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4 4 FOURIERR TRANSFORM INFRARED 

MICROSCOPICC IMAGING OF AN 

EMBEDDEDD PAINT CROSS-SECTION 

FTlR-imagingFTlR-imaging is presented as a new analytical approach in the study of paint cross-sections. 

AA nalytical FTIR reflection imaging provides the spatially resolved acquisition of infrared spec-

tratra with a resolution of about 7 pm. The technique reveals detailed information on the organic 

functionalfunctional group distribution in the individual layers of embedded paint cross-sections and is 

usedused complementary to visual microscopy and SEM-EDX. This method was applied to a paint 

cross-sectioncross-section of Rembrandts Portrait of a standing man (1639). FTIR imaging of this cross-

sectionsection identified and localised different compounds present in the layers of this sample. Identi-

ficationfication of these compounds, based on their infrared spectra is confirmed by results from art 

historicalhistorical and conservation literature. Special attention was given to a discoloration that was 

observedobserved in large parts of the described painting. This discoloration was clearly visible in the 

paintpaint cross-section. A hypothesis on the nature of the discolored paint layer is formulated based 

onon the FTIR imaging results. 
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4.11 Introduction 

Thee continuous need to treat and restore easel paintings is generally attributed to various 
molecularr ageing phenomena. The components used by the painter are subject to chemical and 
physicall  changes both during and after the creation of a painting. Painting restorers strive to 
minimisee the negative effects of these ageing reactions and try to preserve a painting as long as 
possible.. Yellowed varnishes are being replaced with fresh ones, damaged areas are filled and 
overpaintedd in the course of the restoration of a painting. The restorer has to have a thorough 
knowledgee of the painting materials and the current condition of the paint to take informed 
decisionss on treatment and restoration of our cultural heritage. This knowledge is generally 
obtainedd in two complementary ways. Historical sources, such as painters' handbooks and let-
terss from painters are studied to reveal information on painting materials and techniques. On the 
otherr hand, analytical investigations on paintings and paint samples are performed to ascertain 
theirr current chemical and physical state. In this study we will present a new analytical approach 
inn the molecular study of easel paintings and paint materials. 

4.1.11 Materials and structure of paintings 
Easell  paintings essentially consist of superimposed paint layers. The paints applied by the 

painterr arc prepared beforehand and mixed on the artist's palette. The binding medium and other 
materialss (pigments, additives) in the paint substantially change in molecular structure during 
thee subsequent period of ageing and repeated restoration treatments. The paint, which normally 
consistss of colouring materials (pigments, dyes) and a binding medium (oil, tempera), dries due 
too cross-linking of the binding medium. In oil paints, de-esterifi cation of the glycerol ester bonds 
andd oxidation of fatty acids leads to formation of aldehydes, alcohols, carboxylic acid groups, 
andd peroxides.109 ]-A2t! Pigments or other additives can have a large influence on these processes. 
Onn a macroscopic scale, the paint solidifies and later on becomes brittle due to these chemical 
changes. . 

Varnishh layers applied on top of the paint layers protect the paint and saturate the colour of the 
paint.. Most varnishes consist of di- or triterpenoids that undergo extensive oxidation and 
crosslinking.. These reactions result in yellowing of the varnish layer.11""1 

Thee few processes described above already indicate that the compounds present in a paint 
layerr as well as the resulting ageing processes can greatly differ between the distinct layers of a 
painting.. Analytical strategies designed to elucidate the processes of chemical change in paint 
layerss must therefore have a sufficiently high spatial resolution to examine the layers individu-
ally. . 

4.1.22 Cross-sections in paintings research 
Analyticall  strategies aimed at the molecular processes occurring beneath the surface of a 

paintingg require sampling of the layered structure. Two analytical approaches can be distin-
guished.. The first approach involves the dissection of the sample in its individual layers, fol-
lowedd by a bulk analysis of each layer. The required physical separation of the different layers 
underr a microscope is normally difficult or impossible due to the small layer thickness (~ 1-50 
plm)) and the strong adhesion between layers. The second approach involves the preparation of a 
paintt cross-section, which implies that a multilayered sample is taken from a painting and em-
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beddedd entirely in a polyester or poly-acrylate resin. The resin facilitates handling and prevents 
losss of the minute paint chip (- micrograms). The embedded sample is polished to obtain a 
smoothh surface in which all layers are visible. 

Thee widespread use of paint cross-sections by restorers, art historians, and other investigators 
makess that a large number is available for analysis. Reflected light microscopy is frequently 
usedd to study the colour and structure of the paint layers. 

Scanningg Electron Microscopy combined with Energy Dispersive X-ray spectroscopy {SEM-
EDX)) is mostly used to examine the elemental composition of a paint cross-section. However, 
bothh techniques provide no information on the organic moieties in the different layers of the 
painting.. Revealing organic information from cross-sections by normal analytical techniques is 
mostlyy impossible, as the technique should meet two requirements to analyse cross-sections. 
Thee first requirement is the ability to study the surface properties. The second requirement is a 
highh spatial resolution, as layer thickness normally varies between 1-50 urn. Few analytical 
techniquess meet these two requirements. An advanced reflection FTIR spectroscopic imaging 
set-upp is used in the study described here, as conventional FTIR spectroscopy is unavailing in 
thee analysis of paint cross-sections. 

4.1.33 FTIR-imaging in the study of paint cross-sections 
Infraredd spectroscopy has often been used to identify organic compounds in a painting. The 

possiblee use of infrared spectroscopy in conservation science was recognised already in 1966 by 
Olinn and in 1970 by van 't Hul-Ehrnreich.41 The possibilities to measure the small samples 
normallyy available in paintings research were increased extensively after dispersive infrared 
spectroscopyy was replaced mainly by FTIR.3741A2M Most of the measurements on paint samples 
aree transmission measurements performed on KBr discs. Preparation of KBr pellets requires the 
grindingg of a sample. Grinding of the sample leads to a homogenisation of the sample and hence 
thee possibility to study the spatial distribution of compounds is lost. Diffuse Reflectance Infra-
redd Fourier Transform Spectroscopy (DRIFTS) gives results similar to transmission FTIR, but 
alsoo DRIFTS requires a powdered sample and is therefore inadequate for a spatially resolved 
studyy of layered structures. 

Thee transmission techniques described above are obviously not suitable for the analysis of 
opaquee thick cross-sections. We therefore describe the development of reflection FTIR-imaging 
ass a novel strategy in the analysis of embedded cross-sections in this paper. Two different ap-
proachess exist to obtain spatially resolved infrared spectra of complex surfaces. A scanning or 
rasteringg experiment uses a diaphragm to select a small spot on the surface of the sample. Modu-
latedd light from the interferometer that is reflected by this spot reaches the detector, and a spec-
trumm of that spot is recorded. The sample is subsequently moved to a next spot for a new mea-
surement.. This sequential measurement of all spots on the surface yields an assembly of infrared 
spectraa from the different surface positions. 

Itt is unfortunately an extremely time consuming approach, as the diaphragm which deter-
miness the spatial resolution in a mapping experiment deprives the largest amount of the modu-
latedd light. The decreasing signal to noise ratio (S/N) of the infrared spectra has to be compen-
satedd by longer integration times. Furthermore, all of spectra are recorded sequentially. Spatial 
resolutionss of 10-15 p:m have been achieved using the scanning approach.s? 
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Thee second approach that is employed here is FTIR-imaging. The FTIR-imaging set-up (see 

Fig.. 4.1) consists of an array of a large number of independent detectors, called a Focal Plane 

Arrayy (FPA) and a step-scan interferometer. The step-scan interferometer steps through several 

hundredss of mirror positions during data collection. Modulated light from the interferometer 

illuminatess the sample. An image of the sample is projected by an infrared microscope onto the 

FPA,, which is triggered to acquire an image at every minor position of the step-scan interfero-

meter."""  In this way. all pixel elements of the FPA simultaneously record an interferogram of a 

differentt spot on the sample. The parallel recording of multiple spectra has a number of advan-

tagess compared to a mapping experiment. A diaphragm is not needed for spatial resolution in 

imagingg experiments. Therefore the modulated light is used more efficiently than in mapping 

experimentss and the total time to complete a spatially resolved FT1R image is reduced by several 

orderss of magniaide. The experiment time is now solely governed by the desired spectral resolu-

tionn and S/N. These two parameters can be adjusted by changing the number of mirror steps and 

thee number of image summations respectively. 

Thee spatial resolution in the short wavelength range is determined by the magnification of the 

microscopee and the size of the pixels in the FPA. In the experiments described in this paper the 

instrumentall  limit of the resolution is 6-7 (am. The resolution is diffraction limited in the longer 

wavelengthh fingerprint region. 

FTIR-imagingg on paint cross-sections presented here provides detailed information on the 

organicc functional groups and their distribution in the individual layers of embedded paint cross-

sectionss and is used complementary to visual microscopy and SEM-EDX. 

Fig.Fig. 4.1. The FTIR imaging set-up consists of an infrared spectrometer, equipped with a step-scan interferometer. 
ModulatedModulated light from this system isfocussed on a sample through an infrared microscope. Light reflected by the 
samplesample is projected on an MCI'focal plane array by a ZnSe-lens. The light path for transmission measurements is 
alsoalso indicated in the figure. 
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4.22 Material and Experimental 

4.2.11 Sample description and preparation 
Rembrandtt painted the Portrait of a standing man in 1639 (Staatliche Museen Kassei, 

Gemaldegaleriee der Alten Meister. GK 239, see Fig. 4.2). This painting has undergone several 
restorationn treatments in the course of time. It was investigated as a preparation for the latest 
restoration.. Some paint samples became available for analysis during these investigations. One 
off  these is used as a validation of the technique in the field of conservation, as much is known 
aboutt the paint materials, techniques, and layer composition used by Rembrandt' and especially 
aboutt this particular cross-section."-

Nextt to the typical layer composition, an interesting artefact is present in this sample. The 
originallyy dark paint layer has a pale appearance on large parts of the surface of the painting, 
whichh is not to be expected in a dark shadow region. The pale appearance could be correlated to 
aa discoloration in the uppermost part of the paint layer. However, the reason for this degradation 
couldd not be found by microscopy. Therefore we tried to obtain more chemical information from 
thiss sample by FTIR-imaging spectroscopy. 

Thee sample was embedded in Scandiplast (H.P. Tempelman, Hagen, Germany) and polished 
withh Micromesh® polishing cloths up to the finest mesh (12000) (Scientific Instrument Services 
Inc.,, Minnesota). 

4.2.22 FTIR Experimental set-up 
Thee experiment described in this paper was performed on a FTS-6000 Stingray FTIR-imag-

ingg system (Bio-Rad, Cambridge, MA, USA), which combines a step-scan Michelson interfero-
meterr (Bio-Rad FTS-6000),113 an IR microscope (Bio-Rad UMA-500) and a 64 by 64 element 
MCTT focal plane array (Santa Barbara Focal Plane, Goleta, CA). The 15x Cassegrain optics of 
thee microscope are extended with a 76-mm ZnSe-lens in order to image the sample onto the 
FPA.. With this optical configuration an area of 400 by 400 jam is imaged on the full FPA. This 
fieldd of view combined with the 64 x 64 pixel FPA yields a maximum resolution of 6.25 \im. The 
resolutionn is diffraction limited in the long wavelength range. A 2.53 \xm short wave cut-off 
filterfilter  (OCLI, Santa Rosa. CA) in front of the FPA allows scanning with an under sampling ratio 
(UDR)) of 4. The step distance of the interferometer at UDR 4 is 1.266 (im, so the shortest 
wavelengthh that can be observed is 2.53 \\.m (3950 cm1) according to the Nyquist theorem. The 
longg wavelength limit of the optical band pass is 900 cm', as the FPA is sensitive to light up to 
aboutt 10.5 (irn. 

Thee selected interferometer step frequency can be adjusted for higher speed or higher S/N. 
Thee low step rate (1 Hz) of the step-scan interferometer in the experiments described allows the 
frame-grabberr board in the camera to average 200 images during each step, leading to a high S/ 
N.. The averaged image is transferred to the computer. Win-IR Pro 2.5 software (Bio-Rad) is 
usedd to control the interferometer and the ImaglR 2.1 image acquisition software (Santa Barbara 
Focall  Plane). Approximately 500 interferometer steps are needed to obtain the spectroscopic 
resolutionn of 16 cm'. The total measurement time in this configuration is about 9 minutes, while 
thee resulting data-set is about 8 Mb in size. 

AA two-point calibration ensures a homogeneous response of each pixel on the FPA. A zinc 
selenidee (ZnSe) window was chosen for this calibration because of its nearly constant reflection 
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Fig.Fig. 4.2. Portrait of a standing Man. painted by Rembrandt van Rijn in 1639. (Staatliche Museen Kassei. 
GemaldegalerieGemaldegalerie dei Alten Meister, (ibi 239). A cross-section is laken from the shadow region below the man 's right 
arm.arm. (see also the coloured version at the end of this Thesis) 
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inn the complete MIR range. ZnSe has a refractive index of 2.45 and reflects about 18% of the 
incomingg light, comparable to that experienced in cross-section analysis. The background spec-
traa were also recorded from the ZnSe-window. 

Specularr (Fresnei or mirror) reflected light forms the main part of detected light from a pol-
ishedd paint cross-section sample. The intensity of the reflected beam is not only dependent on 
thee absorption, contrary to transmission measurements, but also on the refractive index of the 
sample.. Hence, spectra of specularly reflected light are not directly comparable to results of 
transmissionn measurements. Fortunately, a fundamental relation between absorption and refrac-
tionn exists. This relation was first described by (Cramers and KronigIM and the transformation 
thatt yields absorbance-like spectra from specular reflectance data is called a Kramers-Kronig 
transformation.'"-*44 The infrared microscope fixes the angle of the incident beam, and makes the 
applicationn of polarised light unsuccessful due to the collimation of the incident beam. There-
foree the application of the Kramers-Kronig transformation is formally not allowed for these 
measurements.. However, the relatively small angle of incidence can be assumed near-normai in 
thee described set-up, especially for the evaluation of low absorbing samples. 

Thee data-set obtained during one run of the interferometer contains one complete interfero-
gramm for every pixel in the FPA. Data pre-processing of these 4096 spectra was performed by the 
Win-IRR Pro software, using standard Mertz phase correction,1*5 a triangular apodisation and zero-
fillin gg to 1024 points. After Fourier transformation, the real part of the signal was background 
correctedd to reflectance units. The Kramers-Kronig transformation algorithm provided with the 
Win-IRR Pro software was used to transform the specular reflectance spectra to absorbance spec-
tra. . 

Thee resulting three-dimensional data-cube consists of a stack of images. Each image contains 
ann absorption plot at a specific wavelength, while every pixel in the image contains a complete 
infraredd spectrum. These infrared spectra can be displayed and analysed individually to identify 
thee compound present at a particular image position. The most straightforward way to analyse 
thee spatial distribution of a compound is to compare the intensities of one of its specific spectral 
absorbancee band in all spectra. The outcome of this comparison is displayed as a false colour 
intensityy map that shows the functional group distribution of the cross-section surface. A combi-
nationn of these tools provides a simple means to identify and localise compounds present in the 
paintt sample. 

Calciumm carbonate (Merck, 99%) was measured as a reference material in transmission as a 
KBrr pellet. The diffuse reflectance measurement was obtained using the Bio-Rad DRIFTS ac-
cessory.. Both measurements were performed using the Bio-Rad FTS 6000 spectrometer in rapid 
scann mode. The spectra have a resolution of 4 cnr' and were acquired with a mirror speed of 5 
kHzz co-adding 50 spectra. Both spectra were corrected to absorbance units with a KBr back-
groundd spectrum using the appropriate sampling method. 
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4.2.33 Microscopy 
Visuall  light microscopy reveals layer structure and colour with a high resolution (-1 \im). 

Illuminationn with ultraviolet light causes specific components, especially resins, to fluoresce. 
Microscopicc studies were performed on a Leica DMR microscope (Leica. Wetzlar. Germany), 
Norma!!  light was provided by a 100W Halogen projection lamp, using bright-field illumination 
andd crossed polarisers. An Osram HBO 50 lamp and Leica filter D (excitation 360-425 nm, 
emissionn > 460 nm) were used for fluorescence microscopy. 

4.2.44 SEM-EDX 
SEM-EDXX measurements were performed to identify heavy elements present in pigments, 

dryerss or other compounds. These measurements were carried out on a JEOL JSM 5900 LV 
scanningg electron microscope scanning with a 25 kV electron beam. Samples were coated with 
carbonn to increase the low conductivity of the sample and so prevent accumulation of charge. 
EDXX analyses were performed on different parts of thee cross-section by measuring the emitted 
X-rayss with a Noran Vantage EDS-system equipped with a Pioneer Norvar Detector. 

4.33 Results and discussion 

4.3.11 Microscopy and EDX 
Resultss of the microscopic investigation are shown in Fig. 4.3. Fig. 4.3a shows the visual 

lightt image. Fig. 4.3b shows the fluorescence of the same paint cross-section under UV illumi-
nation.. Fig. 4.3c is a map in which the function of the different layers is summarised. The cross-
sectionn in these figures is positioned such that the layers at the bottom of the figures represent 
thee lower layers in the painting (closest to the canvas). 

Thee lowest layer in Fig. 4.3a shows a red, opaque layer. On top of this layer, a white layer that 
containss large pigment particles is found. The binding medium between these particles has yel-
lowed.. This remarkable combination of a red and a white ground layer, the so-called double 
ground,, is often observed in Rembrandts paintings."5 

Thee paint layer on top of the white ground is very dark and probably contains boneblack as a 
pigment.. Various varnish layers arc present on top of the black paint layer. As resins fluoresce 
strongly,, they are clearly visible in the UV fluorescence image (Fig. 4.3b). Several varnish layers 
havee been applied during successive restoration treatments. They are separated by darker layers, 
whichh contain overpaint or accumulated dirtl l z The fluorescence image visualises a crack in the 
darkk paint layer (arrows in Figs. 4.3a. 3b) as it is filled with varnish. 

Fig.. 4.3d is an enlargement showing a darkfield microscopic image of part of the paint cross-
sectionn (see outline in Fig. 4,3c). The arrow in Fig. 4.3d points to a 5 pjn thick whitish part, 
whichh is present in the upper part of the dark paint layer."2 IK' 

Resultss of elemental analysis by EDX measurements (Table 4.1) reveal the presence of sili-
conn and aluminum in the red ground layer. Lead is found in the white ground layer and supports 
thee identification of the white pigment particles (Fig. 4.3a and c) in this layer as lead white. 
Calciumm and phosphorous found in the dark paint layer can be explained by the presence of bone 
blackk pigment, which contains calcium phosphate and calcium carbonate due to the thermal 
degradationn of hydroxy-apatite. The small amounts of lead in the dark paint are probably due to 
aa lead-containing dryer. 
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Fig.Fig. 4.3. Microscopic images of the cross-section taken from the painting shown in Fig. 4.2. (a) Visible microscopic 
image,image, (h) fluorescence image after UV illumination, (c) a map to localise the different layers, and (d) displays a 
darkfwlddarkfwld microscopic image of a small section of this cross-section, indicated by a grey box in Fig. 4.3c. This image 
emphasisesemphasises the pale upper part of the dark paint layer farrow), 
(see(see also the coloured version at the end o/ this Thesis/ 

Layer r Elementall  composition 

Darkk paint layer 

Discolouredd paint 

Whitee ground 

Redd ground 

Ca.. Pb. AL Si. P. K (Fe. Na, Mg) 

Ca,, Ph. A I. Si. P, K (Fe. Na. Mg) 

Pb b 

Si.. Al. Fe. K (Pb. Ca. Ti. Mn. Na) 

TableTable 4.1. Elemental composition of the different layers in the paint cross-section shown in Fig. 4.3. as determined 
byby EDX. 
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4.3.22 Reflection FTIR-imaging 
Thee results of the FTIR measurement are given in Fig. 4.4. The wavenumber of the imaged 

absorptionn peak is indicated in each false colour plot. A blue colour in these plots represents a 
lowerr absorption of the indicated absorption band, while the red ('highlighted') area has a higher 
absorptionn of this band. Comparison of the layers highlighted in Figs. 4.4a-4.4e to Fig. 4.2 
indicatess the highlighting of the adjacent layers in these figures. A single pixel infrared spectrum 
fromm the highlighted part of this plot (marked *) is shown next to each false colour plot. 

Thee red ground layer is highlighted in Fig. 4.4e, where a broad peak around 1034 cnv1 is 
imaged.. The infrared spectrum of a spot in this layer is shown on the right and indeed contains a 
largee band just above 1000 cm1. This band is caused by absorption of silicates in materials as 
glass,, sand, quartz, and kaolin. These materials were used as cheap fillers in the 17lh century. The 
purposee of this lowest paint layer was mainly the smoothing of irregularities in the canvas, for 
whichh high quality pigments were not needed. The presence of silicates as sand and quartz in red 
groundd layers is well known.4-1" This interpretation is supported by identification of silicon, 
potassium,, and sodium by EDX (Table 4.1). The absence of binding medium peaks in this layer 
iss attributed to the high pigment content. The area imaged in Fig. 4.4e is reasonably homoge-
neous,, although the colour map shows some intensity differences (yellow to red). 

Meilunasrr assigns the bands at 1040 and 1100 cm ' to hematite, an iron oxide. However, iron 
oxidess do not absorb in this spectral region and the absorption is probably due to an impurity in 
hiss samples. 

Fig.. 4.4d shows the white ground layer. The FTIR spectrum taken from this layer exhibits 
intensee absorption bands at 1404 cm"1 and 1520 cm1. The peak at 1404 cm ' matches exactly 
thee maximum found for the carbonate absorption in lead white references,117 a very common 
pigmentt in the 17th century, which was used both for ground and other paint layers.4"5 Further-
more,, the presence of lead is confirmed by the EDX measurements (Table 4.1). The FTIR spec-
trumm in Fig. 4.4d also shows an absorption peak at 1520 cm'. This absorption band is often 
observedd in lead white containing paint layers. There is strong evidence in several studies of 
otherr 17th century paintings that it is caused by absorption of lead carboxylates. Lead carboxy-
latess masses in highly degraded underpaint layers were identified in another study by both FTIR 
andd mass spectrometry.11*-11^ Previous assignment of a peak at 1520 crrr' in a lead white contain-
ingg layer to the amide II peak of a proteinaceous material14 is in our opinion erroneous, as the 
assumedd amide I in this study is very sharp, unlike the broad appearance of amide peaks nor-
mally.. Furthermore, it is uncommon that the amide II absorption (1520 cm') in proteins is 
higherr than the amide I band (1650 cm1), Hence we conclude that also in this case lead carboxy-
latess must have been observed. 

Reactionss between oils and metals that result in formation of carboxylate containing materi-
alss were already mentioned by Jacobsen and Gardner in 1941,|:0 and the presence of similar 
productss in paint layers has been assumed."*  However, the detection and localisation of metal 
carboxylatess in paint cross-sections is hardly possible using conventional techniques. 

Leadd carboxylates can be formed after partial or complete dissolution of lead white pigment 
particles."**  It seems that we are dealing with an early phase of a similar phenomenon here. The 
positionn of the lead white particles is indicated by whitee boxes in Fig. 4.4d. The position of these 
boxess is based on the visual microscopic image in Fig. 4.2. Some of these boxes (those indicated 
byy an arrow) perfectly match with voids in the lead carboxylates absorption intensity. Lead 
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Fig.Fig. 4.4. The images on the left are false colour plots displaying the intensity of the absorbance peaks at (a) 1774 
cmcm . (b) 1650 cm '. (c) 1430 cm . (d) 1522 cm ', and (e) 1034 cm '. Fig. (f) facilitates the correlation of the FTIR 
falsefalse colour plots to the microscopic data in Fig. 4.3. The IR-speclra on the right are obtained from the highlighted 
panpan (indicated by *) in the false colour plots, respectively the (a) varnish layer, (b) upper part of the dark paint 
layer,layer, (c) dark paint layer, (d) white ground, and (e) red ground, (see also the coloured version at the end oj this 
Thesis) Thesis) 

9<X 9<X 
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carboxylatess are not observed in these places and the lead white pigments therefore seem to be 
intact.. The remaining white boxes (not indicated by an arrow) cannot be distinguished from the 
matrixx on the basis of the absorption at 1520 cm '. This absorption mightbeduetoacarboxylate 
envelopee around the lead white particle, or due to smearing of surrounding carboxylate matrix 
ontoo the particle. 

Thee false colour plot in Fig. 4.4d obtained by FTIR-imaging allows not only the identification 
off  this ageing product, but also reveals its distribution within the paint layer in great detail. 

Thee black paint layer is imaged in Fig. 4.4c using the absorption band at 1430 cm"'. This peak 
positionn of the carbonate in the black paint layer is similar to the absorption of calcium carbon-
atee (or chalk), a very common pigment in 17lh century paintings. The identification of calcium 
carbonatee (1430 cm''. spectrum 4c) is confirmed by the observation of calcium in SEM-EDX 
(Tablee 4.1 ).The false colour plot of the 1430 cm ' carbonate band in Fig. 4.4c reveals the homo-
geneouss spatial distribution of the calcium carbonate in the dark paint layer. The crack that was 
seenn in the fluorescence image in Fig. 4.2b displays itself as an interruption of the highlighted 
areaa in Fig. 4.4c. 

Somee lead white particles in the white ground layer are also highlighted in Fig. 4.4c due to the 
proximityy of calcium carbonate (1430 cm ')and lead white (1404 cm-1) absorptions. 

Thee varnish layers are imaged in Fig. 4.4a, using the absorption at 1774 cm1. The FTIR 
spectrumm of a spot in these varnish layers in spectrum 4a shows the 1774 cm-1 absorption as a 
smalll  shoulder on the left of the intense 1700 cm-1 peak. The choice for the 1774 cm1 peak 
insteadd of the much higher acid 1700 cm-1 band may seem strange, but imaging of the latter band 
emphasisess the high absorption of carbonyl groups in the embedding resin. The absorption at 
17744 cm '. which is also observed in polymerised drying oil17 is only present in the broadened 
peakss of varnish spectra. It is not present in the embedding medium. Next to the carbonyl ab-
sorptionss (1700-1800 cm1), this layer contains only absorptions of organic compounds at 2925 
(CH).. 1470 (CH,), 1380 cm'(CH,), and a broad absorbing spectral region at 1100-1400 enr1 

duee to various C-O bonds. This high and broad absorption band indicates an extensive oxida-
tionn of the varnish layers. Absorptions by inorganic compounds are not present, as vamish layers 
aree normally not pigmented. 

Thee absorption of the vamish layers is not homogeneous. Some higher absorbing parts in the 
vamishh layer can be seen as red/yellow areas in false colour plot (Fig. 4.4a), while the less 
intensee absorbing parts are green. The white lines in Figs. 4.3a, 4.3b and 4.4a allow comparison 
off  the infrared images with thee visual images. It is clear that in the upper part of the varnish the 
highh absorption area (Fig. 4.4a) correlates with the lighter area in the visual image (Fig. 4.3a). 

Severall  varnish layers have been added during the various restoration treatments that this 
paintingg has undergone. Nowadays, previous varnish layers are removed before a new vamish is 
applied.. However, from this paint sample it is clear that previous layers were not or hardly 
removedd during the latest restauration treatments. This may point to application of the Pettenkofer 
process,, a method to regenerate varnish layers instead of replacing them that was practised 
frequentlyy in Staatliche Museen Kassei in the 19th century. 

Thee chemical differences we observe here between the different varnishes layers are there-
foree probably connected to differences between the various vamish layers applied in the course 
off  time. The interpretation of these differences is however not straightforward. They may result 
eitherr from the different materials used by the restorers or from different stages in ageing. The 
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presencee of varnish in the crack in the paint (arrow in Fig. 4.4a) is clearly seen (cf. Fig. 4.2b). 
Thiss varnish must therefore be applied after the crack had developed. 

Fig.. 4.4b shows an FTIR-imaging map of the 1650 cm-1 band. This band is very specific for 
thee upper part of the dark paint layer, and is not present in the lower part of this paint layer (see 
spectrumm 4c). The same is true for the peak at 1326 cm '. The intensity distribution map at 1326 
cm-11 (not shown) resembles Fig. 4.4b closely. The interpretation of this spectrum is not yet 
completelyy clear. Library search on the combination of peaks at 1650 and 1326 cm-1 revealed 
oxalatess as possible component. It has long been known that di-acid compounds can result from 
thee degradation of fatty acids, but the presence of oxalates on 17th century paintings has never 
beenn reported and is in fact unlikely. Spectrum 4b also contains a small absorption at 1520 
cm-1.. The combination of bands at 1650 and 1520 gave rise to the idea that this layer is of 
proteinaceouss origin.121 However, the high intensity and the sharp appearance of the 1650 cm"1 

bandd do not resemble the broad, low intensity appearance normally connected to amide peaks. 
Wee therefore rejected this hypothesis. A more likely hypothesis is an alteration of the calcium 
carbonate.. According to Salisbury, the reflection spectrum of calcium carbonate is altered due to 
'reststrahlen**  effects. i"-')i This implies that the intensity and spectral position of these reststrahlen 
peakss are strongly dependent on the size and volume fraction of the calcium carbonate particles. 
Referencee measurements we did ourselves on reflection of calcium carbonate indeed show peaks 
att 1630 and 1360 cm ' (see Fig. 4.5). Similar distortions in reflected light spectra of chalk have 
beenn presented by Fabbri el al.^ 

Thee 1430 cm ' peak in spectrum 4b shows that calcium carbonate indeed is present in the top 
paintt layer. EDX measurements specifically in the upper part of the paint layer confirmed the 
presencee of calcium. Furthermore, it can be seen from Fig. 4.3d that the discolored layer is 
opaquee and contains pigment particles. These observations all indicate the presence of calcium 
carbonatee particles in this layer and therefore this hypothesis seems more likely. A tempting 
hypothesiss on the changes that lead to the extensive changes between the calcium carbonate in 
thee intact paint layers and the discolored top-layer is an increased porosity of the top part of the 
paintt layer due to loss of the more vulnerable binding medium. However, the aberrations of 
reflectionn spectroscopy from the normal absorption spectroscopy have not yet been explored 
fully,, and we have at the moment no neat way to test the hypothesising. However, these results 
implyy that reflection FTIR spectra contain information on the physical status or the surroundings 
off  the calcium carbonate. 

Itt appears that chemical information of an area of only 5 ̂ m thickness can be obtained. This 
doess not conflict with the physical limit of the diffraction limit. It is indeed possible to obtain 
useablee spectra of features below the diffraction limit. The diffraction limit only restricts the 
correctt determination of the size and spatial distribution of absorbing compounds. It will in 
principlee not change the absorption spectra. 
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Fig.Fig. 4.5. Comparison between the transmission (heavy line) and DRIFTS (diffuse reflection/ (light line) spectra of 
calciumcalcium carbonate (DRIFTS). 

4.44 Conclusions 

Wee have shown the application of FTIR spectroscopic imaging in reflection mode operation 

forr the analysis of paint cross-sections. The reflection experiment described here is in itself 

uniquee as it is the first application of reflection FTIR spectroscopic imaging on embedded paint 

cross-sections.. This method provides valuable information on the contents of different layers in 

paintings.. This accurate information could be obtained despite the low intensity of the reflected 

lightt from a smooth surface and the artefacts that are introduced by specular reflection and the 

subsequentt Kramers-Kronig transformation. 

Inn Rembrandts Portrait of a standing man silicates were identified and located in the red 

groundd layer, lead white and lead carboxylates in a white ground layer, calcium carbonate in one 

off  the paint layers and different organic functional groups, e.g. carbonyl. CH and C—O groups, 

weree observed and located in the varnish layers. A more precise identification of the resinous 

varnishh material is at present not possible in reflection FTIR and would require analysis with 

masss spectrometric techniques. 

Thee presence of these compounds is very similar to what can be expected from conservation 

andd art history literature. Chemical contrast on an even smaller scale could be seen inside the 

layers.. Examples are the lead white particles in the ground layer, the discolored upper part of the 

darkk paint layer, and the contrast between the varnish layers added in different periods to the 

painting.. It appeared possible to obtain spectra of features smaller than the diffraction limit . 

However,, the accurate size and spatial distribution of these small, absorbing features can of 
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coursee not be determined. 
Paintt cross-sections are commonly studied by visual light microscopy only. Fortunately, the 

samee samples are suitable for surface analytical techniques such as FTIR-imaging and SEM-
EDX.. Our studies show that FTIR-imaging is a useful technique for the spatially resolved analy-
siss of paint cross-sections. The high spatial resolution is required by the fine distribution of 
compounds.. The structure of the complex, aged materials can be partially elucidated by FTIR-
imaging.. The intricate interplay between organic and inorganic species in a painting requires the 
combinationn of visual light microscopy, FTIR-imaging, and SEM-EDX to provide a detailed 
insightt in the chemistry of old master's paint. 
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