Particularly relevant is the
possibility of identifying colourants on paintings and textiles in a non-invasive way, a feature which is unique
among spectroscopic techniques. The major drawbacks of reflectance spectroscopy can be resumed as follows:
it is hard to manage spectral responses from mixtures of substances (e.g. mixtures of colourants); the spectral
responses can be poor in artworks or samples with irregular surfaces or that are partially transparent; it is
generally not possible to discriminate colourants having similar absorption features. In such cases, the com-
plementary use of other analytical techniques such as Raman and infrared spectroscopy or mass spectrometry
is mandatory. On the other hand, microspectrofluorimetry is also presented as a powerful technique for the
non-invasive identification of colourants, particularly if supported by a reference database and by the comple-
mentarity of other analytical methods.
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