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Abstract Different Fourier transform infrared microspec-
troscopic techniques, using attenuated total reflection
(ATR) mode and single-element mercury—cadmium-—
telluride (MCT) detector (mapping) or multielement
MCT detector (raster scanning), are compared with each
other for the characterisation of inorganic compounds and
organic substances in paint cross sections. All measure-
ments have been performed on paint cross sections
embedded in potassium bromide, a transparent salt in the
mid-infrared region, in order to better identify the organic
materials without the interference of the usual embedding
resin. The limitations and advantages of the different
techniques are presented in terms of spatial resolution,
data quality and chemical information achieved. For all
techniques, the chemical information obtained is found to
be nearly identical. However, ATR mapping performed
with a recently developed instrumentation shows the best
results in terms of spectral quality and spatial resolution.
In fact, thin organic layers (~10 pm) have been not only
identified but also accurately located. This paper also
highlights the recent introduction of multielement detec-
tors, which may represent a good compromise between
mapping and imaging systems.
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Introduction

A sample collected from a painting shows a complex
multilayered structure composed by mixtures of organic
and inorganic substances depending on the type of support
and execution technique adopted. The material character-
isation of these multilayers structures is difficult to
accomplish as the original paint layers’ components may
have been submitted to the deterioration processes and it
may be difficult to be physically separate the layers due to
their thickness (1-200 pm). Moreover, within a single paint
layer, an uneven distribution of pigment and binding
medium may occur. In both performing technical studies
aimed at contributing to attribution studies or informing
painting conservators on appropriate conservation meas-
ures, the need to spatially locate the different components
within the typical multilayered structures represents an
issue of great importance. In fact, it is know that the
material constituents of repainted areas on ancient paint-
ings differ from the constituents of the original painting.
To this purpose, a deep understanding of the painting
components as well as their ongoing degradation and
ageing phenomena is required and can be achieved with
the use of advanced analytical techniques working at
morphological (optical microscopy), elemental (scanning
electron microscopy—energy-dispersive X ray spectrometry
and X-ray fluorescence microscopy) and molecular (Four-
ier transform infrared (FTIR) and Raman microscopies,
secondary ion mass spectrometry, microspectrofluorimetry)
levels [1-5].
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FTIR microscopy, in particular, has been widely applied
to the characterisation of painting materials thanks to its
contemporary capability to characterise stratigraphically
both inorganic and organic compounds [6—11]. The actual
sample preparation procedure foresees the paint fragment to
be embedded into a resin and cross-sectioned. Polyester
resins are commonly used thanks to the fact that they are
colourless, which allows the sample to be seen through and
show almost no shrinkage after setting. They cure at room
temperature and are easy to be sectioned, grinded and
polished in order to reach the desired planarity of the paint
stratigraphy to be analysed. Once properly prepared, paint
cross sections can be analysed with different modalities.

Using a single-element detector in transmission or
reflection mode, the spatial resolution is related to an
adjustable aperture which cannot be lower than 10x
10 pum? in order to allow a sufficient radiation throughput
and avoid diffraction effects. Improvement in the spatial
resolution and in the spectral quality can be achieved by
coupling the FTIR microscope with a synchrotron (SR)
source [12, 13]. Improved spatial resolution and spectral
quality can also be achieved by using attenuated total
reflection (ATR) mode, which makes use of an internal
reflection element (IRE) to analyse the surface of optically
less dense materials placed in close contact with it. It is
generally considered to be the most appropriate method
for analysing cross sections thanks to the fact that the
recorded spectra present similar features to those collected
in transmission mode [14]. Thanks to the magnification
factor of the IRE, the ATR configuration allows smaller
areas to be investigated if compared with reflection or
transmission mode [15, 16]. In fact, the dimension of the
investigated area in a microscope can be estimated with
the Rayleigh criterion: d = 1.221/n, sin @ where d is the
spatial resolution; A is the wavelength; #; is the refractive
index of the medium in which the measurement is
conducted (i.e., the IRE or crystal), and 6 is the most
extreme ray entering the objective [17]. A clear advantage
is that by maintaining a good spectral quality a better
spatial resolution can be achieved. A drawback of the
method is that a uniform contact between the sample and
the ATR crystal is needed, which implies an accurate
surface preparation [15, 18].

Apart from single-point analysis, the use of a motorised
stage and/or multielement detectors has facilitated large
data collection [19]. The introduction of mapping, imaging
and raster scanning equipments allowed the collection of a
large number of FTIR spectra from a surface and the
elaboration of distribution maps of the identified com-
pounds. On selected paint cross-sectional surface areas,
specific spectral information can thus be obtained as
distribution plots using the intensities of characteristic
absorption bands against their spatial position [20, 21].
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FTIR mapping systems perform sequential data collec-
tion, making use of a single-element mercury—cadmium-—
telluride (MCT) detector, adjustable apertures to select the
investigated area and a motorised stage. The spatial
resolution down to ~5 um is here related to the aperture
dimensions and to the acquisition method (reflection,
transmission or ATR) as mentioned above. Furthermore,
the overlapping between two adjacent surface areas during
data collection allows further increase in the spatial
resolution [21-23]. The main drawback of the mapping
system is the acquisition time required, which is of the
order of hours, which may, however, not be relevant when
dealing within rare cultural heritage samples.

FTIR imaging consists of a simultaneous and therefore
faster data collection, which makes use of a multichannel
detector where small pixels of about 6 pm are distributed
over a grid pattern (focal plane array, FPA) [24-26]. If
compared with mapping, which makes use of geometrical
apertures, the spatial resolution is here determined by the
pixel dimension, but unfortunately this also means a poor
spectral quality (low signal-to-noise ratio, S/N). In fact, the
photon quantity received by each pixel is inversely
proportional to the number of pixels, and for large detectors
this means low photon quantity. The ATR configuration can
provide increased spatial resolution of approximately 5 pm
compared to transmission or reflection imaging [27-29].
The high spatial resolution achieved with this configuration
is in fact competitive with the use of synchrotron radiation
source which is a beam with a high brightness [30]. The
cutoff of the focal plane array detector at 900 cm™'
represents a serious drawback when dealing with heritage
materials as the distinction between salts belonging to the
same class category (i.e. carbonates) is not possible. This
happens, for example, with white chalk CaCO; and lead
white Pb(OH),-PbCO3;, two painting materials which show
distinctive features down to 900 cm ™'

The last decade has seen a great development of FTIR
imaging with FPA detectors which became popular in
various application fields, wherein particular dynamic
processes are investigated [22, 31]. In spite of that, this
technique is costly and still needs for special authorisation
as these detectors have been historically used in military
and space imaging application. Moreover, a delamination of
the infrared-sensitive material which composes the FPA
detector may occur and result in non-responsive pixels,
contributing to its low lifetime [32].

More recently, linear array detectors (raster scanning)
have been developed, combining together several MCT
detectors and a motorised stage to perform sequential scan
lines. This system has an acquisition time reduced by a
factor corresponding to the number of detector elements.
The individual elements are 25 pm in size and thus allow
obtaining spectra with a good spectral quality [19, 33]. In
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transmission or reflection mode, the achieved resolution of
25 um can be reduced to 6.25 pm using optical zoom. In
ATR mode, the spatial resolution is ~6 um when a
germanium crystal is used as IRE.

This paper aims to compare the performances of
different micro-FTIR configurations for the characterisation
of paint cross sections. In particular, ATR mapping and
raster scanning have been tested and compared. To this
purpose, an alternative embedding system which makes use
of potassium bromide has been developed with the purpose
of avoiding the interference caused by the embedding resin
in the interpretation of the collected FTIR spectra [14, 34].

Experimental section

Samples Two paint fragments have been collected from the
blue angel’s wing (sample MCR13) of Mattia della
Robbia’s terracotta altarpiece “Assumption of Virgin
between S. Sebastian and S. Rocco” (1527-1532 A.D.)
located in the collegiate church of S. Maria Assunta in
Montecassiano (Macerata, Italy) and from the angel’s halo
of the Giotto’s Universal Judgement (sample 3 L) frescoes
(1305 A.D.) located in the Scrovegni Chapel (Padua, Italy).

The selection of the two samples has been carefully
made as they address specific painting conservation issues
such as the characterisation of organic binding materials
usually present in low concentration and dispersed in the
inorganic matrix made up of pigments and ground
preparation layers. In fact, inorganic materials are strongly
absorbant in the mid-infrared region which results in the
difficulty to detect absorbance bands specific to organic
compounds. Furthermore, the characterisation of thin
organic layers, which are at the limit of the theoretical
spatial resolution of the instrumentation, represents a
challenging issue. To this regard, both paint samples are
characterised by the presence of gilding mordant layers
mainly composed of organic materials, whose thickness is
lower than 10 pm.

The sample preparation procedure is different according
to the type of FTIR measurements to be performed
afterwards. A possible approach is to perform specular
reflection measurements directly on the surface of the cross
section without any contact [15]. However, micro-
irregularities present onto the surface result in spectra
which are difficult to be interpreted because of the
simultaneous presence of specular and diffuse reflection.
In order to obtain a highly reflecting surface, a perfect
sample planarity has to be achieved by using adequate and
strenuous mechanical polishing methods [35], costly ad-
vanced techniques such as ion milling system, focused ion
beam [36, 37] or ultramicrotomy [30, 38]. As a conse-
quence, very few publications have been so far reported

concerning the study of paint cross sections by FTIR
microscopy in specular reflection mode [30, 38-40].
Analyses carried out in transmission mode offer a good
spectral quality, but the multilayered paint sample has to be
prepared as thin section (less than 15 pm thick) which is
hard to be obtained. Alternative sample preparations foresee
the paint fragment to be embedded in KBr and then
polished from both sides until a thin slide is produced.
This procedure results rather destructive for the fragment,
as most of its constituents can be lost during polishing [34].
A thin section can also be obtained through the embedding
of the sample in a polymer resin and then microtoming it in
order to be submitted to transmission analyses [9, 41]. The
paint fragment can also be directly squeezed into a diamond
compression cell and then submitted to transmission
analyses. This is a way to avoid the contamination effect
produced to the spectra by the embedding resin [34, 42].
ATR measurements can be easily performed on cross
sections, aside from the fact that a uniform contact between
the sample and the ATR crystal is achieved. However, in
order to obtain a good spectral quality, a microscopically
flat area can be easily found with micro-ATR crystals [15].
In this paper, we will present ATR measurements, which
have been performed on cross sections embedded in
potassium bromide in order to avoid the interference of
the absorbance bands of the embedding resin in the FTIR
spectra.

After careful observation under a binocular stereo
microscope Leica MZ6, the paint fragments have been
cross-sectioned in potassium bromide (KBr) following an
already published procedure which foresees the following
steps [14]: first, 300 mg of KBr is pressed into a pellet
under low pressure (2 tons for 30 s) in order to achieve a
soft base where the paint fragment will be transferred which
is then positioned with its surface parallel to the base and,
afterwards, another 300 mg of KBr is added on. After a
second low-pressure application (3 tons for 2 min), the
pellet (13x2 mm) is carefully extracted and partially
inserted in a polyester resin support in order to be more
easily handled (Fig. 1) and better submitted to ATR
measurements. Finally, the cross section is obtained through
a careful dry polishing on aluminium oxide Micro-Mesh®
papers with different grinding of 2,400, 4,000, 6,000, 8,000
and 12,000. This sequence allows a smooth surface to be
achieved. The cross sections are then first submitted to
optical microscope observations in order to document the
stratigraphic morphology of the paint layers which are then
chemically characterised by scanning electron microscopy
coupled to energy-dispersive X-ray microprobe analysis
(SEM-EDS). Afterwards, the cross sections are examined
by different FTIR microscopy systems equipped with a
conventional source and either single-element or multi-
channel detectors.
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Fig. 1 Cross section photomicrographs of sample MCR13 embedded
in KBr: a visible light microscopic image; b UV light microscopic
image: the black box indicated the selected area for the SEM-EDX

Optical microscopy Dark field observations have been
performed using an optical microscope Olympus BX51M
equipped with fixed oculars of x10 and objectives with
different magnifications (x5, %10, %20, x50 and x100).
Visible and ultraviolet light have been respectively provid-
ed by a 100-W halogen projection lamp and an Ushio
Electric USH102D lamp. Cross-sectional photomicrographs
have been recorded with a digital scanner camera Olympus
DP70 directly connected to the microscope.

Scanning electron microscopy A scanning electron micro-
scope, Philips XL 20 model SEM-EDX equipped with an
energy-dispersive X-ray analyser, was used to analyse the
cross sections, which have previously been sputtered with
carbon. It is worth saying that such technique has been
performed after the FTIR measurements as the stratigraphy
of the cross section can be slightly modified in case of re-
polishing for further analyses to be performed afterwards.
The elemental composition of the different paint layers was
performed with an acceleration voltage of 25-30 keV,
lifetime >50 s, CPS~=2,000 and working distance 34 mm.
EDX-4 software equipped with a ZAF correction procedure
for bulk specimens was used for semi-quantitative analyses
of the X-ray intensities.

FTIR microscopy
ATR mapping with single-element detector

1. A Thermo-Nicolet Nexus 5700 spectrometer coupled
with a Nicolet Continupm FTIR microscope fitted with
an MCT detector cooled by liquid nitrogen and a x15
Thermo-Electron Infinity Reflachromat objective with a
tube factor of x10 has been used. ATR spectra have
been acquired in the range 4,000-650 cm ', at a
spectral resolution of 4 cm™', using a slide-on ATR
objective with a hemispherical silicon crystal. A
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analysis; ¢ secondary electron image (original magnification x1,600):
the detachment occurring between the white ground layer (0) and the
gold leaf (2) is visible

background single-beam spectrum of the clean ATR
crystal has been first collected with the slide-on ATR
objective inserted but not in contact with the sample
surface. A total of 64 scans have been recorded and the
resulting interferogram averaged. For the ATR mapping
on a selected area (120x230 um? for sample MCR13),
a step size of 20 pum in x-direction and 10 um in y-
direction has been chosen with an aperture of 100x
100 pm, relative to an investigated area of ~29x
29 um?. For sample 3 L, which contains a very thin
organic layer of the order of 3—5 pum, a line map has
been achieved with a step size of 5 um in y-direction
and an aperture of 150x50 pm, relative to an
investigated area of ~44x15 pum® Once a spatially
related series of spectra have been acquired, a data
processing method, using Nicolet OMNIC Atlus™
software, treats the set of spectra collectively, i.e. the
whole data set was baseline-corrected rather than each
spectrum having to be processed individually. Then,
specific chemical absorption bands of the compound
under investigation were selected and their areas,
defined as an interval of 20 cm ' centred on the
maximum of the absorbance signal, plotted against the
spatial position of each spectrum in the series. This
approach allowed information on the spatial distribu-
tion of the identified chemical compounds. Each false-
colour image obtained from the map data set results
from the area of one specific chemical vibration band
(chemical map) plotted against the spatial position of
each spectrum in the data set. A colour scale from high
value (red) to low value (blue) is employed.

2. A Nicolet INT™M]10MX imaging microscope, fitted with
an MCT detector cooled by liquid nitrogen, has also
been used in order to perform ATR mapping. If
compared with the previous equipment, where the
infrared beam generated by the FTIR spectrometer has
to be directed to the microscope through an external
port, the INTM10MX microscope integrates the interfer-
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ometer, source, laser and detector into a single
compartment, which allow a high-energy output and a
very high S/N ratio. FTIR spectra can also be collected
at ambient temperature with a deuterated triglycine
sulphate (DTGS) detector. The measurements have
been performed using a slide-on ATR objective with a
conical germanium crystal, in the range 4,000—
680 cm ', at a spectral resolution of 4 cm™ ' and with
16 scans. Backgrounds have been first acquired with
the slide-on ATR objective inserted but not in contact
with the sample surface. The selected areas (30x
120 pum? for sample MCR13 and 36x126 pum?® for
sample 3 L) have been analysed with a step size of
5 pm (3 um for sample 3 L) and an aperture of 20x
20 pum resulting in an investigated area of 5x5 pm?.
The data processing method used is similar to that of
the Continupm FTIR microscope and makes use of a
dedicated OMNIC Picta™ software.

ATR raster scanning with linear array detector

A Nicolet INTM10MX imaging microscope, fitted with a 16-
element MCT detector array cooled by liquid nitrogen, has
been used with a slide-on ATR objective equipped with a
conical germanium crystal. In this configuration, the spatial
resolution is 6.25 um. ATR measurements have been
performed on selected areas (225x130 um® for sample
MCR13 and 206x 150 um?” for sample 3 L) with eight and
two scans, respectively, at a spectral resolution of 4 cm™" in
the range 4,000-720 cm '. A background single-beam
spectrum of the clean ATR crystal has been first collected
with the slide-on ATR objective inserted but not in contact
with the sample surface.

The spatial resolution and spectral range setup used are
summarised in Table 1.

Results and discussion

Characterisation of thin organic layer based

on proteinaceous material and paint layers made

up of mixture of inorganic and organic compounds (sample
MCRI13) by the use of conventional ATR mapping

with single-element detector

The optical microscope observation of the sample cross
section MCR13 (Fig. la) highlights its multi-layered
structure. In fact, a light blue paint layer (layer 5, 20—
50 pm thick), composed of a mixture of white and few blue
pigment particles and a completely white one (layer 4,
30 wm thick) are superimposed to a gold leaf (layer 2),
under which a brownish gilding mordant (layer 1, 4-14 um

thick) and a white layer (layer 0, 20-60 pm thick) are
visible. A thin dark layer (layer 3, 5-10 um thick), which is
probably due to deposition materials, can also be observed
over the gold leaf and suggests that the angel’s wing was
originally gilt and later on repainted with a light blue paint
layer. Furthermore, a detachment visible between the
organic mordant (layer 1) and the lower white paint layer
0 can be observed and better highlighted by SEM (Fig. 1c)
and optical microscope observation under UV light illumi-
nation (Fig. 1b) that also shows how both layers 0 and 4 are
characterised by a strong bright yellow fluorescence while
the gilding mordant fluoresces just pale blue (Fig. 1b). It is
worth mentioning how the use of the KBr embedding
system greatly improves the microscopic documentation of
the fluorescence generated by paint layers as the interfer-
ence with the fluorescence phenomena generated by the
commonly used embedding resin systems are in this case
avoided.

Micro-ATR mapping measurements (Fig. 2) have been
carried out on a representative area of the sample (120x
230 um?) indicated with a red box in Fig. 1a. By integrating
the CO5” in-plane bending band at 679 cm™' (Fig. 2a), the
presence of lead white pigment (basic lead carbonate
2PbCO;-Pb(OH),) has been localised in the white layers 0
and 4 and in the light blue layer 5. In particular, layer 0 is
enriched in cerussite (lead carbonate) as it can be
appreciated by integrating the CO5> out-of-plane bending
band at 839 cm ' (Fig. 2b). Lead white is a well-known
synthetic pigment that, according to different recipes, can
be characterised by different relative amount of hydro-
cerrusite and cerussite [43]. The differences found in the
composition of the lead white based layers could indicate
the use of pigments from different manufacturers, even
though the transformation of hydrocerrusite into cerussite
(or the reverse), due to weathering conditions, cannot be
excluded [44]. It has not been possible to characterise the
fine dark blue particles which are mixed to lead white in
layer 5 (Fig. la). This is probably due to both their low
concentration and very small size which are under the
detection and/or spatial resolution limits of the system used.
Gypsum (SO, asymmetric stretching, 1,112 cm ') has
been detected within both the dark layer 3 and the mordant
layer 1 (Fig. 2¢). Its presence within layer 3 can be linked
to deposition material whereas its presence within the
mordant layer 1 is hard to be explained. In fact, ancient
gilding mordant techniques do not mention the use of
gypsum and, therefore, a contamination from closer paint
layers caused by the probably low spatial resolution of the
system configuration used can be hypothesised, as will be
discussed herewith after. On the other hand, the character-
isation of the different binding media has been successfully
achieved. In fact, by mapping the ester C=0O stretching
band at 1,732 cm ' (Fig. 2d), the detection of a lipidic
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Table 1 Technical characteristics of the different FTIR microscopic techniques and experimental conditions for samples MCR13 and 3 L

Raster scanning iNTM10MX

Mapping iIN™M10MX Mapping Continupm

Technical characteristics

Spectral region investigated (cm ") 4,000-720
Lower practical limit of aperture (um?) -

Pixel dimension (um) 25

S/N ratio Very high
Investigated area (pmz) Multiple of 12x100
Detector lifetime High
Acquisition time 2-30 min
Experimental conditions

Aperture MCR13 -
Aperture 3 L -

ATR crystal Ge

Step size (um) MCR13 -

Step size 3 L

Spectral resolution (cm™)

Spatial resolution (pum) 6.25
Scans MCR13

Scans 3 L

4,000-675 4,000-650
20x20 50x50
Very high High
Variable Variable
High High
min-h h

20x20 100x 100
20x20 150x50
Ge Si

5 20-x, 10-y
3 5-y

4 4

5 10

16 64

16 64

Ge conical germanium, Si hemispherical silicon, -x x direction, -y y direction

binder has been obtained and its spatial distribution within
both the repainted layers (layers 4 and 5) and the white
ground (layer 0) located. By integrating the amide I
absorbance band at 1,638 cm !, the detection of proteina-
ceous material has been achieved within both the thin
mordant layer 1 and the thin dark layer 3 present over the
gold leaf (Fig. 2e). In the first case, it can be attributed to a
glue size gilding technique whereas its presence in layer 3
could be due to the application of a proteinaceous-based
protective/finishing layer applied over the gold leaf.
Ancient treatises mention for gilding either the use of a
mixture of siccative oil and natural resins or a glue size
mixed with red bole [45, 46]. However, as already

mentioned above for gypsum, this could also be due to
the fact that the dark layer and the mordant layer, whose
thickness is lower than 10 um, cannot be differentiated with
this system.

Unfortunately calcium oxalates, which are known to be
the result of organic binders’ degradation phenomena and/
or biological activity[46], show infrared bands in the same
spectral region of the amide I, and therefore, the distribu-
tion plot carried out at 1,638 cm™' cannot be considered a
specific feature for the detection of protein binders. In fact,
as shown in Fig. 2f, which has been obtained by integrating
the characteristic oxalates O—C—-O stretching band at
1,319 ¢cm !, their presence has been also confirmed in

Fig. 2 ATR mapping continuum, sample MCR13: FTIR false-colour
plots representing (@) lead white (peak area 679 cm '), (b) cerussite
(peak area 839 cm '), (¢) gypsum (peak area 1,112 cm ), (d)
siccative oil (peak area 1,732 cm '), (¢) amide I (peak area

@ Springer

1,638 cm™ "), (f) oxalates (peak area 1,319 cm '), (g) proteinaceous
material (correlation map with a reference spectrum of glue) and (%)
silicates (correlation map with a reference spectrum of bole)
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layer 1, 3 and 4. At the same time, the amide II band
(1,600-1,550 ¢cm ') cannot be used as indicative of the
presence of proteinaceous materials as this band overlaps
with that typical of metal carboxylates which are produced
through the interaction of pigments and binders. In spite of
that, the presence of proteinaceous material has been
confirmed in both layers 1 and 3, performing a correlation
map with a reference spectrum of animal glue (Fig. 2g).
The presence and spatial location of silicates has been
performed, and the correlation map with a reference
spectrum of red bole pigment (a natural ferruginous
aluminium silicate red pigment) revealed their presence in
both layers 1 and 3 (Fig. 2h). In the first case, their presence
is certainly related with the ancient gilding technique
whereas the presence of silicates in layer 3 could be
correlated with deposition material. The presence of
siccative oil as binder of the white ground layer 0 and the
detection of a proteinaceous material used for gilding may
explain the observed gold leaf detachment (Fig. lc).
Differences in their chemical composition may have given
rise to different response to external physical stresses. It can
be noticed that no signal has been acquired in the right part
of the investigated area (Fig. 3) where the detachment has
been observed. In fact, one of the main difficulties
encountered when working in ATR with a hemispherical
crystal is due to its non-perfect contact with non-perfectly
planar surfaces which have not been carefully polished. To
this regard, the preparation of paint cross sections embed-
ded in KBr should be carefully performed by paying great
attention to the application of a gentle and constant pressure
during the polishing procedures.

Characterisation of oil-based thin organic layer (sample
3 L) by the use of conventional ATR mapping
with single-element detector

In order to help interpret and complement the ATR—FTIR
results, the 3 L cross section has been first observed under
optical microscope. The visible and UV light images
illustrated in Fig. 3 indicate that a golden tin technique
has been adopted. Despite the fact that different definitions
of “stagno dorato” (golden tin) are reported [47, 48], Giotto
made use in this case of a fine real gold leaf superimposed
to a tin foil instead of a tin foil tinted with a golden varnish
which represented in the ancient techniques a cheap
substitute for gold. A gold leaf (layer 1) has been applied
over a tin leaf (layer 3) by the use of a thin mordant gilding
(layer 2, 3-5 um thick) which fluoresces bright yellow
when observed under UV light (Fig. 3b). This feature is
generally considered as a first indication of the presence of
an oily substance. The tin foil itself was fixed to the wall by
means of another mordant layer (layer 4, 15-50 pum thick),
which also shows a bright yellow fluorescence when

Fig. 3 Cross section of sample 3 L embedded in KBr: a visible light
microscopic image: the red box indicated the selected area for the
ATR mapping; b UV light microscopic image; ¢ BSE image (original
magnification x1,300) of sample 22 L with a similar structure: the
different layers are numbered from 1 to 4: gold leaf (7), gold mordant
layer (2), tin leaf (3) and tin mordant layer (4)

observed under UV illumination. The use of a golden tin
technique has been confirmed by SEM-EDX elemental
analyses. In fact, both tin and gold have been identified in
the different metal leaves which appear, respectively, grey
and white in the BSE image (Fig. 3c) [49-52].

ATR-FTIR mapping measurements performed on sam-
ple 3 L by the use of conventional ATR mapping with
single-element detector have not been successful in the
characterisation and spatial location of the very thin
mordant layer 2. This can certainly be explained by the
fact that the thickness of this thin layer is below the spatial
resolution achievable with this configuration.
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Characterisation of thin organic layer based

on proteinaceous material and paint layers made

up of mixture of inorganic and organic compounds (sample
MCR13) by the use of ATR raster scanning with linear
array detector on the iNTM10MX microscope

A selected area (225x130 pum?) of sample MCR13 has
been submitted to ATR raster scanning (Fig. 4a). In this
case, the spectra have been recorded in extreme con-
ditions by using only eight scans but maintaining a high
signal-to-noise ratio. Since this system allows the inves-
tigation of larger areas, it has also been possible to
achieve a wide overview of the present compounds,
which could not be detected by performing measurements
on small areas. In fact, gypsum has been mainly identified
and located in the thin dark layer 3 by imaging the SO, >
asymmetric stretching at 1,113 cm™ ' (Fig. 4b). However,
in correspondence to gold leaf discontinuities, gypsum
has penetrated into the below thin organic layer 1 and its
presence detected accordingly. As already mentioned,
gypsum is often associated to deposition material and its
presence in layer 3 confirms that the upper paint layers
are not original and have been painted at a later stage.
Given the fact that the 1,636 cm™' band is not specific for
oxalates as proteinaceous material absorb in the same
spectral region, the O—C-O stretching absorbance at

Jl max

Fig. 4 (a) ATR raster scanning, sample MCR13: visible light FTIR
microscopic image: the box indicated the selected area for the ATR
raster scanning. FTIR false colours representing (b) gypsum (peak
area 1,113 ecm "), (¢) oxalates (peak area 1,319 em '), (d) amide
correlation map with details of the layer thickness about 8 um and (e)
indigo (peak area 1,076 cm™")
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1,320 cm ! has been used as the characteristic band for
oxalates (Fig. 4c). On the other hand, the binding medium
used for gilding has been identified and exactly localised
in the mordant layer 1 using a correlation map on the
amide functional group (Fig. 4d). It is worth mentioning
how the thickness measured (8 pm) in the infrared image
for proteins is of the same order than the thickness (5—
15 pum) of the mordant layer in the visible light image,
indicating the high spatial resolution thus achieved with
raster scanning. Moreover, the fine dark blue pigment
particles of about 10 pm present in layer 5 have been
identified as indigo, using one of its characteristic bands
at 1,076 cm ' (Fig. 4e). Indigo is a blue vegetable
colouring matter that for use as a paint pigment is ground
directly to a fine powder for mixture, as in this case, with
lead white in order to obtain the desired light-blue
tonality. Its detection may be difficult when mixed with
highly absorbant inorganic pigments (lead white) and
degradation products generated by aged binding media
(siccative oils). In spite of that, its identification and
spatial location have been achieved here thanks to the
greater energy output and spatial resolution of this
configuration (Fig. 5a, c). With respect to the ATR
mapping extracted spectrum of the light blue layer 5
obtained with conventional microscopy (Fig. 5a), where
no absorbance bands related to indigo are observed, the
ATR raster scanning-extracted spectrum of the same layer
shows some indigo characteristic absorbance bands at
1,076, 1,130, 1,198 and 1,629 cm™".

Characterisation of oil-based thin organic layer (sample
3 L) by the use of ATR raster scanning with linear array
detector on the iN™10MX microscope

ATR-FTIR raster scanning has been performed directly
on the 3 L cross section on a representative area (63X
63 um?) marked with a red box in Fig. 6a. If compared
with the unsuccessful results achieved with conventional
ATR mapping, this system allowed the identification and
localisation of the different inorganic and organic com-
pounds constituting the paint layers. The distribution plot
of the C—H aliphatic stretching absorbance bands between
2,990 and 2,830 cm ! seems here to be localised within
the tin mordant layer 4 and can only be related to the
presence of organic substances (Fig. 6b) as the KBr
embedding material is inactive within the mid-infrared
region. In particular, a mixture of siccative oil and natural
resin can be suggested thanks to the contemporary
presence of the fatty ester band and the asymmetric
stretching band of the carboxylic acid at 1,707 cm™'
(Fig. 6¢). The assignment to a mixture of oil and natural
resin is further confirmed by the existence of specific
ancient recipes for mordant preparations [46—48, 53].
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Fig. 5 (a) ATR mapping-extracted spectrum obtained from the layer 5
of sample MCR13 with conventional microscopy, aperture 100 x
100 pm (investigated area of ~29x29 yum?®) and 64 scans. (b) ATR
mapping-extracted spectrum obtained from the same layer with the
integrated FTIR microscope, 2020 um (investigated area of 15x
15 pm?) and 16 scans and (¢) ATR raster scanning-extracted spectrum
obtained from the same layer with integrated FTIR microscope and
eight scans

Calcium oxalates are located within the tin mordant layer
4, and their mapping was achieved by integrating the O—
C—O stretching band at 1,319 cm™'. Moreover, they seem
to be also present within a region close to the gold
mordant layer 2 (Fig. 6d). The pixel dimension of this
type of detector allows us to reach a high spatial
resolution of approximately 6.25 pm. However, this is
not enough to accurately image the very thin gold
mordant layer 2 which has a lower than 5-pm thickness.

Fig. 6 a ATR raster scanning,
sample 3 L: visible light FTIR
microscopic image: the box in-
dicated the selected area for the
ATR raster scanning. FTIR false
colours representing b aliphatic
CH (region of interest 2,990—
2,830 cm 1), ¢ fatty acids (peak
area 1,707 cm™ ") and d oxalates
(peak area 1,320 cm™ ')

ATR mapping with single-element detector
on the iNT™M10MX microscope

The presence of the infrared source directly located inside
the FTIR microscope allows the avoidance of loss of energy
due to the shorter optical path. For this reason, it is possible
to reduce both the aperture, which in turn improves the
spatial resolution and the number of scans, which decreases
the time of analysis. As illustrated in Fig. 7, single-point
ATR measurements performed on the white paint layer 0 of
sample MCR13 using lower aperture (6060 um) than the
ones used with conventional microscopy (100x100 pm)
resulted in the spectral quality to be maintained, even with
lower numbers of scans (32 instead of 64). In the same way,
as illustrated in Fig. 8, the analysis of the same area of
6.25%x6.25 pm by ATR mapping requires an aperture of
25 um whereas with conventional FTIR microscopy this
setting would not allow us to record any spectra.

Proteinaceous-material-based thin organic layer
and mixture of inorganic and organic compounds (sample
MCRI13)

ATR mapping measurements have been performed on the
same MCRI13 cross section by adopting even more extreme
parameter setup, which is a reduction to 20x20 pum
aperture and number of scans to 16 with the aim of better
characterising the thin organic layers 1 and 3. The chemical
maps obtained (Fig. 9) from an area of 30x 120 um? (blue
box in Fig. 2a) are rather consistent with the results
obtained with the Continupm FTIR microscope and the

min I W max
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Fig. 7 (a) ATR spectrum obtained from the layer 0 of sample MCR13
with conventional microscopy, aperture 100x100 pm (investigated
area of ~29x29 pm?) and 64 scans. (b) ATR spectrum obtained from
the same layer with integrated microscopy, 60x60 pum (investigated
area of 15x15 pm?) and 64 scans and (c) the same point but with 32
scans

raster scanning configuration. Gypsum (SO4>~ stretching,
1,111 ecm™") has been better identified as a deposition
material and precisely localised as constituent of the thin
dark layer 3 (Fig. 9a). Moreover, the location of protein-
aceous material has been accurately assigned to the thin
mordant layer 1 using a correlation map with a reference
spectrum of animal glue (Fig. 9b). The elaboration of a
correlation map with red bole pigment spectrum resulted in
a localization which correspond to that of the proteinaceous
material previously mentioned (Fig. 9c). If compared with
the ATR mapping performed with conventional FTIR
microscope, the chemical information obtained is substan-
tially the same, but the chemical maps are more accurate,
thanks to the improved spatial resolution and, in particular,
the presence of proteinaceous material, and silicates are
confined within the thin mordant layer, while gypsum
appears as deposition material in the above dark layer. In
addition, the fine blue pigment present within layer 5,
which could not be previously identified with conventional
FTIR microscope, turned out to be indigo (1,076 cm
Fig. 9d). The great energy output and spatial resolution of
this configuration are comparable to raster scanning, and
the identification and spatial location of an organic pigment
present in very small quantity have been achieved here
(Fig. 5a, b). As illustrated above for raster scanning, the
indigo characteristic absorbance bands at 1,076, 1,130,
1,198 and 1,629 cm™ ' are observed on the ATR mapping
extracted spectrum obtained with the integrated FTIR
microscope (Fig. 5b) whereas no indigo is detected with
conventional microscopy (Fig. 5a). Chemical maps of the
other identified compounds (lead white, cerussite, oxalates

@ Springer

and siccative oil) are similar to those obtained with
conventional FTIR microscope (Fig. 9e—h).

Oil-based thin organic layer (sample 3 L)

ATR-FTIR mapping has been performed directly on the
KBr cross section on a representative area (36x 126 pm?)
marked with a red box in Fig. 3b. As illustrated in Fig. 10a,
the resulting image obtained plots the intensity of the CH
aliphatic stretching absorbance bands between 2,990 and
2,830 cm ' and has allowed the localising of the different
organic substances. The distribution plot of the acid C=0O
asymmetric stretching band at 1,707 cm ' (Fig. 10b) and
the FTIR spectra extracted from the different areas have
suggested the presence of a mixture of siccative oil with
natural resin in both the gold mordant and tin mordant
layers (layers 2 and 4 respectively). Calcium oxalates,
which may be derived from organic compounds’ degrada-
tion, have been also identified in the different organic layers
integrating the O-C-O stretching band at 1,320 cm '
(Fig. 10c). The distribution of carboxylates as degradation
products has been also plotted using the integrated
asymmetric COO stretching absorbance at approximately
1,555 cm ' (Fig. 10d) and coincided with the inner tin
mordant layer. With respect to ATR microscopic conven-
tional mapping, where no results have been achieved, and
raster scanning systems, where lower spatial resolution is
available, the thin mordant layer of 5 um has been
determined here. In fact, as the optical path length between
source and objective is reduced, the integrated system
iN10X benefits from higher energy output and permits
working with lower apertures (2020 pm?), which there-

a
A P
b \ v ™
g II ; //\N
E \ |
o \
:
[
3500 3000 2500 2000 1500 1000

Wavenumbers {cm)

Fig. 8 (a) ATR spectrum obtained from the layer 0 of sample MCR13
with conventional microscopy, aperture 25x25 um and 64 scans. (b)
ATR spectrum obtained from the same layer with integrated
microscopy, 25%25 um and 64 scans and (c) ATR spectrum obtained
from the same layer with integrated microscopy and raster scanning
detector
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Fig. 9 ATR mapping-iN™-
10MX, sample MCR13: FTIR
false-colour plots representing
(a) gypsum (peak area

1,111 em™ "), (b) proteinaceous
material (correlation map with a
reference spectrum of glue), (¢)
silicates (correlation map with a
reference spectrum of bole) and
(d) indigo (peak area

1,076 cm™")

fore results in a better spatial resolution. High-quality FTIR
spectra are also obtained with a high signal-to-noise ratio or
with a reduced acquisition time (16 scans).

Conclusions

In this paper, FTIR mapping with a conventional DTGS
detector is compared in terms of chemical information, data
quality and accurate spatial localisation with FTIR mapping
with a recently developed integrated system and raster

min B
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Fig. 10 ATR mapping- iN™10MX, sample 3 L: FTIR false-colour
plots representing a aliphatic CH (region of interest 2,990-
2,830 cm ), b fatty acids (peak area 1,707 cm '), ¢ oxalates (peak
area 1,320 cm ') and d carboxylates (peak area 1,555 cm™')

scanning in ATR mode. The different technical character-
istics of each method used in this article are reported below
in Table 1. ATR mapping and raster scanning with the
integrated system provide better S/N ratios with shorter
acquisition time with respect to the conventional ATR
mapping system. These features are particularly important
for the identification and spatial location of thin organic
layers within the paint cross sections or of organic materials
mixed in low quantity with other organic and inorganic
materials.

With both setups, the characterisation of indigo in
sample MCR13 was accomplished whereas it was not
detected with the conventional system. Moreover, with
the two setups, a better characterisation of the thin
layers has been obtained. The 3 L sample shows how
the mapping approach with the integrated system allows
reaching spatial resolution down to 5 pm while raster
scanning is not suitable for a clear distinction of the
thinner mordant layer. This finding leads to the
conclusion that the mapping performed with the inte-
grated system shows here the best results with high
spectral quality and spatial resolution.

However, raster scanning offers a fast and convenient
method for the analysis of large sample areas with a high
spatial resolution and a good data quality (minimum
analysed area is 12x100 pm?®) in order to obtain a more
statistical information about the homogeneity of the
different layers. Given the larger spectral region (4,000—
720 cm™') with respect to the FPA imaging systems, this
technique presents straightforward advantages for the
characterisation of paint cross sections.

In conclusion, the two methods can be used in a
complementary way with mapping leading to the best
spatial resolution and raster scanning to a more
statistical product distribution. The spatial resolution
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that the two systems are able to reach is extremely
useful in the cultural heritage field and allows avoiding
the employment of other approach in which the sample
needs to be microtomed and/or analysed in transmission
with SR radiation.
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