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l . ii  INTRODUCTIO N 

Paintingss are an important part of our cultural heritage. Art from all periods and places is 
stored,, conserved, studied, and admired in various museums. Paintings are studied by investiga-
torss in different disciplines: 

Artt historians study the history of the visual arts, being concerned with identifying, classify-
ing,, describing, evaluating, interpreting, and understanding the art products and historic deve-
lopmentt of the fields of painting, sculpture, (...), etc.' 

Artt restorers or conservators are concerned with the conservation and repair of works of 
architecture,, painting, (...) from the effects of negligence, wilful damage, or, more usually, in-
evitablee decay caused by the effects of time and human use on the materials of which they are 
made.11 Common tasks for paintings restorers are replacement of yellowed varnishes, filling  and 
retouchingg of paint losses and repair of weakened supports. 

Paintingss researchers in the physical sciences identify painting materials and their current 
state.. Identification of the original materials is important for art historical research to study the 
authenticity,, working methods, and the materials used by the artist. A correctt assessment of the 
currentt chemical and physical state of the painting is crucial for responsible decisions on the 
safetyy of conservation and restoration treatments. 

Theree is a growing awareness that aged paintings are very complex and dynamic systems and 
cannott be adequately investigated with the tools available to most restorers and art historians. 
Paintingss researchers in the physical sciences therefore refine and extend these studies. They 
assimilatee the vast amount of knowledge that has been gathered in related scientific disciplines 
andd apply the advanced techniques that have been developed in the long tradition of the physical 
sciences.. The hands-on experience of painting restorers and the knowledge on painting materi-
alss and techniques gathered by art historians are very important in this research. They indicate 
thee problems encountered in practice, prevent the formulation of historically incorrect hypoth-
eses,, and normally arrange the access to paintings and samples from paintings. As a result, 
paintingss research is more and more becoming a multidisciplinary area, in which physicists, 
chemists,, art historians, and restorers co-operate to characterise paintings and their changes in 
time.. This Thesis describes several studies carried out in this multidisciplinary environment. 
Thee focus is on the application of microscopic imaging techniques in the analysis of paint samples. 
Thee rationale of this research will be presented after an introduction on the physical structure of 
paintingss and an overview of several techniques that are used in their investigation. 

1.22 PHYSICA L STRUCTURE OF PAINTING S 

AA painting is made of several superimposed layers on a support, normally a wooden panel or 
aa canvas. The first paint layer applied to this support is a white or grey coloured ground layer to 
providee a homogeneously coloured and smooth surface. Painters often made a sketch of the 
sceneryy on top of the ground layer using chalk, charcoal, or ink. Subsequently, the paint layers 
weree applied. Generally, several paint layers were applied for the larger coloured areas, smaller 
details,, shadow regions, and highlights. A varnish layer was applied after thorough drying of the 
paintt layers to provide gloss to the painting and saturate the colours. 
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Thee study of multi-layered paint systems presents difficulties for most analytical techniques. 
Thee chemical properties of adjacent areas can be completely different and should ideally be 
analysedd individually. It is however impossible to physically dissect the smaller of these struc-
turess by means of a scalpel as paint and varnish layers are only between ~l and 100 \im thick. 
Inhomogeneitiess occur on an even smaller scale within the paint layers, as paint itself is a mix-
turee of pigments and binding medium. Pigment particles provide colour and opacity. A fluid 
bindingg medium is mixed with the pigment so that it can be applied to a surface. The binding 
mediumm cures afterwards to a solid paint layer. The size of individual pigment particles ranges 
fromm 0.1 to a few microns and their individual sampling is tricky, if not impossible. 

Impurityy of the materials used to manufacture paint give rise to inhomogeneities on the mo-
lecularr level. Painting materials in traditional paints were not nearly pure, as the chemical pro-
ductionn and purification methods were far from optimal. Further impurities could easily be in-
troducedd during the formulation of the paint, which was commonly carried out in the studio of 
thee artist, as ready-to-use paint was not commercially available until the 19[h century. 

Thee final source of inhomogeneities in paint is caused by the several alterations that take 
placee during the lifetime of a painting, possibly influenced by restoration treatments. Paint cu-
ringg is the first important reaction of freshly applied paint. Drying is normally completed within 
aa couple of hours or days, depending on a large number of factors, including light intensity, 
temperature,, humidity, and the presence of certain pigments or other additives. After drying, 
chemicall  reactions keep occurring, albeit at much longer time scales: years rather than days. 
Indicationss for these reactions can be obtained from macroscopic changes in paint and varnish 
layers,, including the formation of craquelé, discoloration, yellowing, fading, or darkening of 
paint.. Another effect of ageing is the changing transparency of paints. Many of these long-term 
reactionss are taking place in the insoluble, polymerised oil binder, which is difficult to assess 
accuratelyy by common analytical techniques. 

Thee general working method sketched is based on the situation before 1900AD. The produc-
tionn methods of painting materials have since been largely modernised. Furthermore, the 19* C 
painterss started to develop more individual working procedures. A complete introduction on 
methodss and materials in the creation of paintings has been given by several authors""1 and is 
outsidee the scope of the present study. 

Thee complexity of paintings has induced a long history of scientific investigation, which can 
bee categorised in a number of different approaches: non-destructive or non-sampling analysis 
leavess the painting untouched; analysis of samples, which have been physically removed from 
thee painting; and finally the analysis of cross-sections with imaging techniques. 

1.33 NON-DESTRUCTIV E ANALYSI S 

Thee non-destructive or non-sampling approach utilises techniques that enable the study of an 
intactt work of art. Obviously, this is the only choice when sampling of a painting is prohibited by 
itss owner. Non-sampling techniques can reveal a wealth of information on the support, lead 
containingg pigments, underdrawings, and the identity of pigments. 

Onee of the most important non-sampling techniques is X-radiography. X-rays have a high 
penetrationn depth and can be used to literally look through a painting. The contrast in the images 
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iss due to X-ray absorbing compounds in the painting, such as lead-containing paints, puttied 
retouchings,, and nails in the support.5 X-ray photography can be used to study a larger area of the 
paintingg in spatially resolved ways and is therefore classified as an imaging technique. Pigments 
onn the surface of a painting can be analysed by PIXE (Particle (or Proton) Induced X-ray Emis-
sion).66 PIXE provides an elemental analysis based on the energies of X-rays emitted upon irra-
diationn with high-energy protons. Similar information can be obtained by XRF (X-ray Fluores-
cence),, where the sample is excited by irradiation with X-rays. PIXE and XRF can analyse only 
aa single spot on the painting simultaneously, and subsequent measurements are needed to analyse 
differentt areas (spot-analysis). Normally, this technique suffices for pigment identification in the 
topp paint layer. Alternatively, pigments in the upper layer can be analysed by their visual reflec-
tancee spectrum.7 s 

IRRR (Infrared Reflectography) is a non-sampling imaging technique, which is mainly used 
forr the visualisation of carbon-containing underdraw ings.L) IRH detects the NIR (Near Infrared) 
radiationn (wavelength ~1 -2.5 |im)that is reflected by a painting. The penetration depth of NIR 
lightt is nonnally high, due to the low scattering power and absorption of most paints in this 
spectrall  region. The underdrawing however is commonly drawn with efficient infrared absorb-
ers,, e.g. black chalk or lamp black, and can be revealedd by IRR. These underdrawing studies are 
particularlyy interesting for art historical research, as they provide a clear insight in the early 
stagess of the genesis of the painting.10 IRR reveals some information on the absorption charac-
teristicss of the observed pigment, and can be used for identification of these pigments in some 
cases.. However, the specificity of the chemical information is low and certainly not sufficient 
forr an unambiguous pigment analysis, especially in multi-layered systems. The specificity of 
IRRR can be increased by detecting different spectral ranges independently. The easiest way to 
achievee this is the use of optical filters.11 A modern approach of this principle is the implemen-
tationn of LCTFs to enable NIR spectroscopy (Liquid Crystal Tuneable Filters). This approach 
seemss to produce consistent results, but the claim that 'the specificity is sufficient to enable the 
differentiationn of pigments13 should certainly not be accepted as a definite identification. An-
otherr new development in IRR is the application of FPA (focal plane array) digital cameras. 
whichh improve the observed images due to an extended spectral range, and less distortions in the 
image.. n-lJ A different approach to improve the chemical specificity of non-sampling techniques 
iss the use of MIR light instead of NIR light.15 Limitations of this technique and the more useful 
alternativess will be discussed in Chapter 3 of this Thesis. 

Inn summary, non-sampling techniques can reveal a wealth of information on the support, lead 
containingg pigments (X-ray), and underdrawings (IRR). However, the chemical information that 
cann be derived is limited to the identification ofpigments in the surface layers (XRF, PIXE, VIS-
spectroscopy).. Identification of the binding medium using non-sampling techniques has not yet 
beenn reported. Another disadvantage of non-sampling techniques is the inaccessibility of the 
deeperr layers in a painting, or the impossibility to discriminate these layers, depending on the 
penetrationn characteristics of the technique. Individual analysis of different layers might be 
possiblee by depth profiling techniques, such as confocal microscopy or photo-acoustic spectro-
scopy.. However, application of these techniques to intact paintings has not yet been reported. 
Samplingg is currently inevitable for a detailed chemical analysis of the binding medium and for 
thee individual analysis of different layers. 
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1.44 SAMPLIN G 

Sampless should be very small to minimise the damage to a painting. They are normally taken 
usingg a stereomicroscope and a surgical scalpel. A new range of analysing methods becomes 
availablee in this case, because the samples can be used for invasive measurements. Application 
off  these methods results in a detailed identification of painting materials and their degradation 
products. . 

Smalll  organic molecules in paint can be identified by GC (Gas Chromatography) and GC-
MSS (Gas Chromatography-Mass Spectrometry), the most common organic analytical techniques 
appliedd in paintings research. These measurements can be used to identify different types of 
dryingg oils in an aged paint,16-1" identify and quantify different oxidation products, investigate 
solventt extractable compounds18 in a paint layer and determine the degree of oxidation of an oil 
medium.1''' Furthermore, the composition of terpenoid varnishes can be identified accurately.20 A 
disadvantagee of GC and GC-MS is the inability to study the non-volatile products that form the 
majorr part of aged paint. Py-GC-MS (Pyrolysis-Gas Chromatography-Mass Spectrometry) can 
bee used in cases where the involatile network is of crucial importance, or in the absence of 
volatilee materials. Volatile and network fragments can be roughly separated before mass-spec-
trometricc analysis by DTMS (Direct Temperature resolved Mass Spectrometry).-1 This method 
providess a good and fast fingerprinting method for drying oils, resins, waxes, and other classes 
off  materials. Other mass spectrometric techniques have been used in paintings research on a less 
regularr basis. These include MALDI (Matrix Assisted Laser Desorption Ionisation22) and SIMS 
(Secondaryy Ion Mass Spectrometry31-4). 

Informationn on organic functional groups in paint can be obtained from FTIR (Fourier Trans-
formm Infrared Spectroscopy) spectroscopy. A complete paint sample, including the oil network, 
cann be analysed, as FTIR does not require samples to be soluble, volatile, or ionised. Therefore, 
extractionss or chemical derivatisation reactions are not needed prior to analysis. Furthermore, 
onlyy a small sample is needed to obtain quantitative results. FTIR is sensitive to functional 
groupss in a molecule rather than for complete molecules and complete structural identification 
off  the sample molecules is therefore normally not achieved. FTIR has been used extensively in 
thee investigation of the early reactions in the drying of oil, mostly using model compounds.25" 
Manyy studies mention the use of infrared spectroscopy in the investigation of oil paints,34"44 

resins,45"177 and tempera paint.1^4*  Reference libraries are available from several sources, e.g. 
Sadtlerr (www.sadtler.com), Aldrich,4'' 1RUG (infrared users group, www.irug.org) or the SDBS 
(Integratedd Spectral Data Base System for Organic Compounds, www.aist.go.jp/RIODB/SDBS/ 
menu-e.html).. These sources contain a wealth of infrared spectra but the direct applicability of 
thesee reference spectra in paint research is limited due to the enormous variety of products that 
aree formed upon ageing of paint. A detailed overview of aged paint systems and their infrared 
spectraa would be of great help for the interpretation of FTIR results, but is not yet available. 

Ramann spectrometry, like FTIR. characterises the vibrational properties of chemical func-
tionall  groups. It has been used mainly in the analysis of dyes and pigments/"'" The identifica-
tionn of fresh binding media has been reported/6 but the value of these results in the analysis of 
agedd binding media is not convincing. 

Temperaa paint57-5*  and several dyes59 have been investigated using HPLC (High Pressure (or 

http://www.sadtler.com
http://www.irug.org
http://www.aist.go.jp/RIODB/SDBS/
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Performance)) Liquid Chromatography). This technique can identify and quantify different amino 
acidss and thereby differentiate the different protein sources used for paints, e.g. glues and egg. 
SECC (Size exclusion Chromatography) is a form of HPLC where a separation is made on the 
basiss of the hydrodynamic volume of the molecules. It has been used in the analysis of drying 
oil,-1M'' but the application to older paint samples is hindered by the low solubility of the network 
fragmentss in these samples. 

Meltingg tests provide a useful indication on the presence of several materials, such as waxes, 
proteinss etc. However, the tests are fairly unspecific and the results should be taken as indica-
tionss rather than as proof. A more sophisticated and quantitative technique is DSC (Differential 
scanningg calorimetry), which has been reported as a useful tool for binding medium analysis.14 M 

Thee chemical information on the samples can be obtained with remarkable detail by a combi-
nationn of these techniques. The spatial resolution of the measurement is determined by the sample 
sizee needed for analysis and the skills of the analyst, as the sample should be separated manually 
beforee analysis. This restricts the spatial resolution, normally to about 50 urn. 

1.55 TH E IMAGIN G APPROACH 

AA powerful approach to increase the spatial resolution is the use of microscopic technique. 
Thiss approach enables the analysis of cross-sections, which are prepared from multi-layered 
sampless taken from a painting, thereby eliminating the need for a perfect separation during 
sampling.. Paint cross-sections are normally embedded entirely in a polyester or poly-acrylate 
resin''22 w to facilitate handling and prevent loss of the minute paint chip (~M.grams). Furthermore, 
ann embedded sample can be polished to obtain a smooth surface in which all layers are visible. 
Thee spatial resolution of analyses on embedded paint cross-sections is only determined by the 
usedd technique. They are independent of the physical size of the entire sample and can therefore 
bee used to study layers or particles with far greater detail than would be possible by physical 
separation. . 

Normall  visual light microscopy is the most common imaging techniques and is indispensable 
inn the investigation of paint cross-sections. It is used to investigate the colour, thickness, and 
particlee size distribution of the different layers. The colour and form of pigment particles can in 
manyy cases be used for their identification.M The spatial resolution of optical microscopy is 
aboutt 1 u.m. An even higher spatial resolution can be achieved by backscattered SEM (Scanning 
Electronn Microscopy), another technique that is routinely used in the investigation of paint cross-
sections.. The enormous resolving power of a modem SEM (-10 nm) is hardly exploited fully in 
paintt research. The main rationale for analysis by SEM is the possibility to identify elements 
presentt in a paint cross-section by EDX (Energy Dispersive X-ray spectroscopy). EDX can be 
implementedd in a SEM and measures the energy of X-rays emitted from a sample upon irradia-
tionn with high-energy electrons. SEM-EDX is particularly useful for the spatially resolved analysis 
off  pigments, which normally have a characteristic elemental composition. 

Stainingg tests form a tow-cost method to analyse the presence of different organic materials, 
suchh as different proteins, oil, and several metals." A disadvantage of these tests is their low 
specificity.. Furthermore, a separate staining test should be performed for every element to be 
analysed,, which makes the chances of missing important compounds high. A final disadvantage 
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off  staining test is the introduction of reactive materials in the sample. These might hinder subse-
quentt analytical investigations. 

Imagingg techniques that can provide a reliable analysis of the organic materials in a paint 
cross-sectionn have not yet been used on a routine basis. However, the possibilities of imaging 
techniquess capable of investigating organic substances have increased enormously during the 
lastt decade. New technological advances led to several techniques that can be used to assess 
organicc materials with a resolution better than 10 urn. which was previously only accessible by 
stainingg tests. These techniques include a microscopic imaging visual light spectrometer,65 dif-
ferentt infrared imaging systems,''66*  Raman and confocal Raman spectroscopy,64-7" micro-ther-
mall  analysis system,7'72 spatially resolved mass-spectrometry systems, TOF-SIMS (Time of 
Flight-Secondaryy Ion Mass Spectrometry73) and LD-MS (Laser Desorption-Mass Spectrometryn4). 
Ann overview of imaging techniques is given in Table 1.1. This large number of new analytical 
possibilitiess provides more and more resources to evaluate both the organic and inorganic mate-
rialsrials in a paint cross-section. Furthermore, a single paint cross-section can in principle be analysed 
usingg all these techniques, leading to a wealth of complementary results. The application of 
thesee techniques to paint samples from traditional paintings will improve our insight into their 
organicc chemistry. 

Technique e 

Microscopy y 

VIS-imaging g 

SEM-EDX X 

FTIRR imaging 

SIMS-TOF F 

H-TA A 

Ramann Microscopy 

Detectionn of 

Colour r 

Colour r 

Elementall  analysis 

Functionall  groups 

Molecularr weight 

Meltingg points, heat capacity 

Functionall  groups 

Spatiall  resolution 

11 p-m 

11 fim 

100 nm 

66 fim 

<< 1 Jim 

11 jj.m 

11 p.m 

TableTable l.L Ch'eniew of the main characteristics of different imaging techniques. 
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1.66 SCOPE OF TH E THESIS 

Thiss Thesis describes the results of the application of different imaging techniques to various 
paintt samples. A thorough description is given of visual light micro-spectroscopic imaging and 
somee applications are presented in Chapter 2. Analytical spectroscopy using imaging micro-
FTIRR and FTIR in various other modes is the topic of Chapters 3-8. 

Thee innovative visual light spectral imager is mounted on a light microscope and provides a 
completee visual light spectrum (400-750 nm) of a cross-section with a maximum spatial resolu-
tionn of about 1 p.m and a spectral resolution of about 4 nm. These visual light spectra can in 
severall  cases identify pigments in a cross-section. The colour description obtained by the system 
iss objective and unbiased and leads in many cases to identification of pigments in a cross-sec-
tion.. Extensive experience of the analyst, which is required for identification by normal light 
microscopy,, is not necessary. Vis-Imaging can also be used to monitor the effects of discolora-
tionn reactions.2"1 Imaging-FTIR (Fourier Transform Infrared Spectroscopy) is a relatively new 
imagingg technique. It is a promising technique for the analysis of the binder, as it is highly 
specificc in the identification of organic functional groups and has a diffraction limited spatial 
resolutionn (-6 Uïn). This technique and its application to an embedded cross-section are high-
lightedd in Chapter 4. The application of FTIR and FTIR-imaging to paint cross-sections and 
otherr paint samples is not straightforward. The sample preparation procedure can vastly influ-
encee the spectral quality and spatial resolution of the final results. Therefore, Chapter 3 gives an 
overvieww of the different sample preparation techniques and their application in paintings re-
search.. Spectra of paint cross-sections as well as dissected samples are included for a valid 
comparison. . 

AA recurrent topic in the described analyses is the interaction between pigment and binder. 
Thee presence and nature of a pigment can strongly influence the properties of a paint layer. 
Thesee interactions have been recognised on a macroscopic scale for many years, but their chemi-
call  basis is far from completely understood. FTIR is valuable technique for the analysis of these 
pigmentt binding medium interactions, as it can be used to study intact samples. However, an 
unambiguouss interpretation of FTIR is difficult due to the complex composition of aged paint. 

Thee mechanisms of early reactions in the oil curing process, as well as the accompanying 
changess of the infrared spectra are extensively described in the literature. It is however question-
ablee whether these systems give a justifiable model for normally aged paint, because the mea-
surementss that were the basis for most of this work on the early stages have been performed on 
puree esterified fatty acids and not on an oil. Furthermore, the interaction with pigments is not 
takenn into account. The study of paint samples from traditional paintings is also complicated, as 
thee methods and materials used by the painter, as well as later restoration methods are normally 
nott documented and can give rise to large uncertainties about the composition of the starting 
material.. A more controlled alternative is the study of naturally aged test paints. The work of 
Meilunass el al shows good spectra and a clear interpretation of different 50 years old paints,37 

butt highlights only two pigmented oil paints. Further FTIR studies on historically accurate aged 
paintss with a known composition are very limited. 

Inn general, the extended libraries of FTIR-spectra for fresh materials are hardly useable for 
agedd paints, while the number of library spectra for well characterised aged paint materials is 
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veryy limited. This provided the rationale to perform a number of analyses on naturally aged test 
paintingss to investigate the long-term effects of several pigments on the oil paint composition. 
Thesee studies, as well as a short review on the early stages of drying, are described in Chapter 5 
off  this Thesis. One important outcome of these studies is the indication that different pigments 
cann induce the formation of metal carboxylates in paint. 

Chapterss 6-8 describe the investigation of paint defects, caused by aggregation of these metal 
carboxylates.. These aggregates, named protrusions, are small whitish lumps of metal soap mate-
riall  that literally protrude through the paint surface. Several paint samples from affected paint-
ingss were investigated by various micro-analytical and imaging techniques, including light mi-
croscopy,, FTIR, FTIR-imaging, VIS-imaging, SEM-EDX, GC-MS, DTMS, and SIMS. Chapter 
66 describes an FTIR analytical study on protrusions in paint cross-sections from five 17th century 
Dutchh paintings from different masters. A hypothesis on the origin of lead soap containing pro-
trusionss and efflorescence could be developed further on the basis of analysis of unfinished 
primedd canvases by the 19th century American painter Frederic Church. The metal carboxylate 
containingg protrusions found in Falling Leaves (Les Alyscamps), painted by Van Gogh are a 
resultt of chemical reactions in the lead chromate/zinc white paint. Analysis of the protrusions in 
thiss paint show that the formation process is still active. 





QQ T HE IDENTIFICATION OF PIGMENTS IN 

PAIN TT CROSS-SECTIONS BY REFLECTIO N 
VISIBL EE LIGH T IMAGIN G MICROSPEC-
TROSCOPYY (VIS-IMAGING ) 

AA set-up for reflection visible light imaging microspectroscopy (VIS-imaging) as well as its 

evaluationevaluation and application is described and tested. The spatial resolution of the system is about 

11 fJm at a spectral resolution of 4 nm. The optical contrast between different coloured particles 

partsparts in the surface of a sample is optimised with a new image processing method for mapping 

ofof the distribution of the identified pigment particles. The potential of VIS-imaging in the study 

ofof paint cross-sections obtained from paintings is explored. Spectra obtained from pigment par-

ticlesticles in these cross-sections result in the classification or identification of several pigments. 

TheThe investigated paint samples are challenging test cases, as they contain several coloured 

materialsmaterials with a very fine distribution. VIS-imaging can identify and map the most common 

traditionaltraditional blue pigments i.e. smalt, azurite. ultramarine and indigo in I7'h century oil paint-

ings.ings. Small can be identified even after complete discoloration. VIS imaging analysis assisted 

inin the identification and mapping of modern synthetic red and yellow pigments in a 20''' century 

painting. painting. 
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2.11 Introductio n 

AA painting consists of several superimposed paint layers and a finishing varnish layer. 
Informationn about this layer structure and pigment distribution can only be obtained by taking 
sampless from the painting and preparing paint cross-sections from these samples. A paint cross-
sectionn is made by embedding the paint sample in a resin and polishing it in such a way that the 
differentt layers are visible as adjacent layers on the surface of the paint cross-section.''2MJ- The 
embeddingg is a convenient way to investigate the layer structure by analytical surface techniques. 
Reflectedd light microscopy is frequently used as the first technique to examine embedded paint 
cross-secc tions.M It reveals the fine dispersion of pigment particles in the binding medium but 
offerss no objective means of pigment identification. Pigment identification is often carried out 
usingg X-ray techniques Like SEM-EDX (Scanning Electron Microscopy-Energy Dispersive X-
rayy spectroscopy). This technique determines the elementary composition with a very high spatial 
resolutionn and suffices in most cases to identify the pigment. A cheaper alternative would be 
visuall  light spectroscopy, which acquires characteristic spectra that can act as a fingerprint for 
identificationn of many pigments. The elegant and completely non-invasive fibre technique recently 
developedd by Leona and Winter1*  aims at the acquisition of visual light spectra directly from the 
surfacee of the painting. Visual light spectra can also be recorded from pigment scrapings.7ft A 
limitationn of these approaches is that only the surface layer is measured, as the structure of the 
samplee is lost. It is difficult to acquire spectra of lower paint layers. The manual separation of 
differentt layers is hindered by the thinness of individual paint layers in paint cross-sections, 
whichh normally range from 1-50 jam. The combination of high spatial and spectral resolution 
requiredd for measurements of cross-sections has not been available so far. 

AA potentially suitable high resolution spatially resolved visual light microspectroscopic system 
wass described by Johansson and Pettersson.w This set-up enables the acquisition of transmission 
visuall  light spectra with a spatial resolution that is in principle diffraction limited. This set-up 
wass adapted to allow the reflection microspectroscopic analysis of paint samples. The biggest 
changee to the system is the possibility to record reflectance spectra. This is necessary, as older 
paintt systems are normally very brittle due to ageing. Thin slices that can be used for transmission 
measurementss can seldom be made due to crumbling of the samples. Implementation of the 
reflectionn mode was established by the introduction of a standard analytical microscope in the 
measurementt set-up. This microscope ensures a homogeneous illumination of the sample, a 
highh and reproducible image quality and the easy application of other accessories available on 
thee microscope. These features include darkfield microscopy and the use of crossed polarisers in 
thee illuminating and reflected beam. Both tools can be used to eliminate the mirror reflection 
fromm the surface of the sample that normally dominates the reflected light. 

Thee spatial and the spectral resolution that can be obtained with this approach are directly 
determinedd by the slit width. A small slit width enables measurements at high spatial and spectral 
resolution,, but decreases the sensitivity as less light is transmitted. The absorption bands in most 
pigmentss are very broad and a spectral resolution of 5 nm was considered sufficient for our 
studies.. This requirement resulted in the choice of an 80 |im slit width in the spectrometer set-
up.. A spatial resolution of at least 5 (am is considered necessary in order to be able to analyse 
individuall  pigment particles. The spatial resolution in the Y-direction {perpendicular to the slit. 
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seee Fig. 2.2) then equals the slit width d divided by the magnification Mand a resolution of 5 jam 
iss achieved for magnifications higher than 16. The spatial resolution in the X-direction (parallel 
too the slit) equals the size of the pixels in the CCD camera divided hy the magnification M. 

Thee raw data recorded by this microspectroscopic system consist of a series of images, each 
off  which has been acquired at a specific position of the translation table. The most straightforward 
meanss of data processing displays a reflection spectrum at a selected location, or shows the 
intensityy of the light reflected from the surface as a false colour image. However, the contrast in 
thesee images is normally low. Localisation of specific compounds on the imaged surface can be 
aa complicated and time-consuming task, especially when several different pigments are present. 
Therefore,, an algorithm is developed that uses the complete spectra instead of reflection at a 
singlee wavelength to localise a specific compound on the imaged surface with high sensitivity 
andd enhanced contrast. 

AA comparative study of the most common traditional blue pigments in paintings before 1800 
AD,, i.e. smalt, indigo, azurite and natural ultramarine is presented to show the potential of this 
neww method and to demonstrate the sensitivity of the set-up. Previous investigations have shown 
thatt these pigments can be distinguished by their transmission spectrum.70 Here, we investigate 
bluee pigments in the various paint layers directly from the paint cross-section by reflectance 
microspectroscopy. . 

AA second case study is a paint sample taken from Interior with a Picture by the 20!h century 
Britishh painter Patrick Caulfield (1936-). Elemental analysis normally does not suffice for the 
identificationn of the large number of pigments that have become available during the 20th century. 
Numerouss variations of the organic functionalities in these modern pigments result in a large 
numberr of often "tuneable" spectral features. VIS-imaging is expected to provide a useful 
additionall  means for the identification of these pigments. 
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Fig.Fig. 2.1. VIS-imaging experimental set-up displaying the microscope set-up with a visual and an ultraviolet source. 
thethe Imspector spectroscope, a translation stage, the CCD-camera and a personal computer that drives the system. 
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Fig.Fig. 2.2. The working principle of the Imspector. The slit in an image plane (left) transmits a single line of light. The 
gratinggrating diffracts the light in its spectral i omponents and focuses these on the CCD-camera. 
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2.22 Experimental 

2.2.11 Sample origi n and preparation 
Thee studies presented in this paper focus on the application of the technique described above 

onn embedded paint cross-sections. The cross-sections used were obtained from various sources. 
Twoo of the samples investigated were taken from 17lh century paintings (1648-1652) in the 
"Oranjezaal",, the central room in Paleis Huis ten Bosch, one of the Dutch royal palaces. The 
sampless were taken during a recent extensive restoration (1998-2001). Sample HTBS 19/7 is 
takenn from Frederik Hendrik ontvangt de su/vivantie voor Willem II by Gonzales Coques (1615-
1684),, while sample HTBS 3/2 is taken from the Vijf Muzen by Jan Lievens (1607-1674). Cross-
sectionn (A 102/11) was taken from a heavily discoloured blue paint layer in The Seven Sorrows 
ofof Mary (c.1554. St. Leonardus Parish, Zoutleeuw), painted by Pieter Aertsen (1509-1575 J. The 
paintt cross-section T07112-C2 is taken by T. Learner from Patrick Caulfield's (1936) Interior 
withwith a Picture (1985-6, Tate Gallery, London, Accession no. T07112). 

Sampless A102/11 and T07112 were embedded in Polypol (Poly-service. The Netherlands) 
syntheticc resin. The other samples were embedded in Technovit 2000LC (Heraeus Kulzer, 
Wehrheim,, Germany). The embedded paint samples were polished with Micromesh® (Scien-
tifi cc Instrument Services Inc., Minnesota) polishing cloths prior to analysis. Reference pigments 
weree taken from the collection of H.C. von Imhoff that is presently kept at the Canadian conser-
vationn Institute (CO, Ottawa, Canada). The powdered pigments were distributed on a micro-
scopee slide for analysis. 

2.2.22 Hardwar e 
Thee visual light imaging system consists of a Leica DMRX analytical microscope (Leica 

Inc.,, Wetzlar. Germany), an Inspector V7 spectrometer (Specim Inc.. Oulu, Finland), a cooled 
10300 x 1300 pixel Princeton Micromax CCD camera (Roper Scientific, Trenton, USA) and a 
DynaOpticCTC-512-ll  Motion translation stage (DynaOptic Motion Inc.. Laguna Hills, USA). 
AA schematic of the system is shown in Fig. 2.1. 

Thee analytical microscope is used for the illumination of the sample and magnification of the e 
samplee image. The sample is illuminated by a Xenon visual light source similar to the source 
usedd by Johansson.65 Crossed polarisers are placed in the incident and reflected beam to prevent 
thee transmission of specularly reflected light. The magnification of the sample image can easily 
bee adjusted by changing the objective of the microscope. The entrance slit of the Imspector V7 
spectrometerr is placed in the image plane of the microscope. 

Thee pixel size of the Micromax CCD-camera is 6.7 ^m. The maximum resolution in the X 
directionn is more than ten times (80/6.7) higher than the resolution in the Y direction at equal 
magnification.. The resolution in the X-direction of the CCD-camera is therefore reduced by 
combiningg pixels in groups of 10. The sample is moved by the translational stage in the Y-
direction.. orthogonal to the slit in the Imspector (see Fig. 2.2). such that adjacent lines on the 
samplee are imaged. A data-set is build up by combining the images acquired at succesive trans-
lationn steps. A single self-written program in Visual Basic (version 6, Microsoft) drives both the 
translationn stage and the camera. 
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2.2.33 Calibratio n 
AA measurement session has to be preceded by calibration of the spectrometer, as the calibra-

tionn is not completely stable in time. The drift is assigned to slight positional changes of parts of 
thee set-up. Calibration is performed on the line spectrum of a Helium lamp using the Winspec 
softwaree provided with the CCD camera. Every measurement is accompanied by measurement 
off  a dark current image recorded when the lamp is turned off, and a Teflon surface, which is 
takenn as a white standard in the visual range. The shutter time of the camera is set to a value 
wheree the intensity reflected by the white Teflon surface amply falls within the dynamic range of 
thee camera, thus preventing saturation during any stage of the measurement. The camera inter-
facee allows the accumulation of several images during a single step of the translation stage to 
improvee the signal to noise ratio. 

2.2.44 Data processing 
Thee resulting image-stacks are transferred to Matlab (version 5.3. The Mathworks Inc.) for 

data-processing.. Routines in Matlab transform the image series to a 3D data-set (X. Y. A) and 
correctt the spectrum for dark-current and background by calculating for every spectrum: 

%RM.. =100*(Siv-Bx)/(WrBs) [2.1] 

wheree %R is the percentage reflection. S is the raw sample data, B is the dark current signal, 
andd W is the reflection of the white Teflon background. The subscripts x and xy indicate the 
dimensions,, in which the variable was determined. Images of white response W and dark current 
BB are independent of' the movement in the Y direction and therefore the acquisition of a single 
imagee for both W and B suffices to correct the entire data-set. 

Thee software can display the visual light spectrum of a particular spot on the sample and 
enabless the creation of spectral images, in which the reflection at a selected wavelength range is 
displayedd as a false colour image. These images can be used to correlate the measured spectro-
scopicc data-set to the visual light microscopic image. After selection of a single pixel, corre-
spondingg to the pigment particle or other region of interest, all spectra are projected onto this 
spectrumm from the data-set, which results in a score vector P. This vector quantifies the similarity 
betweenn the measured data and the reference spectrum. Mathematically, the projection is a simple 
dott product: 

PP = D «r !2-2l 

Inn which D is the normalised data-set. containing all spectra in rows, and vector r contains the 
normalisedd reference spectra as a column. Pis the calculated projection, consisting of one scalar 
forr every spectrum (pixel) in the data-set. Vector P can be presented as a false colour image, 
whichh visualises the similarity of the reference spectrum and the spectra in the data-set. The 
localisationn of a reference or library component can be determined by taking the corresponding 
vectorr as r. In principle, the procedure can be made completely non-supervised by the projection 
off  the data-set onto principal components77 rather than user selected reference spectra. 
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2.33 Results and discussion 

2.3.11 System performance 
Thee spectral and spatial resolution of the microspectroscopy system described were deter-

minedd to characterise the performance of the system. The emission bands of a He-discharge 
lampp are employed to determine the spectral resolution. The He-lines provide a good indication 
off  the overall spectral resolution due to their small natural line-width. The measured peak-width 
att half height of two lines was measured to be slightly above 3.6 nm, which is better than the 5 
nmm spectral resolution required for pigment analysis. The line-width covers about 12 pixels on 
thee CCD-camera in the current set-up, which is an unnecessary oversampling. The pixels are 
binnedd in the wavelength direction in pairs of five to reduce the size of the data-set. The mea-
suredd line-width of the most intense He-line after binning is slightly increased to 3.8 nm, as 
shownn in Fig. 2.3a. This minimal decline of the resolution justifies the use of binning. 

Thee spatial resolution in the X-Y direction was determined experimentally from an image 
data-sett taken from a USAF "51 resolution target (Edmunds scientific. Barrington. USA). This 
targett was homogeneously illuminated with white light. The highest line frequency on this target 
iss 228 cycles/mm, which means that individual bars are about 2.2 u.m wide. These lines could be 
resolvedd in both X and Y direction without any problems (see Fig. 2.3b), indicating that the 
spatiall  resolution is well below 2.2 micrometer. 

Referencee spectra taken directly from common traditional blue pigments in reflection are 
shownn in Fig. 2.4. The spectral characteristics of the investigated blue pigments are clearly 
distinguishablee as has been reported for the transmission spectra.76 Azurite has an obvious re-
flectanceflectance of blue light, as is expected for a blue pigment. The spectrum of natural ultramarine 
cann be distinguished from azurite by the increased reflection in the red part of the spectrum 
(650-7500 nm), which is almost as high as the blue reflection (400-500 nm). The spectrum of 
smaltt is clearly recognisable from its extra reflection maximum in the reflection spectrum at 565 
nm.. Indigo extinguishes the incoming beam in the visual region to a large extent. This is due to 
thee low reflectivity of the nearly black indigo clusters. The blue reflection of the indigo is almost 
featureless,, but the intensity of the long wavelength reflection of the spectrum (700-750 nm) is 
high,, which still results in a useful spectral fingerprint for indigo. The small wiggles observed in 
thee indigo reference spectrum are probably due to imperfect projection of the image on the CCD 
cameraa by the Imspector or the presence of a coating on top of the CCD array.*5 

Thee signal to noise ratio in these spectra decreases slightly on the short wavelength side, In 
thee camera selection process special attention was paid to the blue region of the spectrum where 
conventionall  CCD cameras have limited responsivity. This is especially important for the analy-
siss of blue pigments. Further pilot experiments showed that heating up of a standard CCD-chip 
causess high and unstable noise levels, especially in the short wavelength region of the visible 
spectrum.. Therefore, a low-noise, cooled camera was used in the research described in this 
paper.. The lower signal to noise ratio in the short wavelength part of the spectrum (<430 nm) 
whichh is found in the current set-up is explained by absorbance in the blue region of the polarisers 
inn the microscope. 
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Fig.Fig. 2.3. Validation of VIS-imaging. la) Emission lines of a He-lamp. The arrows indicate the position where the 
lineline width is measured, (b) Imaging of a USAF 1951 Test target. The width oj the lower hars (arrows) is 2.2 urn. 
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Fig.Fig. 2.4. Reflection spectra of four traditional blue pigments. Smalt l Co-glass), aznrite (basic copper carbonate), 
naturalnatural ultramarine and indigo. An offset was added to the spectra for easier comparison. Reflectivity of the pure 
materialsmaterials is normalh between 0 and 10%. 
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Fig.Fig. 2.5. VIS-imaging data of paint cross-section HTBS 3/2, taken from the painting Vijl ' Muzen 11650) by Jan 
Lievens.Lievens. la) Optical microscopic image, (b-d) false colour score plots showing the localisation ofazitrite. ultramarine 
andand indigo respectively, and le) averaged reflection V/S-spectra from the highlighted regions in Fig. 2.5c-d. 
II  see also coloured version at the end of this Thesis) 
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2.3.22 Imaging of azurite, ultramarin e and indigo 
Thee results of spectral analysis of some paint cross-sections with blue pigments are shown in 

Figs.. 2.5-2.7. Paint cross-section HTBS 3/2 (Fig. 2.5a) taken from Vijf Muzen by Jan Lievens 
{1607-1674)) contains different blue paint layers on top of a beige ground layer. The lower blue 
layerr contains some bright white pigment particles in a blue matrix. The darker top layer con-
tainss several types of larger blue particles. Such a build-up of layers, in which a thin layer of 
moree expensive pigments follows an underpaint layer with cheaper pigments, is often observed. 
Thee apparent presence of different blue pigments makes this sample a good test-case to evaluate 
VIS-imagingg as a tool for pigment identification and mapping in embedded paint cross-sections. 
Thee spectroscopic data-set of this sample was imported into MATLA B and processed according 
too equation 2.1. A spectrum of the big blue particle in the upper left corner of the sample (marked 
*)) was used as a reference spectrum for the projection method. The complete data-set is pro-
jectedd on a single spectrum taken from this position, according to equation 2.2. This projection 
yieldss the score plot shown in Fig 2.5b. The score of the large blue particle and all related 
particless that have similar spectral features is clearly larger than its environment, as indicated by 
thee red shades. The spectral fingerprint corresponding to this pigment is subsequently deter-
mined.. The co-ordinates of the spectra of which the dot product in P has a higher value than a 
user-definedd threshold value (typically 0.99 on a scale of 0 to 1) are determined first. The non-
normalisedd spectra of the pixels that fulfi l this threshold criterion are averaged to yield the spec-
trall  fingerprint. This averaged spectrum (Fig. 2.5e) has a greatly improved signal-to-noise ratio 
andd identifies this pigment as azurite. 

Thee spectral fingerprints of the other particles in the top layer were obtained in a similar 
manner.. They are markedly different from the azurite particle in the upper left part. The corre-
spondingg score-plot is shown in Fig. 2.5c. Their identification as ultramarine is based on the 
highh reflection intensity of red light (X> 650 nm). The low absolute reflection intensity of these 
particless can be explained by the use of the crossed polarisers, which filter out the light that is 
specularlyy reflected by the polished pigment surface. Projection of the data-set onto a single 
spectrumm of the tower blue layer resulted in the score image presented in Fig. 2.5d. The lower 
bluee layer is clearly highlighted and outlines the bigger white particles. However, the smaller 
whitee particles and the very small blue particles were not clearly resolved, and therefore the 
averagedd spectrum, shown in Fig. 2.5e, has a relatively high overall reflectance. This layer has 
ann especially high reflectance at longer wavelengths and the colouring material is therefore 
identifiedd as indigo. The spectrum is not completely identical to the indigo reference spectrum 
shownn in Fig. 2.4, as the high reflection of the red light starts above 650 nm rather than above 
7000 nm observed for the reference material. This alteration was observed in more indigo samples 
andd is presumably related to chemical changes in indigo due to ageing. 

2.3.33 Smalt discoloration 
Fig.. 2.6a shows a microscopic visual light image of a very large pigment particle (-60 x 80 

Jim)) in a paint cross-section taken from The Seven Sorrows of Mary (c. 1554) by Pieter Aertsen 
(1509-1575).. This particle was chosen for analysis as it is partially discoloured. The core of the 
particlee retained its colour while the outer rim is discoloured. A single band reflection image at 
5500 nm is shown in Fig. 2.6b. The pigment particle is seen as a dark gray area in which the blue 
coree is vaguely observable. The contrast between core and rim is just enough to select a refer-
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encee spectrum. The projection method enhances the contrast between the blue core (Fig. 2.6c) 

andd the discoloured rim (Fig. 2.6d). This high gain in contrast clearly shows the advantage of the 

projectionn method over the direct reflection images of'raw data (Fig. 2.6b). The spectral finger-

printss of both regions are plotted in Fig. 2.6e. The absorption bands observed in the reflectance 

spectrumm of the discoloured rim are not very pronounced compared to the spectrum of the blue 

core,, but the two absorption bands at 465 and 565 nm are still visible. Comparison of the spectra 

too the references in Fig. 2.4 shows a clear resemblance to the spectrum of smalt, a cobalt con-

tainingg glass. This identification is confirmed by EDX and SIMS analysis, in which silicon, 

potassium,, and cobalt were found.-4 The cited study revealed that discolouration of smalt is 

causedd by a change in the co-ordination state of cobalt ions in the glass. This change occurs as 

thee internal basicity of the glass is altered as a result of the loss of potassium ions to the sur-

roundingg medium. Here we demonstrate that even completely discoloured smalt can be objec-

tivelyy identified as smalt. 

Fig.Fig. 2.6. VIS-imaging data of cross-section A102/11, taken from the discoloured robe of Mary Magdalene in The 
Sevenn Sorrows of Mary (c.1554) by Pieter Aerisen (1509-1575). (a) Optical microscopic image showing a partly 
discoloureddiscoloured blue panicle, (b) false colour image of the intensity of the light reflected at 550 nm, (c-d) false colour 
scorescore plots outline the contours of the discoloured rim and the coloured core, and (e) averaged spectra from the 
highlightedhighlighted regions in Fig. 2.6c and d. 
'see'see also coloured version at the end of this Thesis) 
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Paintt sample HTBS 19/7 is taken from F rede rik Hendrik ontvangt de sunnvantie voor Willem 

IlIl  by Gonzales Coques (presumably 1650) and contains colourless transparent masses between 

opaquee white pigment particles (Fig. 2.7a). The projection of the data-set onto a spectrum se-

lectedd from one of the transparent areas (marked *) resulted in the score plot shown in Fig. 2.7b. 

Thiss score plot clearly highlights the transparent masses observed in Fig. 2.7a. The spectral 

fingerprintfingerprint of these masses (Fig. 2.7d) is comparable to the spectrum of the discoloured rim in 

Fig.. 2.6d and shows the typical features of smalt. In this case, the intensity of the 565 urn band is 

evenn higher than the band at 465 nm. indicating that the smalt in this painting discoloured even 

strongerr than the discoloured rim in sample A102/11 (Fig. 2.6f). Smalt is thus identified in a 

completelyy discoloured layer based on the spectral fingerprint. This leads to a better understand-

ingg of the original intention of the painter, even after complete discoloration of a smalt-contain-

ingg paint. Also included in Fig. 2.7a are bright blue particles situated next to the discoloured 

particles.. These are not highlighted in the score plot in Fig. 2.7b. Projection of the data-set on a 

spectrumm selected from one of these particles is shown in Fig. 2.7c. An average spectrum (see 

Fig.. 2.7d) identifies this second pigment as azurite. Our data demonstrate that the painter origi-

nallyy used different types of blue pigments in subsequent layers to achieve the colour shade 

intended. . 

Fig.Fig. 2.7. VIS-imaging data of cross-section HTBS 19/7 take» from Frederik Hendrik ontvangt de survivantie voor 
Willemm II (presumably 1650) by Gonzales Coques. (a) Optical microscopic image, (b-c) false colour score plots 
outlineoutline the distribution of the transparent particles and the azurite particles on the right, and(d) averaged spectra 
formform the highlighted regions in Fig. 2.7b and c. (see also coloured version at the end of this Thesis) 
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2.3.44 Modern paint wit h organic pigments 
Ann even more complex layer structure is found in the modern painting Interior with a Picture 

byy Patrick Caulfield (1936-). The cross-section in Fig. 2.8a shows a titanium white ground (no. 
7)) and a complex build-up of at least 6 paint layers, including three red and two yellow layers. 
Thee colour differences between the three red and two yellow layers are too small to allow an un-
ambiguouss colour description or identification of the pigments by normal microscopy. The mor-
phologyy of the pigments cannot be used as an aid in identification, as the pigment particles in the 
colouredd layers are too small to be resolved in visual light microscopy. This is consistent with 
thee small particle sizes of modem pigments and explains the homogeneous appearance of the 
layers.. The microscopic identification of modern pigments is more difficult than the identifica-
tionn of traditional pigments. A positive identification of a modern pigment must be supported by 
severall  analytical techniques such as mass spectrometry and SEM-EDX because of the large 
numberr of closely related isomeric structures in modern organic pigments. The visual light re-
flectionn spectra of most modern pigments are however relatively specific, so that the application 
off  VIS-imaging can assist in their identification. Unfortunately, the reference spectral library for 
modernn pigments is not yet complete, which hampers the identification of pigments with this 
methodology.. Here we demonstrate how VIS-imaging spectroscopy can distinguish subtle spec-
trall  differences in complex laminated paint cross-sections. The reflection images are used to 
localisee the different layers in the data-set. Projection of the data-set onto a single spectrum 
chosenn from these layers provides high quality spectra and localises the corresponding pigment 
inn the sample (see inserts in Figs. 2.8b and c). 

Fig.. 2.8b presents the spectra of the three red layers (numbered 1, 4 and 6 in Fig. 2.8a). It is 
clearr that the subtle colour differences that can be seen between the layers are caused by vast 
differencess in their reflection spectra. The spectrum of layer I matches the spectral fingerprint of 
PRR 170, a diazotised p-aminobenzamide coupled with 3-hydroxy-2-naphto-0-phenetide.7S This 
pigmentt was also identified by laser desorption ionisation mass-spectrometric techniques. A 
moree detailed description of the MS and SEM-EDX analyses is published elsewhere.79 The 
drop-offf  seen aiX> 650 run is not characteristic for PR 170. SEM-EDX and mass spectrometric 
analysiss did not indicate the presence of an additional pigment. A possible explanation is the 
increasee of thee effective path length of light in a scattering medium at higher wavelength of the 
light,, since the path length of diffusely reflected light in a sample increases with thee wavelength 
duee to the reduced scattering. 

Thee spectrum of layer 6 could be assigned to PR 101, a synthetic red iron oxide. The presence 
off  iron is confirmed by SEM-EDX. The pigment of the thin and bright red layer 4 suggests an 
organicc azo pigment, but the pigment could not be identified due to the incompleteness of die 
availablee spectral library. 

Thee identification of the pigments in the yellow layers (spectra in Fig. 2.8c) is ambiguous due 
too the unusual steps in the spectra. These steps are not normally found in pure materials. This 
suggestss that the obtained spectra consists of different superimposed spectra. The yellow pig-
mentss in layers 3 and 5 are assigned to a PY37 and PY3 respectively. These assignments are 
supportedd by EDX, which shows the presence of chlorine in layer 3 and cadmium in layer 5. 
Reflectionn spectra of these pigments indeed overlap with the lower wavelength part of the pre-
sentedd reflection spectra. The additional steps observed in the VIS-imaging spectra might very 
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Fig.Fig. 2.S. VIS-imaging data of cross-section T071J2-C2 taken from Patrick Caulfleld's 11936) Interior « ith a Picture 
(1985-6),(1985-6), (a) optical microscopic image. <b) averaged spectra oj the three red layers. The insert displays the scores 
ofof these layers as a RGB-plot. Red represent* the scare for layer I. ({reen for laser / and blue for laser 6. 
(c)(c) Averaged spectra oj the two yellow layers. The insert displays the scores of these layers as a RG plot. Red 
representsrepresents the score for laser 3 and green for layer 5. 
II  see also the coloured version at the end o/ this Thesis) 
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welll  be caused by a contamination of the surface of the paint sample by red pigments from the 
adjacentt layers. 

Thee combination of VIS-imaging, mass spectrometry and SEM-EDX lead to an identifica-
tionn for two of the three red pigments and two yellow pigments. Selection of the reference pixels 
off  these pigments and projection on the whole spectral data-set identifies the layers with these 
pigmentss in the cross-section. 

Thee case studies presented above prove the value of the visual light microspectroscopy in the 
studyy of paint cross-sections. The spatial resolution of the system allows the analysis of very thin 
paintt layers independent from their surroundings, while the spectral resolution of about 4 nm 
wass sufficient for the identification of the most common pigments. The value of the technique 
cann be further increased by the implementation of a pigment database. Furthermore, the set-up 
cann be easily changed to acquire fluorescence spectra with a similar spatial and spectral resolu-
tion.. This might lead to a better selectivity for fluorescing pigments. The extension of the system 
too detect light in other spectral regions, e.g. the ultraviolet or the near infrared might also in-
creasee the analytical possibilities but will require more extensive technical adaptation to the 
system. . 

2.44 Conclusions 

AA novel reflected light microspectroscopic imaging system (VIS-imaging) was developed 
andd applied in the field of paint analysis. The imaging resolution of the system is near the dif-
fractionn limit, and allows the spectroscopic analysis of very thin (-1 Jim) paint layers and indi-
viduall  larger pigment particles in traditional paints. The spectral resolution of 4 nm proved to be 
sufficientt for the identification of several pigments. VIS-imaging was employed to localise as 
welll  as identify the pigments, which was demonstrated by the application to both traditional and 
modernn paint cross-sections. Four traditional blue pigments were discriminated, among which 
partiallyy and completely discoloured smalt, a blue cobalt containing potash glass. VIS-imaging 
iss also a useful tool for investigation of modern pigments, but only in combination with other 
analyticall  techniques such as SEM-EDX. mass spectrometry and FTIR to provide a well-founded 
identification.. The contrast of the resulting images is greatly enhanced by the application of the 
describedd projection method. 

2.55 Acknowledgements 

Gertt Eijkel is thanked for his assistance with the development of the software for the data 
acquisition,, control and processing. Dorit Nótzel performed the measurement of the reference 
materials.. Prof. J.R.J van Asperen de Boer, Drs. Lidwien Speleers. and Dr. Tom Learner pro-
videdd the paint cross-sections investigated in these studies. 



) ) 
I I 

1 1 

,, , 

'I I 

I I 

I I 

I I 

I I 

J J 



OO A PRACTICA L EVALUATIO N OF PREPA-

*- **  RATIO N METHOD S AND ACCESSORIES 

FORR THE INFRARE D SPECTROSCOPIC 

ANALYSI SS OF TRADITIONA L PAINT 

SeveralSeveral traditional paint samples were prepared for infrared spectroscopic analysis in a 

numbernumber of different ways. The applied methods include the formation of KBr pellets, squeezing 

ofof isolated or multi-layered samples in a diamond cell embedding in a modern resin, and a new 

methodmethod in which a paint cross-section is embedded in KBr and polished from both sides to 

obtainobtain a thin layer. Microtoming of a paint cross-section embedded in a modern resin was not 

successful.successful. The various samples were analysed by infrared spectroscopy to analyse the useful-

nessness of these sample preparation techniques in the field of paintings research. The amount of 

informationinformation that can be derived from the obtained infrared spectra appeared optimal for sample 

preparationpreparation methods that allow the application of transmission techniques. The results obtained 

forfor specular reflectance techniques were of lesser quality, while no diffuse reflectance spectra 

couldcould be obtained. The results can best be (raced to a specific layer or structure in an inhomo-

geneousgeneous paint system if the layer structure of the sample is left intact, i.e. using specular reflec-

tancetance of an embedded cross-section or transmission of a thin section obtained by doubly polish-

inging a cross-section embedded in KBr. 
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3.11 Infrare d spectroscopy of multi-layered paint systems 

Thee value of infrared spectroscopy in the investigation of oil paint and paintings research has 
longg been recognised. The application of infrared spectroscopy for the analysis of aged paint and 
paintingg materials has been reported several times.?4-434? 47S,,SI Most of the samples analysed in 
thesee studies were ground and prepared in KBr (potassium bromide) pellets, which was the 
standardd sample preparation technique in infrared spectroscopy for many years. However, this 
methodd of sample preparation has some serious drawbacks. The most important of these is the 
completee destruction of the sample structure during the formation of the pellet. Therefore, it is 
veryy difficult to individually analyse different paint layers in a complex multi-layered system, 
suchh as a 17th century painting (cf. Chapter 1 of this Thesis), as they have to be dissected before 
thee measurement. This need for a physical dissection of the samples limits the accuracy with 
whichh the individual layers can be investigated. 

Thee sampling accuracy can be increased in different ways. The most obvious way to allow a 
betterr dissection of different layers in a painting is the reduction of the amount of sample needed. 
Ongoingg improvement of FT1R methodology has led to the introduction of different accessories 
too allow the analysis of samples that are far smaller << 1 ug) than can be analysed using KBr 
pelletss (=1 mg). These are the diamond anvil cell,*2-1" and miniaturised ATR (Attenuated total 
reflection)) crystals.84 

Thee second way to enable a better individual analysis of different paint layers in a sample is 
thee application of sample preparation methods that leave the structure of the investigated paint 
samplee intact. In this case, details in a sample can be studied individually, as long as the spatial 
resolutionn of the applied infrared technique is sufficient. This would clearly be the preferred 
solution,, especially since the spatial resolution that can be obtained in infrared microscopy has 
beenn increased quite a lot by the introduction of infrared imaging equipment.''6 

Thiss Chapter aims at a comparison of the various sample preparation techniques (both iso-
latedd and cross-sections) in the investigation of paint. The criteria for a useful sampling tech-
niquee are a high accuracy to trace the results of a measurement to a specific layer in the paint 
structure,, and the quality of spectra, which determines the amount of information that can be 
extractedd from a spectrum. The main conditions for a high quality spectrum are a high S/N 
(Signall  to Noise ratio), symmetric absorption peaks, and a straight baseline. 

Thee spectrometer can analyse a sample in various 'measurement modes1, i.e. transmission, 
reflectionn (specular or diffuse), photo-thermal, and Raman spectroscopy. These different modes 
dictatee specific requirements to the sample handling. The next section therefore provides the 
theoryy of the different measurement modes and reviews the various sample preparation tech-
niquess and accessories that adapt a sample to a suitable form for analysis. 
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3.22 Theory of measurement modes and sample preparation 
accessoriess and methods 

3.2.11 Transmission 
Infraredd spectroscopy is most easily carried out using transmission experiments, in which 

lightt passes through a sample. The sample partly absorbs the incoming light and thereby reduces 
thee intensity of the transmitted beam. The absorption of a material is a characteristic function of 
thee wavelength X, and the intensity of the transmitted light can be used as a fingerprint to classify 
orr even identify the sample material. Transmission measurements can be quantitative, as the 
experimentallyy determined absorbance A is linearly dependent on both the concentration of the 
absorbingg material and the path length of light in a sample. This relation forms the basis of 
Lambertt Beer's Law:85 

A l ¥== e > cl = - logT? [3.1] 

inn which the extinction coefficient £ (1 mol-1 cm') is a characteristic property of the absorb-
ingg material, c is its concentration, and 1 is the path length of the light through the sample. 
Absorbancee A can directly be deduced from the transmission T, which is the fraction of light 
transmittedd through a sample (scale 0-1). Both the transmission and the absorption notations 
definee the ratio between sample and reference and are dimensionless. 

Thee successful application of transmission infrared spectroscopy is often problematic, as 
manyy materials are efficient absorbers of infrared light. As a result, the intensity of the transmitted 
lightt can easily become very low and cannot be measured accurately. Generally, the transmission 
off  the most intense peaks of interest in the spectrum should be more than 0.1 to be quantified 
accurately.. This implies that the absorbance values should not exceed 1. The infrared sampling 
accessoriess available for transmission measurements reduce the high absorption values by 
decreasingg either the concentration c (dilution) or the path length 1. Dilution unavoidably leads 
too the loss of structural integrity and therefore this method cannot take advantage of the high 
spatiall  resolution provided by microscopic analyses. Therefore, the analysis of a cross-section 
withh a small thickness would be the most promising approach. There are several ways to prepare 
aa sample for transmission measurements. The most common methods will be discussed below. 

3.2.1.11 KBr pellets 
Thee most familiar infrared sampling method is based on ICBr (potassium bromide) pellets. 

KBrr is a salt that is transparent in the infrared region and is bought as a white powder. The 
applicationn of high pressure (  5 tons) to the salt changes it into a solid transparent pellet. A 
samplee can be diluted in a KBr pellet by mixing sample and KBr powder before pressing the 
pellet.. Preparation of KBr pellets normally involves the grinding of the sample to prevent light 
scattering.. Structural information is therefore lost completely and the application of imaging 
techniquess is not useful. Spatial information can only be obtained by manual separation of the 
differentt areas of interest in the sample. Unfortunately, a rather large amount of sample is re-
quiredd (-3 mg. or 2-4 % w/w of the total pellet) for a good absorbance spectrum. 
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3.2.1.22 Diamond anvil cell 
AA diamond anvil cell consists of two diamond windows. The sample is squeezed between 

thesee windows before analysis. Diamond is an appropriate window for a transmission cell, as it 
iss transparent in the important infrared regions as well as in the visual region. Furthermore, the 
hardnesss of diamond makes the squeezing of most samples straightforward. The diamond anvil 
celll  is an established sampling accessory in infrared spectroscopy and has been used to analyse 
archaeological̂̂  and paint8" samples. Sample preparation is easy, especially when facilitated by 
aa stereomicroscope. Only a minor amount of sample is required for a high-quality infrared spec-
trum. . 

3.2.1.33 Microtom e 
Anotherr approach to obtain a thin layer of sample is the slicing of an embedded sample using 

aa microtome. The thickness of sliced samples should be below 15 urn to prevent complete ex-
tinctionn of the incident light by absorption or scattering. Advantages of slicing are the conserva-
tionn of the structure of the sample and the possibility to sample existing paint cross-sections. 
Microtomingg of samples embedded in curing resins has been described as a routine procedure.41'82'** 
AA problem of microtoming samples embedded in a resin might be smearing of the polyester or 
poly-acrylatee embedding medium on the sample surface, which will contaminate the sample 
spectraa and thereby complicate spectral interpretation. Silver chloride (AgOf3 and potassium 
bromidee (KBr)Wb have been proposed as embedding medium to prevent this. A problem of AgCl 
iss its darkening due to ultraviolet and visible light. This makes visual inspection of the sample 
difficultt to impossible, but does not significantly influence the infrared spectra. Another prob-
lemm is the accelerated corrosion due to the reactivity of AgCl. Samples should therefore be 
investigatedd preferably within one day after sample preparation. 

3.2.1.44 Polishing 
Ann elegant way to obtain thin sections from a cross-section is to polish a sample on both sides 

untill  a thin slice remains. A sample should be polished on one side, which is than glued onto a 
glasss slide. Subsequently, the other side is polished in until the sample is thin enough to transmit 
tight.. This method is known from petrology were rocks crystals can be studied in transmitted 
visuall  light in this manner90 and has been used to study embedded paint cross-sections in trans-
mittedd light.5 

Thiss method cannot be directly applied to prepare samples for transmitted light infrared spec-
troscopy,, as existing glues are strong infrared absorbers and seriously disturb the analysis and its 
interpretation.. In this study, we propose cold flowing KBr to act both as glue and infrared trans-
parentt window. The proposed procedure is outlined in Fig. 3.1. The sample is positioned with 
thee layers vertical in a thin layer of KBr and covered by additional KBr. The sample is subse-
quentlyy pressed into a pellet, which is polished on one side. The pellet is re-introduced in the 
KBrr die with the polished side upward and is covered by KBr. Pressure is applied again and the 
samplee in the pellet is subsequently polished on the other side until the sample is thin enough to 
alloww transmission FTIR measurements. This procedure completely avoids the use of infrared 
absorbingg media, and can be applied without specialised equipment. 
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Fig.Fig. 3.1. Proposed procedure for the preparation of thin sections of a multi-layered paint system, (a) A multi-
layeredlayered sample is positioned in a thin layer of KBr in a KBr-die. (b) The sample is carefully covered with additional 
KlirKlir  and a transparent KBr pellet is made by the application of high pressure, (c) The KBr pellet is ground and 
polishedpolished until a flat surface is obtained in which the layers of interest are present on the surface, (d) The rim of the 
KBrKBr pellet is removed and (e) the remaining pellet is re-introduced in the KBr-die upside down, (f) KBr is added 
andand a new pellet is created, (g) Finally, this pellet is ground and polished until the section is thin enough to allow 
transmissiontransmission measurements. 

3.2.1.55 Attenuated total reflection 
Attenuatedd total reflection (ATR) is basically a transmission technique, although the name 

suggestss differently. The principles of total reflection can be derived from Fresnel's law, which 

describess the fractions of a light beam that are reflected and transmitted on arrival at a surface.'" 

Fig.. 3.2 displays a result of Fresnel's law for unpolarised light arriving at a surface under an 

incidencee angle 6( of 30°. The transmission is I (100%) when the refractive indices arc equal (n,/ 

n,, = I), but in all other cases the reflected light has a non-zero intensity. The reflection of the 

incidentt beam is I (total reflection) when n,/n, is smaller than -0.5. During total reflection, light 

iss not completely localised inside the high refractive index material, as a standing wave, called 

thee evanescent wave, protrudes from its surface/5 This evanescent wave can be absorbed if an 

absorbingg material is penetrated in this process. This ATR process is successfully employed in 

infraredd spectroscopy by bringing a sample in close contact with a high refractive index mate-

rial,, called the ATR crystal. The small penetration depth of light in the sample (e.g. 1 pirn at 2000 

cmm '. 8_= 25°. nciys(a) = 4, nsmvte= 1.5) makes ATR very suitable for the analysis of thin surface 

layers,, e.g. varnish layers, which are normally difficult to sample. Another common application 

off  ATR is the study of the drying mechanism of oil." Larger ATR crystals have been used exten-

sivelyy for decades, but are now increasingly replaced by small ATR crystals,84 such as the Golden 

Gatee system with a diamond crystal. These systems can obtain high quality spectra from small 

sampless and can therefore be useful for conservation research. Microscopic ATR crystals are a 

new,, interesting development. These crystals can be connected to an infrared microscope and 

preservee the spatial information of the sample. In combination with FTlR-imaging."" this is a 

versatilee accessory, which is very promising for the study of paint cross-sections, as it enables 

thee analysis of intact embedded cross-sections, without the need to prepare a thin layer. A prob-

lemm that can be anticipated in this application is an imperfect contact between the sample and the 

crystal.. Furthermore, the absorption of inorganic pigments wil l be overemphasised, as the effec-

tivee path length increases with the refractive index of the sample. 
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Fig.Fig. 3.2. Results oj Fresnel's law: transmission and reflection as a /unction of the refractive index ratios. The 
intensitiesintensities of transmitted and reflected light arc present as fractions of the intensity ojthe incoming beam, (calculated 
forfor unpolarised light. 6 oj 30.) 

3.2.1.66 Reflection-Absorption Spectrometry 
AA sample prepared for Reflection-Absorption spectrometry, also known under the ugly but 

popularr nickname Transflection*. should consist of a thin layer of sample on a smooth metal 

surface.. The incoming light is transmitted through the sample, reflected by the metal surface, 

andd transmitted again through the sample.85 The effective path length of the light beam in the 

samplee is at least double the layer thickness and can be further increased by using a grazing 

anglee objective. Reflection-Absorption Spectrometry is applicable only in a limited number of 

casess in the field of traditional paint research, e.g. varnished gildings or silver layers, but can 

resultt in high quality spectra (unpublished results). 

3.2.22 Specular  reflectance 
Thee earlier discussion on total reflection pointed to the influence of a surface between two 

materialss on light arriving at the surface. A beam will be partly or fully reflected by this surface 

whenn the refractive indices of the two materials differ. The intensities of the reflected and trans-

mittedd beams are described by Fresnel's law,"1 and exemplified in Fig. 3.2. which presents the 

resultss of Fresnel's law for a range of different refractive index ratios. A refractive index ratio of 

1.55 (n,/n.) results in a 4% reflectance, while the reflectance increases to 36% at a refractive 

indexx ratio of 4 (Fig. 3.2). The intensity of the reflected beam is thus related to the refractive 

indexx of the sample. The absolute values for the refractive index spectrum acquired by specular 

reflectancee are not very accurate, as the results are influenced by absorption of the evanescent 

wave,, surface corrugation etc.. Nevertheless, a specular reflectance spectrum can be transformed 

intoo an absorbance-like spectrum by the Kramers-Kronig transformation,83-92 which is a standard 

featuree in the software that comes with commercial spectrometers. Specular reflectance mea-

surementss can easily be applied to existing embedded paint cross-sections. The enormous num-

berr of samples already prepared in the past for optical microscopic investigation in various 
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laboratoriess can therefore be used with minimal additional sample preparation and without extra 
samplingg of the painting. Furthermore, a high spatial resolution measurement can be applied, as 
thee layer structure remains intact during embedding. 

Dedicatedd specular reflectance accessories allow the adjustment of the incidence and 
polarisationn angles of the light beam. However, the spatial resolution that can be achieved with 
thesee 'neat' systems is limited, as no microscope can be included in the system. On the other 
hand,, several infrared microscopes have the possibility to analyse light reflected from a sample. 
Thiss approach improves the spatial resolution to the theoretical maximum. However, the angle 
off  the incident beam loses its definition, as it becomes a range of values determined by the 
numericall  aperture of the microscope objective, instead of a single value. This loss of definition 
influencess the intensity of the reflected beam and therefore reduces the accuracy of specular 
reflectancee measurements. Another side effect might be introduced in inhomogeneous samples, 
ass the intensity of the specular reflectance is dependent on the refractive index of the sample 
(whichh is the basis for the specular reflectance measurements). When applied to paint samples, 
thee high refractive index of inorganic pigment particles will lead to strong reflectance bands, 
knownn as 'Reststrahlen' bands,1*5''1 while the intensity of the organic binding medium is rela-
tivelyy low. Specular reflectance has been applied successfully on different kinds of polymer 
samples,*11 ceramics,1'5 and paint cross-sections.1*7 

3.2.33 Diffuse reflectance 
Absorptionn and specular reflectance give a more or less complete description of the interac-

tionn between light and homogeneous samples. Homogeneous in this context means that the 
samplee does not contain internal surfaces of materials with different refractive indices. This 
conditionn is however normally not satisfied for paint samples, which contain both binding me-
diumm and pigment particles. Fresnel's law is also valid at internal surfaces and lead to light 
scatteringg inside the paint layer, as shown in Fig, 3.3. Part of the scattered light leaves the sample 
onn the illuminated side and is called diffuse reflectance. The effective path cannot be determined 
forr most systems and this makes the application of Lambert-Beer's law (Eq. 3.1) unpractical. A 
betterr alternative is the Kubelka-Munk transformation, which can be used to transform the in-
tensityy of diffusely reflected light into an absorption-like spectrum.%-^ The Kubelka-Munk trans-
formationn is nowadays a standard feature in the software delivered with spectrometers. The 
majorr task of diffuse reflectance accessories is the rejection of specularly reflected light. When 
aa mix of specular and diffuse light is analysed, neither the Kubelka-Munk correction nor the 
Kramers-Kronigg transformation will lead to useful results. 

3.2.3.11 DRIFT S 
Sampless for DRIFTS are normally powdered and mixed with KBr for dilution. The incoming 

lightt beam is focussed on the sample by a parabolic mirror, while a second parabolic mirror 
reflectss diffuse reflectance light towards the detector. The disturbing influence of specular 
reflectancee is reduced by the rough surface of the powdered sample. 
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m m 
Fig.Fig. 3.3. Scheme of diffuse reflectance. The incoming beam is scattered extensively in the paint. leading to a broad 
distributiondistribution of reflectance angles and loss oj polarisation. 

3.2.3.22 Sandpaper 
Ann elegant method that is also based on reflectance by a rough surface is diffuse reflectance 

fromm sandpaper.81 Silicon carbide (SiC) particles, the most common abrasive in commercial 

sandpaperr do not absorb mid-infrared radiation and are therefore well suited as sample support 

forr DR spectroscopy. Applying sample on sandpaper is easy, as it is a side effect of its normal 

use.. This method destroys the spatial structure of a sample, but allows the sampling of a surface 

layer.. It seems impossible to sample different layers in a multi-layered sample in a controlled 

way.. and this method is therefore not promising for traditional paint samples. 

3.2.3.33 Crossed polarisers 
Specularr reflectance of a flat and smooth surface can be removed by the use of crossed 

polarisers.. This method exploits the loss of polarisation upon diffuse reflectance. Specular 

reflectancee preserves the polarisation and is filtered out by the crossed polarisers. This method is 

appliedd on a routine basis in visual light microscopy.'*  Its application in infrared spectroscopy 

seemss straightforward, but has not been found in literature by the author. 

3.2.44 Photo-thermal detection 
Photo-thermall  techniques measure the temperature increase of a sample due to absorption of 

light.. This temperature rise is a fairly direct measure for the absorption of the incoming light. It 

cann be measured by a miniature thermometer or, less directly, a microphone (Photo-acoustic 

spectroscopy).. Photo-thermal detection might have some major advantages for paint research. 

Onee advantage is the easy sample preparation: the preparation of thin or diluted samples is not 

necessaryy as heating takes primarily place at the front side of the sample. Furthermore, specular 

reflectionss do not induce heating of the sample and therefore do not disturb the measurement. 

3.2.4.11 Temperature sensors 
Thee energy deposited in the sample can be quantified by determining the induced rise in 

temperature.. The thermometer to be used, most likely a thermocouple or thermorcsistor. should 

bee small to prevent shading effects, allow a fast response, and provide a high spatial resolution. 

Hammichee et al." used a micro thermal analyser (uTA) equipped with a thermo-resistive canti-
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leverr tip, which can directly perform a spot temperature analysis. The first results of this ap-
proachh look promising, but at present, the measurement times are too long to be of practical 
relevance.. Further improvements of this technique might lead to an apparatus with a very high 
spatiall  resolution, as the ultimate resolution is dependent on the tip size and the heat diffusion 
propertiess of the sample rather than on the diffraction limit of infrared light. Another approach to 
probee temperature changes is the tracing of volume increase and surface deformation by an 
accuratee atomic force microscope (AFM).I0U However, no experimental spectra have been pub-
lishedd using this technique and the usefulness of this approach cannot yet be assessed. 

3.2.4.22 Photo-acoustic spectroscopy 
PASS (Photo-acoustic Spectroscopy) is another approach to quantify the energy deposited in 

thee sample by absorption of light. PAS is based on the photo-acoustic effect, found by Bell in the 
1880s,, but implemented in FTIR only in the 1980s.1"1 A modulation of the incident beam varies 
thee heat deposition in the sample. The fluctuating temperature of the sample surface induces a 
fluctuatingg pressure in the gas surrounding the sample. These fluctuations can be detected as 
soundd when the modulation frequency is chosen correctly. A modulated beam produced by a 
normall  rapid-scan spectrometer can very well be used to measure PAS spectra, but the application 
off  a step-scan interferometer has distinct advantages,1"2 such as a more controlled depth profiling. 
PASS is currently a well-developed, commercially available, and routinely used measurement 
technique.. An advantage is the facile, contactless probing of the surface of thick samples. It 
mightt be a good sampling method to probe the surface of intact paintings as well as embedded 
paintt cross-sections. However, the current commercial PAS accessories cannot handle larger 
(>11 cm2) samples and do not provide a spatial resolution, which makes them of littl e use in the 
analysiss of traditional paint. 

3.2.55 Raman spectroscopy 
Ramann spectroscopy has evolved to an established technique in the past 30 years. It is there-

foree nowadays very uncommon to classify Raman as 'another' IR sampling technique. Instead, 
bothh infrared and Raman spectroscopy are normally classified as vibrational spectroscopy. Nev-
ertheless,, Raman spectroscopy basically is an approach to measure absorptions in the infrared 
region.. Raman scattering is the phenomenon where energy of a photon is changed during scat-
tering1"33 due to the excitation or relaxation of molecular vibrations. The difference between the 
excitationn and the scattered beam can be determined experimentally and equals the energy of the 
vibrationall  transition. Absorption peaks in infrared and Raman spectroscopy appear at equal 
spectrall  position. However, Raman active bands might be completely absent in infrared spectra 
andd vice versa, as the conditions of vibrational excitation are completely different. The tech-
niquess are therefore complementary. The short wavelength of the exciting light, normally be-
tweenn 500 and 1100 nm allows the use of normal glass windows and lenses. The spatial resolu-
tionn of Raman spectroscopic imaging can be as high as 1 îm as a result of the short excitation 
wavelength.. The successful analyses of pigments,51-54 polychromed sculptures,5- different bind-
ingg media50 and even rock paintings104 by Raman spectroscopy have been reported. 
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3.33 Comparative studies of a 17th century multi-layered paint 

Onlyy a small number of the various accessories and sample preparation techniques reviewed 
inn the previous section are promising in the investigation of complex traditional paint systems. 
Ass explained, the layers in a multi-layered sample can be better sampled when only a small 
samplee is needed. In this respect, a diamond anvil cell is the most promising and is therefore 
includedd in the following evaluation. A number of different sample preparation methods yields 
aa prepared sample with an intact layer structure. The most common way to prepare a paint cross-
sectionn is by embedding in a synthetic resin. This method has been used for years by various 
paintingg investigators to enable optical microscopic analysis of a paint structure. As a result, 
largee numbers of cross-sections are available and could be used for infrared analysis. Embedded 
paintt cross-section can be measured directly in a reflectance mode, both specular and diffuse. 
Otherr ways that might enable the infrared analysis of embedded paint cross-sections are micro-
scopicc ATR, and Raman spectroscopy. The photo-thermal techniques have not been included in 
thee present study, as they are not routinely available (small temperature sensors) or do not pro-
videe a reasonable spatial resolution (PAS). 

Transmissionn measurements of an embedded paint cross-section other than ATR are not pos-
sible,, as the sections are too thick and block the incoming light beam completely. Therefore, 
severall  methods were evaluated to enable the analysis of a multi-layered paint sample in trans-
missionn mode. These include the careful squeezing of a multi-layered sample in a diamond cell, 
microtomingg of a thin section of an embedded paint cross-section, and the newly proposed KBr 
polishingg technique. 

AA valid evaluation of these sample preparation methods must ensure that the other param-
eterss are kept constant. Therefore, all infrared spectra are recorded on the same infrared spec-
trometer.. Optimal evaluation of the spectral quality can be achieved by single-point FTIR detec-
tion,, as this provides a more reproducible quality. Imaging results are included additionally to 
thee single point measurements only in the cases where a higher spatial resolution is advanta-
geous,, i.e. when the sample preparation method preserves the layer structure of the sample. A 
veryy important factor to keep constant is the investigated paint system. The paint should thus be 
availablee in relatively large amounts, to ensure that the layer structure investigated by the several 
techniquess is very similar. Furthermore, the investigated paint structure should be taken from a 
traditionall  paint to ensure the significance of the obtained results. These demanding precondi-
tionss could be fulfilled elegantly by the availability of a discarded 17th century Dutch painting. A 
largee piece of this painting was sacrificed by the Rijksmuseum Amsterdam for research, due to 
itss poor condition. Care was taken that all the samples taken for analysis were taken from the 
samee area and that the same layer structure observed for all samples is similar. 

Characterisationn of the paint is not the main focus of this Chapter. However, knowledge on 
thiss paint is essential for a correct comparison of the various preparation techniques. Therefore. 
interpretationn of the obtained spectra is also included, as well as the results of additional analysis 
byy optica] microscopy, SEM-EDX, and GC-MS. 
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3.44 Experimental 

Alll  samples used in this project were taken from the same area in a single painting, painted in 
17733 by an unknown painter. The embedded sample used for optical microscopy, SEM-EDX, 
andd several FTIR techniques was embedded in Technovit 200LC (Heraeus Kulzer. Germany) 
andd polished using Micromesh® polishing cloths up to the finest mesh (12000) (Scientific In-
strumentt Services Inc., Minnesota). 

AA Leica DMRX analytical microscope (Leica Inc., Wetzlar, Germany) was used for visual 
lightt microscopy. SEM-EDX analysis was performed using an XL30 SFEG SEM and an EDAX 
EDXX system (FE1 company, Eindhoven, the Netherlands). The accelerator voltage used was 25 
kV.. The sample was carbon coated to improve the conducting properties of the surface. Mass 
spectrometricc analysis of the homogenised stack of layers was carried out following the proce-
duree by Van den Berg et al.m 

KBrr (Aldrich, FT-IR grade) pellets were made in a macro-micro KBr die (Aldrich) using 
paperr inserts to minimise the amount of sample needed. Thin slices obtained by polishing were 
embeddedd in KBr by using the same KBr and die. The resulting pellets were ground using 
standardd sandpaper to remove excess KBr and subsequently polished using Micromesh polish-
ingg cloths up to the finest mesh (12000). The diamond cell was a P/N 2550 (Graseby Specac, 
Orpington,, Kent, UK). The Leitz microtome was equipped with glass knives, prepared from 
glasss strips (Agar, Van Loenen, Zaandam, The Netherlands) by a LKB KnifeMaker. A Bio-Rad 
slide-onn ATR connected to the standard 15X Cassegrain objective was available for ATR mea-
surements.. The ZnSe infrared polarisers were obtained from Bio-Rad. 

Thee FTIR measurements described in this paper were performed on a Bio-Rad FTS-6000 
(nowadayss Digilab, Cambridge, MA, USA) FTIR spectroscope, combined with a Bio-Rad UMA-
5000 IR microscope. All single point spectra were recorded at 4 cm-1 spectral resolution, an 
undersamplingg ratio (UDR) of 2, and a mirror speed of 5 kHz. 100 spectra were accumulated to 
increasee S/N. 

Independentt measurements of layers in a multi-layered sample were obtained using a single 
pointt detector and a sharp edge diaphragm. This diaphragm blocks all light that is transmitted or 
reflectedd outside a region of interest, which can be adjusted in visible light. All spectra were 
correctedd for the background, water vapour absorption, and slopes in the baseline. The specular 
reflectancee measurements were Kramers-Kronig transformed after background correction. 

Imaging-FTIRR measurements were performed using the Bio-Rad Stingray system, consisting 
off  the described infrared spectrometer and microscope extended with a 64 x 64 pixel MCT 
Focall  Plane Array (FPA, Santa Barbara Focal plane). An extensive description of this system is 
presentedd in Chapter 4 of this Thesis. The images and averaged spectra were obtained by using 
thee projection analysis described in Chapter 2 of this Thesis. 

Thee Raman system used was a Renishaw 1000B Raman analyser equipped with two lasers: 
5144 and 785 nm. 
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3.55 Results 

3.5.11 Preparation of the multi-layered samples 
Fig.. 3.4 shows the different prepared multi-layered samples. A paint cross-section embedded 

inn a modem resin (Fig. 3.4A) shows a clear overview of the complex layer structure of this 
painting.. These different layers are tentatively assigned in Table 3.1. This table also presents an 
elementall  analysis by SEM-EDX. Layer I is a dark red layer, probably coloured by ochres (ele-
mentss Si. Al. Fe). The metallic part in this layer consists of iron. This layer is covered by a very 
thinn layer of yellowish Pb containing paint. Layers 3 and 4 are again a red and a yellowish layer. 
Layerr 5 is a remarkably thick and bright layer. This layer is pigmented by a lead-containing 
pigment.. The presence of Ba in this paint seriously questions its 17,h century origin. The top 
layerss are a rather undefined sequence of a number of transparent (7 and 9) and opaque (6 and 8) 
layers. . 

Fig.. 3.4Bshowsa sample of the same paint after squeezing in the diamond cell. It is clear that 
aa layer structure has been altered in the squeezing process, but several layers can still be distin-
guished.. The numbering of these layers is consistent with the numbering in the embedded paint 
cross-section.. The assignment of this numbers is not directly clear from the presented image, but 
iss based on the IR analysis described below. 

Thee layers in this figure are numbered. Fig. 3.4C shows the sample obtained by the KBr 
polishingg technique described in Fig. 3.1. The presented visual light microscopic image is ob-
tainedd in transmission mode, and clearly shows that this sample preparation method leaves the 
layerr structure completely intact. The layer structure of this thin section agrees very well with 
thee embedded cross-section presented in Fig. 3.4A and the numbering of the different layers is 
keptt consistent accordingly. However, some smaller differences are present between Figs. 3.4A 
andd C. The colours of these cross-sections are not completely similar. This is ascribed to a 
differencee in microscopic technique (reflection with crossed polarisers vs. transmission) rather 
thann to differences in sample composition. Furthermore, the rather diffuse top layers 6-9 cannot 
bee distinguished as separate layers in the thin section. This might be due to small differences 
betweenn the samples or due to the loss of top part of the cross-section in the polishing process. 
Thee numbering of the layers 7-9 in used for consistency with Fig. 3.4A. The various lower layers 
inn these different cross-sections are well comparable, and provide a good means to evaluate the 
differentt sample preparation techniques. 

Microtomingg of samples from the test painting was not successful, despite extensive trials. In 
alll  cases, the paint crumbled upon cutting due to the brittleness of aged paint. The pigment 
particles,, which can very well be larger than the desired slice thickness, are expected to easily 
damagee the paint section through the imperfect cohesion and large differences in hardness be-
tweenn particles and the surrounding matrix, ft is expected that this preparation method will be of 
moree value when the investigated samples are small, as the support due to the embedding me-
diumm increases with decreasing sample size. Besides, microtomy of modern paints might be 
moree straightforward, as these are normally more flexible and contain smaller pigment particles 
thann traditional 17ih century paint. 

Thee several physically isolated samples used were also taken from the same spot on the 
painting.. The samples were dissected using a surgical scalpel and a stereomicroscope. while 
caree was taken that the layer structure was similar to the structure shown in Fig. 3.4A. 
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Fig.Fig. 3.4. Optical microscopic images of the different analysed paint cross-sections, (a) Paint cross-section prepared 
inin a modern resin, (b) Cross-section prepared after squeezing in a diamond anvil cell, (c) Thin section of a cross-
sectionsection embedded in KBr. The numbering of the layers in the different images is consistent. Elemental analysis 
(SEM-EDX)(SEM-EDX) is presented in Table 3.1. 
(see(see also the coloured version at the end of this Thesis) 
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Number r 
9 9 
8 8 
7 7 
6 6 
5 5 

4 4 
3 3 
2 2 
1 1 

Colour r 
transparent t 

white e 
transparent t 

yellow w 

white e 

yellow/brown n 
red d 

yellow/brown n 

red d 

Thickness s 
a» » 

31 1 

a) ) 

a> > 

60 0 
95 5 

12 2 

8 8 

>150 0 

Elements s 

K,P P 

Cr,Mg g 
Pb,, Ba (particles) 

Ca,, AL Pb 

KK AL P 
Pb b 

ALL SL K, Mg. Fe 

Identification n 
Varnish h 

Varnish h 
Coo bur paint 

Colouredd paint 
Colourr paint 

Inprimatura a 
Isolation n 

Ground d 

TableTable 3.1. Summary of the various numbered layers in the embeddedpaint cross-section in Fig. 3.4, the approximate 
thicknessthickness of the layers (pan) and the elemental analysis are determined using SEM-EDX. '' Layer thickness not 
clearlyclearly determined, due to its diffuse appearance. 

3,5.22 Fingerprintin g the paint system 
Thee elemental content of the different layers in the investigated paint samples was deter-

minedd using SEM-EDX on the embedded cross-section shown in Fig. 3.4A. The results of these 
analysess are provided in Table 3.1. Mass spectrometric analysis indicated the presence of lin-
seedd oil that has been used without heat-treatment. The degree of hydrolysis of the paint is 91%. 

3.5.33 Infrare d analysis of physically isolated samples 

3.5.3.11 KBr-pellet s 
Sampless from different layers of the test panel were separated manually as good as possible 

usingg a fine scalpel. Only a rough separation between the upper and the lower layers could be 
achievedd due to the relatively large amount of material needed fora KBr pellet. Fig. 3.5 shows 
twoo spectra of samples obtained from the upper and lower layers. The absorption intensity of the 
spectraa is still low (< 0.2 for the most intense inorganic absorption), despite the relatively large 
sampless that have been used. This low absorption results in a relatively high noise level, espe-
ciallyy below 1000 cm1. Nevertheless, several absorptions can be assigned. 

Tablee 3.2 presents the interpretation of the absorption bands that were found in the different 
FT1RR spectra.31--7-""-1™* The lower layers {1-4, black line in Fig. 3.5) contain a strong silicate 
signall  (1015, 915 cm"1) due to the earth pigments in the red ground layer. These pigments also 
containn crystal water, leading to the sharp absorptions at 3619 and 3695 cm1. Carbonates can be 
assignedd to lead white and calcium carbonate in layer 4 (Pb and Ca found in EDX. Table 3.1). 
Identificationn of the binding medium is not straightforward. The combination of peaks at 1630 
andd 1542 cm-1 would indicate the presence of protein, but this preliminary assignment will be 
rejectedd below. The oil absorptions (1708. 2927, 2854 cm ') are small due to the high pigment 
concentration.. The grey line in Fig, 3.5 represents the top layers of the paint. The highest absorp-
tionn in this spectrum is the carbonate at 1404 enr' that can be identified as lead white (Pb found 
inn EDX). The pronounced carboxylate peak at 1516 cm-1 indicates the extensive formation of 
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leadd soaps (cf. Chapter 6). The oil binding medium and varnish materials results in the carbonyi 

peakk at 1710 cm1, with a distinct shoulder at 1740 cm'1 (cf. Chapter 5). 

0.2 2 

< < 

Layerss 5-9 
Layerss 1-4 

4000 0 25000 2000 
Wavenumber r 

Fig.Fig. 3.5. Transmission infrared spectra oj dissected parts of the investigated paint, prepared in a diamond anvil 
cell.cell. The numbers of the layers correspond to those in Fig. 3.-1 and Table 3.1. 

VVavcnumbcrtcm1) ) 

3699-3620 0 

3535.. 1450-1420. 
1050.681 1 

3460-3350 0 

2940-2924,2865-2850 0 

1785-1770 0 

1740-1700 0 

1650-1620 0 

1550-1510 0 

1460 0 

1415 5 

1050-1030,1020.. 915 

Vibratio n n 

H,0 0 

Various s 

OH H 

CH H 

C=0 0 

C=0 0 

COOM M 

CH H 

CO: : 

Si-0 0 

Assignment t 

Crystall  water in pigment 

Leadd white pigment 

Bindingg medium 

Bindingg medium 

Polymerisedd oil'" 

Bindingg medium 

Metall  carboxylates ? 

Metall  carboxylates 

Bindingg medium 

Carbonatee in pigment 

Earthh pigment 

TableTable 3.2. General assignment oj the infrared absorption bands in figs. 5-11. 
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3.5.3.22 Diamond anvil cell 
Thee spectra obtained from the test painting are shown in Fig. 3.6, A small sample (< 1 jug) 

sufficess for these measurements and consequently the sampling of a single layer can be per-
formedd more accurately than for KBr pellets (-50 jam). In this case, it appeared possible to 
samplee layers I and 4 (cf. Fig. 3.4A) individually. Despite the small sample sizes, the absor-
bancee intensity of the resulting spectra is much higher than for the KBr pellets (1.4 for the most 
intensee silicate band in layer 1, compared to 0.2 in Fig. 3.5). 

Thee better separation of these layers improves the accuracy of the chemical interpretation. 
Thee most remarkable new result is the separation of the absorption bands at 1650 (layer 1) and 
15333 (layer 4). The presence of proteins, which was suggested by the KBr spectra (Fig. 3.5), is 
therebyy completely contra-indicated. The increase in spatial resolution thus prevented a wrong 
interpretation,, based on a coincidental combination of peaks. Furthermore, the carbonates and 
silicates,, which could not be located individually using KBr pellets, can be located in layer 4 and 
layerr 1 respectively. The absence of the strong carbonate absorption further allows the observa-
tionn of carboxylic acids (1410 cm1) and the CH bend vibration (1460 cm '. shoulder), illustrat-
ingg that the higher accuracy with which a spectrum can be traced to a specific region in a paint-
ingg increases the information content that can be derived from the obtained spectra. 

Layerr 5 contains lead white (1404, 3535 and 681 cm1) and lead carboxylates (1529 cm1). 
Thee two smaller peaks around 1100 cm-1 could be due to barium sulphate (BaS04), as Ba has 
beenn identified by EDX. This seriously questions the authenticity of this layer and obviously the 
layerss on top of it, as BaS04 is only known as an additive in paint since the 19th century. It has 
beenn reported as an adulteration of lead white' and might be introduced during a restoration 
procedure.. The top layers contain mainly organic features, which explain the dark transparent 
appearancee in the optical image (Fig. 3.4A). The spectrum contains characteristics of oil, resin 
andd a small amount of carbonates due to imperfect sampling. 

3.5.44 Analysis of multi-layered samples 

3.5.4.11 Diamond anvil cell 
Squeezingg of a carefully positioned multi-layered sample does not necessarily destroy the 

layerr structure, but may also expand all layers. Several layers can therefore be measured indi-
viduallyy in a single sample and it is possible too increase the effective spatial resolution to beyond 
500 |im. A microscopic transmission image of a squeezed, multi-layered sample is shown in Fig, 
3.4b.. The three labelled areas (*) were all found to contain silicates, but no carbonates, as indi-
catedd by a spectrum of one of these layers (Fig. 3.7) and are therefore assigned to the ground 
layerr 1. Squeezing of this sample in the diamond cell clearly induced a physical separation of the 
redd ground layer 1. This separation suggests that fractions with different rigidities are present in 
thee paint, but the chemical nature of these differences has not been studied in detail. Layer 5 is 
recognisablee as a white, scattering layer. The clearly present carbonyl band at 1708 cm"' is 
almostt absent in the spectrum of the isolated sample (layer 5 in Fig, Fig. 3.6) might due to 
mixingg with layers 7-9, which are not visible as individual layers (Fig. 3.4B). Layer 4 has been 
turnedd into a rather transparent, well-isolated layer upon squeezing. The corresponding spec-
trumm is very similar to the spectrum of layer 4 obtained with an isolated sample (Fig. 3.6). The 
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remainingg layers 2 and 3 seem to have merged, as they cannot be distinguished in the optical 
microscopicc image. 

Bothh methods of sample preparation in a diamond anvil cell resulted in the acquisition of 

highh quality spectra from small samples. These small samples could be isolated from relatively 

thinn layers (-50 |im). The preparation of a "cross-section" in the diamond cell led to severe 

deformationss by mixing and de-mixing during preparation in the diamond cell. Mixing seriously 

compromisess the spatial resolution that can be obtained with this technique. Squeezing of sim-

plerr samples, i.e. samples with 1-3 layers, is expected to induce less mixing. Analysis of these 

sampless in a diamond anvil cell is expected to be useful, as the measurement requires only a 

minorr amount of sample, and is fast. 

40000 3500 3000 2500 2000 1500 1000 
Wavenumber r 

Fig.Fig. 3.6. Transmission infrared spectra of dissected parts of the investigated paint, prepared in a diamond anvil 
cell.cell. The numbers of the layers correspond to those in Fig. 3.4 and and Table 3.1. 
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Wavenn umber 

Fig.Fig. 3. 7. Transmission infrared analysis of a multi-layered sample of the investigated paint, prepared in a diamond 
anvilanvil cell. The measurement positions are indicated in Fig. 3.4B. The numbers of the layers correspond to those in 
Fig.Fig. 3.4 and Table 3.1. 

3.5.4.22 Diffuse reflection of an embedded paint cross-section 
Thee application of diffuse reflectance in the study of paint samples presented a number of 

problems.. The large sample sizes needed for DRIFTS make the technique less suitable for inves-
tigationn of paint samples. No literature references of the application of dark field microscopy, a 
standardd technique in optical microscopy have been found and a suitable objective for these 
measurementss was not available. Sampling on sandpaper completely destroys the layer structure 
andd provides little control over the actual sampling depth. The application of crossed polarisers 
thereforee is the only promising method to analyse the diffuse reflectance from embedded paint 
cross-sections.. However, the intensity of the light arriving at the detector via two crossed polarisers 
andd the sample appeared too low to enable the acquisition of an infrared spectrum. Rotation of 
onee of the polarisers lead to a considerable response of the detector, indicating that the spectro-
meterr was functioning well and the sample was correctly positioned. This experiment shows 
thatt the diffuse reflectance of the polished surface is negligible. 
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3-S-4-33 Specular  reflection of an embedded paint cross-section 
Specularr reflectance spectra could be easily obtained from the paint cross-section shown in 

Fig.. 3.4A. Different regions in this cross-section were individually analysed using the sharp 
edgee diaphragm. This procedure enabled the individual analysis of the thin layers 2 and 3 (see 
Fig.. 3.4A). The spectra presented in Fig. 3.8 clearly show the presence of various organic and 
inorganicc absorptions, but the overall spectral quality is poor. The CH stretch absorption peaks 
hardlyy exceed the noise level (S/N between 2 and 5) in the spectra of layers 1-5, The OH absorp-
tionn bands (3600-3100 cm '), which were clearly observed in the various transmission experi-
ments,, are virtually absent in the specular reflectance spectra. The S/N is much better on the long 
wavelengthh side of the spectrum (< 1800 cm-1). This part of the spectrum can well be compared 
too the presented transmission spectra, albeit that the intensities of the inorganic features in the 
spectrumm (carbonates at 1400 cm l and silicates at 1100 cm1) are exaggerated due to the higher 
refractivee index of these materials. 

Thee same sample was investigated by FTIR-imaging, as the preservation of the layer struc-
turee in embedded paint cross-sections makes the higher spatial resolution analysis profitable. 

Thee obtained infrared spectra indicated the organic compounds in part of this cross-section 
weree heavily damaged. The affected area correlated with the area analysed by SEM-EDX that 
precededd the FTIR measurements. Therefore, the resulting data-set was processed only partly 
andd the affected area was excluded from further data analysis. The clusters found by the projec-
tionn method (see Chapter 2 of this Thesis) are shown in Fig. 3.9A. The corresponding averaged 
spectraa are presented in Fig. 3.9B. The lower spectrum represents the embedding medium. The 
absorptionn peaks of the embedding medium can hardly be seen in the other spectra, indicating 
thatt the smearing is low. The only peak that can be recognised in the ground layer I is the 
enormouss (truncated) silicate peak. The corresponding score plot also localises layer 3. The high 
similarityy between the spectra of layers 1 and 3 is indeed confirmed by Fig. 3.8. The silicate 
absorptionn in layer 1 is more intense, but the absolute absorption values are ignored by the 
projectionn method, which scales the spectra before the projection. Layer 2 is positioned neatly 
betweenn layers 1 and 3. The corresponding spectrum is comparable to the spectrum found by 
singlee point analysis (Fig. 3.8). Layer 4 contains two different fractions on the sample spot. The 
spectrumm of the top part suggests the presence of carbonates, while lead soaps are identified in 
thee lower region (1530, 2920 and 2850 cm1). The observed contrast in layer 4 indicates an 
importantt advantage of imaging detection. The full spatial resolution is achieved without the 
needd for visual selection of a region of interest. A diaphragm is not needed to separate the 
differentt regions, and therefore the accurate localisation of regions that are identical in visual 
lightt is possible without trial and error. 

Thee spectra obtained from layer 5 contain intense carbonate and sulphate absorptions. On the 
otherr hand, the spectra obtained from the varnish region (layers 6-9) are very poor. Similar 
resultss have regularly been obtained by specular reflectance of varnish layers, probably due to 
thee low intensity of the reflected light. The high resolution of the specular reflectance measure-
ments,, and the low sample preparation time make specular reflectance measurements an inter-
estingg method. In fact, alternatives for this preparation method are hardly available when only an 
embeddedd paint cross-section is available for analysis. Unfortunately, the quality of the resulting 
spectraa is low, and the possibilities for chemical interpretation are restricted. 



46 46 ChapterChapter 3 

1.5 5 

JZ JZ 

< < 

0.5--

4000 0 3500 0 25000 2000 
Wavcnumbcr r 

Fig.Fig. 3.8. Specular reflectance infrared spectra obtained directly from the embedded paint cross-section in Fig. 
3.4A.3.4A. The numbers oj the layers correspond to those in Fig. 3.4 and Table 3.1. 
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Fig.Fig. 3.9. Specular reflectance imaging-FTIR spectra obtained directly trom the embedded paint cross-section in 

Fig.Fig. 3.4A. Results are extracted from the obtained data-set using the projection method described in Chapter 2 of 

thisthis Thesis, fa) Score plots showing the localisation of the spectra shown in B. (h) Mean spectrum of the highlighted 

areaarea shown in the score plot in A. The number of the layers correspond to those in Fig. 3.4 A and Table 3.1. 
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3.5.4.44 ATR of an embedded paint cross-section 
Microscopicc ATR measurements of the embedded cross-section shown in Fig. 3.4A were nol 

successful.. The used ATR crystal is made of the optically opaque germanium, which makes the 
accuratee positioning of the crystal difficult. Therefore, the diaphragm could not be used to select 
aa single layer from the multi-layered paint structure. As an alternative, spatial resolution could 
bee introduced by imaging detection. These measurements do not need the application of the 
diaphragm.. However, the combination of ATR microscopy and detection by an infrared camera 
didd not lead to successful measurements for technical reasons. 

ATRR measurements did lead to the acquisition of very useful spectra in cases where the exact 
locationn of the crystal is not critical, such as the analysis of thin surface layers directly from the 
surfacee of a painting (unpublished results). 

3.5.4.55 Raman spectroscopy of an embedded paint cross-section 
Ramann spectroscopy applied on a cross-section of the paint cross-section led to a strong 

fluorescence,, which was far more intense than the Raman scattering, leading to a complete 
maskingg ofthe Raman bands. This fluorescence was even persistent upon illumination by a 785 
nmm laser. A Raman system with a longer wavelength illumination should prevent this fluores-
cence,, but test measurements have not been performed. 

3.5.4.66 Transmission of a thi n cross-section embedded in KBr 
AA microscopic image of a thin section made doubly polishing a sample embedded in KBr is 

displayedd in Fig. 3.4C. The image clearly shows that the paint sample taken from the test paint-
ingg is not damaged by the high pressure ofthe KBr press or by the polishing process. The layer 
structuree is left intact, and this method is therefore a suitable method for the transmission mea-
surementt of large and multi-layered samples. A further advantage is that the thin sections can be 
obtainedd by conventional equipment that is readily available in nearly every FTIR-environment: 
aa KBr-press, sandpaper/polishing clothes, and an optical microscope. The method is fairly time-
consumingg as two polishing steps are involved. However, a single sample can be used to inves-
tigatee several layers in a sample. The optical transparency of pressed KBr further enables a 
combinedd optical and infrared microscopic investigation. The samples can be measured at dif-
ferentt stages of grinding and polishing. It would be useful to be able to determine the exact layer 
thicknesss ofthe cross-section at these grinding steps, but no method has been found or estab-
lishedd for that purpose yet. Nevertheless, the different grinding steps were particularly useful in 
thee analysis ofthe more organic top layers (7-9). The absence of scattering in these layer results 
inn a relatively high light transmission. The spectrum of layers 6-9 (Fig. 3.10) was accordingly 
measuredd at an early stage of polishing. At this stage, light transmission ofthe pigmented parts 
ofthee sample was too low to allow transmission infrared analysis, but the transparent top layers 
yieldedd the clear spectrum presented in Fig. 3.10. This spectrum suggests the presence of oil by 
absorptionss at 3933. 2876, 1711, 1459. and 1175 cm'. Unpigmented oil does not explain the 
absorptionss at 1624. 1541 and 1387 cm', but an unambiguous identification for these absorp-
tionss has not been found. The other spectra presented in Fig. 3.10 (layers 1-5) were acquired 
afterr a further polishing step, as the scattering in these pigmented layers did not yield useful 
infraredd spectra. Still, a baseline correction was necessary to correct for remaining scattering of 
thee sample. After this step, it was possible for the first time to obtain transmission spectra ofthe 
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ratherr thin layers 2 and 3. These spectra show the presence of lead white (1402 cm-1) and lead 

carboxylatess (1526 cm ') in layer 2 and a mixture of carbonates (1411 cm '). earboxylates (1536 

cmm ') and silicates (1101 cm ') in layer 3. The clear organic features in these spectra (2927. 

2856,, 1709 cm"1) indicate an oil binding medium for these layers. The spectra of layers 2 and 3 

couldd be acquired without any problem from this sample and show the high spatial resolution 

thatt can be obtained with this preparation method. The remaining transmission spectra in Fig. 

3.100 (layers 1.4. and 5) are very similar to the diamond cell spectra (Figs. 3.6 and 3.7.) and their 

interpretationn is therefore remains unchanged. 

40000 3500 3000 2500 2000 1500 1000 
Wavenn umber 

Fig.Fig. 3.10. Transmission analyses of a multi-layered thin section oj the investigated paint, prepared after embedding 
inin KBr (see Fig. 3.1). The numbers oj the layers are consistent with Fig. 3.4C. 
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Fig.Fig. 3.11. Imaging-FTIR spectra of the thin section shown in Fig. 3.4C. Results are extracted from the obtained 

data-setdata-set using the projection method described in Chapter 2 of this Thesis, (a) Mean spectrum of the highlighted 

areaarea shown in the adjacent score plot, (b) Score plots showing tin localisation of the spectra shown in A. 

Thiss sample was further analysed by FTIR-imaging to fully exploit this high resolution. The 

variouss spectra were clustered using a projection algorithm, which compares all spectra from the 

data-sett with a single, user-selected spectrum. The similarity between these spectra is expressed 

ass a score-plot, and the similar spectra are averaged to increase the S/N. This algorithm is pre-

sentedd in Chapter 2 of this Thesis. The score plots most important clusters found with this 

algorithm,, as well as their averaged infrared spectra arc shown Fig. 3.9. The further increase of 

spatiall  resolution allows the analysis on a scale smaller than the size of the layers. This is nicely 

illustratedd by the spectrum of the transparent pan in Fig. 3.4C' (arrow). The corresponding spec-

trumm indicates the abundant presence of metal soaps, a distinct CM absorption and a low absorp-
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tionn by alcohol groups (3400 cm"', 1000-1300 cm1). These features indicate a similarity with 
protrusions,, which will be highlighted in Chapters 6-8 of this Thesis. Layers 1 and 3, both 
containingg silicates, are highlighted in the lower score plot in Fig. 3.11. The hiatus between 
thesee layers seen in the lower score plot in Fig. 3.11 is filled by the area highlighted in the score 
plott off  layer 2. The score plots of layers 4 and 5 clearly localise these layers, but the quality of the 
correspondingg spectra is low, especially in the short wavelength range, where the effects of 
scatteringg are maximal. The reduced spectral quality compared to the single point spectra in Fig. 
3.10,, are explained by the lower accuracy of the imaging detector compared to the single point 
detection. . 

3.66 Discussion 

Thee results presented in this Chapter were acquired using transmission (Figs. 3.5-3.7,3.10-
3.11)) and specular reflectance (Fig. 3.8-3.9) measurements. Diffuse reflectance spectra were 
nott obtained forvarious reasons: limited spatial resolution or large sample size (normal DRIFTS 
accessory,, sandpaper), unavailability of the required accessory (darkfield) or lack of results 
(crossedd polarisers). The complete annihilation of the light beam due to the crossed polarisers 
indicatess that the intensity of diffuse reflected light from a solid sample is low. The absence of 
diffusee reflectance can be explained by the combination of high absorption and low scattering. 
Thee low scattering of infrared light in paint is successfully explored in IRR (infrared 
reflectography4)) to reveal underdrawings, normally using NIR (near infrared, 0.8-2.5 \xm) light. 
Scatteringg of MIR (mid infrared, 2.5-25 p.m) light is even lower than scattering of NIR light, 
leadingg to a longer effective path length. Furthermore, the absorption intensities in the MIR 
rangee are stronger. Darkfield illumination of embedded paint cross-sections is therefore not 
promising.. Even if this approach would enhance the observed intensity of diffuse reflectance, 
thee high penetration depth of infrared radiation (tens of micrometers) would restrict the spatial 
resolutionn of the measurement. The above discussion is thought to be valid also for reflectance 
measurementss directly on the surface of a painting. The results obtained by Fabbri15 are thus 
assignedd to specular reflectance. A better alternative for these non-invasive measurements would 
bee ATR or photo-acoustic spectroscopy. Pilot experiments using a microscopic ATR crystal on 
thee surface resulted in the acquisition of high quality infrared spectra of the surface layers, espe-
ciallyy when an unpigmented vamish is observed (unpublished results). The current portable 
spectrometerss could therefore readily be utilised to obtain an on-spot classification of varnishes. 

Thee specular reflectance measurements enable the analysis of embedded cross-section with a 
spatiall  resolution determined by the diffraction limit. However, the reflectance spectra exhibit 
somee remarkable differences when compared to transmission spectra. The OH absorption (-3400 
cm-1)) is hardly visible in any of the reflectance spectra (Fig. 3.8), while the transmission spectra 
readilyy prove the presence of these moieties (Figs. 3.5-3.7). Furthermore, the peak shifts and 
highh intensities observed for the more intense inorganic absorptions" limit the analytical value 
off  reflectance spectra. Erroneous explanation of these effects has instigated some dubious rea-
soning."77 The reported absorption at about 1580 cm"1 observed in azurite paint is clearly a copper 
carboxylatee and not a vague polarisation effect that can be observed with unpolarised light. 
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Nextt to these shifts, it appears that the overall quality of the reflectance spectra (Fig. 3.8) is 
ratherr poor. Other published reflectance spectra of paint also show a similar quality*7 and this is 
thee most probably reason that the reflectance measurements of traditional paint got only minor 
attention.411 To explain this, it should be stressed that the application of the Kramers-Kronig 
transformationn is formally not allowed, as n{\) is not completely determined, the angle of inci-
dencee is not a single value, and the incident beam is not polarised. Nevertheless, good quality 
spectraa have been obtained by similar set-ups,'J4 li r indicating that a violation of the mentioned 
conditionss does not necessarily lead to low-quality spectra. Therefore, the poor spectral quality 
off  the inhomogeneous paint samples should have a different cause. 

Thee noise-resembling features in the specular reflectance spectra (Figs. 3.8-3.9) are not grey 
noise,, as they do not reduce upon accumulation of more spectra. Mixing of specular reflectance 
andd diffuse reflectance is also not a very probable explanation for low quality of the specular 
reflectancee spectra, as it has been shown before that the intensity of diffuse reflectance is below 
thee detection limit. 

AA very interesting remark regarding the characteristics of specular reflectance was made by 
Chalmers,|inn who estimated that the effective penetration depth in a specular reflectance mea-
surementt is a number of microns. Specular reflection can thus not be seen as a pure surface 
technique.. This indicates that part of the light that arrives at the detector actually entered the 
sample.. However, this light is not reflected in a diffuse way, as it has not been observed through 
thee crossed polarisers. Therefore, the origin of the distortions must be a specular reflectance on 
sub-surfacee layers or particles. It is very well possible that sub-surface pigment particles act as a 
mirrorr and result in a reflection-absorption experiment (see introduction of this Chapter) of the 
material,, e.g. a binding medium on top of this particle. However, this mirror is not nearly per-
fect,, and the absorption spectrum of the binding medium is convoluted with the refractive index 
spectrumm of the reflecting particle. The mixed signal might very well explain the poor spectral 
qualityy of specular reflectance measurements, as the Kramers-Kronig transformation should 
onlyy be applied to the reflectance part of the detected signal, while the transmitted light should 
bee processed by Lambert-Beer's law. However, there is no method to separate these individual 
contributions.. The intensity of sub-surface reflectance might be more than twice as high as the 
specularr reflectance from the binding medium itself, assuming refractive indices of 1.5 and 2 for 
thee binding medium and pigment respectively. This high intensity provides a further explanation 
forr the enormous intensity of the inorganic peaks in the specular reflectance spectra (Figs. 3.8-
3.9).. Microscopic imaging experiments using an ATR objective would be a promising means to 
analysee paint cross-sections, as the penetration depth is mainly determined by the crystal, and 
sub-surfacee reflections only have minor significance. Unfortunately, these measurements could 
nott be carried out due to technical problems. Single point spectra do not form an alternative for 
imagingg detection in this case, as the used germanium ATR crystal is optically opaque and there-
foree cannot be localised accurately on a specific layer. 

Thee discussion presented here indicates that the model presented in Fig. 33 is not valid for 
thee reflectance of infrared radiation from an inhomogeneous sample. The preservation of the 
polarisationn angle upon reflection shows that all light reflected from a paint is specularly re-
flected.. Accordingly, the number of reflections inside the paint is very limited. A revised version 
off  Fig. 3.3 is presented in Fig. 3.12. This discussion also suggests that the analysis of samples 
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preparedd on sandpaper"1 should be classified as a reflection-absorption technique rather than a 
diffusee reflectance method. Correct data processing of results obtained by this technique should 
thereforee be based on Lambert-Beer's law. and not on Kubelka-Munk analysis. 

Thee Raman measurements were unsuccessful as a result of fluorescence, even at the rela-
tivelyy high wavelength laser beam of 785 nm. The different successful Raman spectroscopic 
studiess of painting materials that have been published were acquired with similar or even shorter 
wavelengths.. These analyses include several pigments54 and spectra of fresh binding media.*6 

Thee differences must therefore be assigned to ageing products that have been developed during 
thee lifetime of the painting. In fact, the presence of fluorescence in aged paint systems is com-
monlyy observed in microscopic studies, even in the absence of fluorescing pigments. A further 
increasee in the wavelength of the excitation beam seems the most logical next step to prevent 
fluorescence.. The application of Raman spectroscopy to paint cross-sections is not fully devel-
opedd and certainly merits further study. 

Thee quality of the presented transmission spectra {Figs. 3.6-3.7,3.10-3.11) is high and clearly 
indicatess that transmission would currently be the preferred analytical mode. In fact, the spectra 
recordedd with the different transmission techniques are very similar and only differences rela-
tivee peak intensities have been found. These peak ratios can provide a further characterisation of 
thee sample preparation methods. The silicate peak (1050 cm') is the most intense peak in the 
spectrumm of layer 1 (red ground layer). It is truncated in diamond cell and specular reflectance 
spectraa (Figs. 3.6-3.7 and 3.10-3.11) to prevent overlap with other spectra. The height ratio of 
thiss silicate peak and the carbonyl band (I[l0,(u.m-i/ Wcm"1)*  i s 19 f or specular reflectance, 5.2 
forr the diamond cell, and only 2.4 for the KBr polishing technique. The carbonate peaks (1420 
cm-1)) in the spectra of layers 4 and 5 relates in a similar way to the carbonyll  (1720 cm1) peak. In 
fact,, the carbonyl band is hardly present in the specular reflectance measurement. The high 
relativee intensity of the inorganic peaks in the specular reflectance spectra is explained by the 
higherr reflective index of the inorganic materials and the presence of sub-surface reflections. 
However,, the measurements using the diamond cell and KBr polishing method are both per-
formedd in transmission mode and should have a constant path length. The clear differences 
betweenn peak ratios are therefore to be interpreted as changes in the sample. The most probable 
reasonn is the loss of inorganic pigment particles due to the polishing in the KBr polishing method. 
Inn fact, the partial loss of pigment particles upon polishing is not surprising, as the size of the 
thinn section is in the same order of magnitude as the size of the pigment particles. This indicates 
thatt the KBr polishing method changes the quantities of the materials in a sample and should be 
consideredd as a qualitative method. However, this is an advantage rather than a problem, as the 
analysiss of pigments is well established, while the analysis of embedding medium is normally 
disturbedd by the presence of these pigments. 

Ass the quality of the spectra is sufficient for the diamond cell, and KBr-polishing and, if 
enoughh sample material is available, KBr pellets, other characteristics of the techniques will be 
decisivee for the choice of a specific technique in a specific situation. Bulk techniques (KBr and 
diamondd cell) will be the methods of choice when a spatially resolved measurement is impos-
sible.. The methods are fast and reliable, but accuracy of tracing the analytical results to a spe-
cificc spot in the painting is limited by the sampling procedure. The analysis of a squeezed cross-
sectionn in a diamond cell improves the spatial resolution, and can be performed very fast. Disad-
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vantagess are the possible mixing of materials, especially for larger, multi-layered samples. Mi-
crotomyy is a fast method, but it is not expected to work with every paint system. Furthermore, 
thee embedding medium might be disturbing the visual (using AgCP') or infrared (using modern 
resin4')) observation. Nevertheless, slicing by a microtome might be a good technique to prepare 
smalll  or modem paint samples. The KBr polishing procedure proposed in this Chapter provides 
aa very high spatial resolution. This analysed thin section was obtained with a minimum of equip-
ment,, and appeared to be straightforward, even for the rather complex layer structure of the 
investigatedd painting. This sample preparation might therefore proof a valuable tool in the in-
vestigationn of multi-layered traditional paint samples. 

Fig.Fig. 3.12. Model of the nature of the reflected MIR light from the surface of an inhomogeneous system, such as 
paint.paint. Both surface and sub-surface reflections are present. The sub-surface reflections are specularly reflected 
andand do not loose their polarisation. 

3.77 Conc lus ions 

Severall  sample preparation methods for infrared spectroscopic analysis of traditional paints 
havee been presented. The optimal spectral quality is obtained for the different transmission tech-
niques.. Specular reflectance measurements lead to the introduction of deformations in the spec-
trum,, that severely hinder the spectral interpretation. These deformations are explained as due to 
thee presence of sub-surface reflections. It is not possible to analyse the diffuse reflection of a 
paintt cross-section, and it was concluded that diffuse reflectance of infrared radiation is hardly 
present.. Further diffuse reflectance analyses of paint cross-sections are considered useless. Raman 
spectroscopyy was also unsuccessful. However, ongoing progress in the Raman equipment might 
veryy well provide a way to overcome the current technical problems. 

Thee accuracy with which the results can be traced to a specific layer in a painting is optimal 
inn the cases where the sample preparation procedure leaves the layer structure intact, as an imag-
ingg measurement can resolve details that are far smaller than the normal sample sizes obtained 
byy sampling with a surgical scalpel. This Chapter provides a new means to make a thin section 
fromm a paint cross-section. This method is shown to yield the best combination of high spectral 
qualityy and spatial resolution. 
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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 Introductio n 

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 Material s and structur e 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-imagin g 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 FTI R 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-imagin g 
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) 
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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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5 5 FTI RR STUDIES OF THE EFFECT OF 
PIGMENTSS IN THE AGEING OF OIL 

ThisThis Chapter describes the changes in the infrared spectra of paint as a result of ageing. The 

focusfocus is on the influence of a pigment on the long-term changes in the oil binding medium, a 

poorlvpoorlv covered topic in literature. Several naturally aged paints made with different pigments 

werewere analysed by FTIR. One of the most pronounced effects obsen>ed in the infrared spectra of 

ageingageing paint is the shifting and btvadening of the carbonyl band due to the formation ofcar-

boxylicboxylic acids. The different carbonyl absorptions (ester, carboxylic acid) could well be resolved 

bvbv taking the second order derivative of the spectra. The carboxylic acids are hardly observed in 

paintspaints where metal carboxylates have been formed, as is the case for paints containing Naples 

vellow,vellow, minium (red lead), lead white, and zinc white. Another effect of pigments on the oil 

bindingbinding medium is the catalysis of the hydrolysis of triglycerides, as indicated by the decreasing 

intensity-intensity- of the ester absorption. This effect is most pronounced for minium and zinc white. 

Finally,Finally, the nature of the included pigment has a profound effect on the Cf I stretch absorptions. 

TheseThese differences were assigned to a varying level of oxidation, and can be rather large: the 

maximummaximum of the symmetric CH stretch vibration in red lead pigmented paint (which is similar to 

freshfresh oil), differs more than 15 cm~! for paints pigmented with ultramarine. Naples yellow, Cad-

miummium red and Ochres. From these results it is clear that pigments can significantly alter the 

infraredinfrared spectra of drying oil, and should therefore be identified for a correct assessment of the 

infraredinfrared spectra of drying oil. 
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5.11 Introductio n 

Oill  is a natural product that can be pressed out of a variety of plant seeds. Some types of oils, 
e.g.. linseed, walnut or poppy seed oil, chemically dry to form a solid film on exposure to air. 
Thesee so-called drying oils have good working properties when used as binding medium in 
paint.122,1-33 These properties made vegetable drying oils the common binding medium in paints 
fromm the 15th until the 20th century, when they were mostly replaced by alkyd and acrylic media. 

Thee drying of oil has been investigated thoroughly over the past 130 years, and a detailed 
descriptionn of the involved mechanisms can be found in literature.2*  M -m -|:"M27 It appears to be a 
veryy complicated process, in which a number of different mechanisms are occurring simulta-
neously.. However, it is not clear to what extent the developed models are a valid description of 
aa normal ageing paint, as important differences exist between paint and the model compounds, 
whichh were investigated to formulate the mechanism. Most of the drying studies have been 
performedd using chemically pure esterified fatty acids, instead of the triglycerides that make up 
normall  drying oil. Furthermore, the time scale of most chemical studies is very short; the changes 
onn a longer time scale are simulated by using thermally or light accelerated ageing.28--12,37"™ The 
assumptionn that this accelerated ageing does not change the ageing processes is however not 
easilyy verified. The most important restriction of the majority of ageing studies is the absence of 
pigments,, which is a crucial and potentially reactive compound in paint. The presence of pig-
mentss or other additives might very well influence the ageing process of paint. This long-term 
influencee of pigments on paint has long been recognised on a macroscopic level,12*  but the 
underlyingg chemistry is largely unknown. 

Thiss Chapter presents a study on aged oil paints. The paints were investigated by FTIR spec-
troscopy,, which has proven to be a very useful tool in the analysis of the drying of oil and the 
investigationn of traditional paint. A mechanism of early reactions in the drying of oil is presented 
andd illustrated by a study, in which the effects of the drying on the infrared spectra are followed 
inn a time resolved-series of measurements. Subsequently, infrared spectra of several tradition-
allyy made and naturally aged paints will be presented and discussed. 

5.1.11 Mechanism of the dryin g process 
Fig.. 5.1 presents a simplified model of the reactions that take place during the chemical 

dryingg of oil. The initial process in the drying of oil is the formation of free radicals. This is 
possiblee by elimination of a hydrogen atom from an unsaturated fatty acid. The formation of 
reactivee free radicals is energetically unfavourable, and only occurs when the formed radical can 
bee stabilised by resonance.1"4,124''26 This stabilisation is possible when the hydrogen is removed 
fromm a methylene group on an a-position to a double bound, or from methylene group between 
twoo unsaturations. The latter case is shown as the initial reaction in Fig.5.1. 

Thee formed radicals are trapped effectively by antioxidants that are naturally present in dry-
ingg oil. Trapping of radicals inhibits the drying of oils, but inactivates the antioxidant. The dry-
ingg of oil does not start until this inactivation process is completed. The delocalised radical can 
inn principle attach to a double bond in an adjacent fatty acid. The free radical is not consumed 
duringg the attachment, and the process and might repeat itself, leading to a higher molecular 
weightt fraction. Addition of a free radical to a double bond in the same fatty acid leads to 
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Fig.Fig. 5.1. Simplified model of the early reactions taking place during the drying of oil. This scheme is based on the 
mechanismsmechanisms presented by IVexler"" and Porter.'-' 'y' 

intramolecularr cyclisation.129 However, these reactions are slow, and only take place when the 
oill  is heated in the absence of oxygen, e.g. during the anaerobic heat bodying of oil.10**  The 
formationn of carbon-carbon bonds is thought to be rare in the presence of oxygen. In this case, 
additionn of oxygen usually leads to the formation of peroxides. The hydro-peroxide normally 
bindss to one of the terminal atoms of the delocalised radical, resulting in the formation of ener-
geticallyy favourable conjugated double bonds.1'" The free peroxyl radical (ROO) can react with 
anotherr free radical and so lead to dimerisation of two fatty acids. However, a more likely pro-
cesss is the addition of a hydrogen atom, leading to the formation of a hydro-peroxide. Addition 
off  oxygen to an unsaturated fatty acid can result in a shift of one of the double bonds from the 
originall  position. The newly formed double bond is normally in a trans-configuration. Further-
more,, the addition of oxygen enables the free rotation around the C-C bond adjacent to the 
attachedd peroxide, as rotation is no longer restricted by resonance. Elimination of oxygen after 
rotationn of the C-C bond results in a transformation of the original cis double bond into an 
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energeticallyy favourable trans double bond."A2fl Addition and elimination of oxygen can occur 
severall  times and lead to a more or less complete transformation of the as to trans double bonds. 

Hydro-peroxidess formed by oxygen addition are not stable and will be cleaved in the course 
off  time. This cleavage again results in the formation of free radicals. Both peroxyl (ROO) and 
alkoxyy (RO) radicals can be formed in this process, the latter being shown in Fig. 5.1. These 
radicalss give rise to different types of reactions, i.e. polymerisation, termination or degradation 
reactions,, as shown in Fig. 5.1. In a polymerisation reaction, a nearby double bond is attacked 
andd the corresponding fatty acid is chemically linked to the fatty acid where the radical was 
present.. This reaction consumes the attacked double bond, but the free radical is still available 
afterwardss and can propagate the polymerisation reaction, eventually resulting in a high molecu-
larr weight fraction. Reaction with a double bond in the same fatty acid leads to the formation of 
epoxidess or larger ring structures. Condensation of two radicals terminates the polymerisation 
reaction.. A further important reaction that can be caused by a free radical is the degradation of 
thee fatty acid on which the radical resides. This process leads to the formation of smaller alcohols 
andd aldehydes,111 which may eventually oxidise to volatile carboxylic acids. 

Thee several mechanisms that play a role in ageing of oil paint arc certainly more complicated 
thann can be explained in a single figure. Fig. 5.1 therefore focuses on the most general aspects. 
Thiss figure ignores the presence of different types of fatty acids, the important role of catalysts in 
thee different steps, the cis-trans trans formations as a result of successive oxygen additions, the 
rolee of photoxidation in the formation of hydro-peroxides,130 and several other reactions that 
takee place on heat-bodying of oil.1 *-  However, the cited publications provide a detailed overview 
off  these effects. In general, the research carried out during the past 130 years has resulted in an 
accuratee description of the possible reaction pathways. The main hiatus in the analysis of dried 
oilss is the accurate description of the polymer network. This fraction is normally insoluble and 
involatile,, which complicates the separation and investigation of intact molecules by methods 
basedd on gas chromatography, liquid chromatography, and mass spectrometry. Other analytical 
techniquess (infrared spectroscopy, DSC (Differential Scanning Calorimetry), Raman spectro-
scopy)) can directly be applied to investigate the intact solids, but do not yield very specific 
informationn on the network. SEC (Size Exclusion Chromatography) and mass spectrometry 
usingg soft ionisation techniques recently enabled the observation of isolated oligomers up to 
hexamers.MII but an accurate description of the higher molecular weight fraction is a challenge for 
futuree research. 

Meanwhile,, analysis of the smaller molecules present in aged oils has proven very informa-
tive.. Several researchers isolated the soluble fraction from aged paint by solvent extractions. 
Thesee extractions have been used to identify the drying oil and its preparation method.1643 Ex-
tractionss have also been applied in the sample preparation for infrared spectroscopy, mainly to 
avoidd the disturbing influence of inorganic pigments.4- Extractions are normally combined with 
chemicall  derivatisation techniques to improve the volatility of the extracted material. Recently. 
Vann den Berg etaL used an elegant two-step derivatisation to determine the degree of hydrolysis 
off  the ester bond between the fatty acid and glycerol." It was concluded that hydrolysis, ne-
glectedd or denied1-' in older literature, is a relatively slow process compared to the initial drying 
off  oil (~10s of years). 

Itt is generally assumed that the role of pigments in the initial stages of drying is catalytic or 
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inhibitive,, influencing the activation of oxygen or the breakdown of hydro-peroxides.IJ4 How-
ever,, there are indications that several pigments undergo chemical alteration during the ageing 
off  paint. Discoloration of the paint is the most obvious indication of such a process. Another 
indicationn is the physical change of the paint layer to a hardened, brittle system. This hardened 
systemm has been described as a poly-anionic network, in which the several carboxylic acid groups 
aree stabilised by metal ions.mti Pigments are the most probable source of these metal ions. Unfor-
tunately,, studies on the long-term behaviour of artist's pigments in paint are scarce. Rasti and 
Scottt quantified oxygen absorption, weight loss, hydro-peroxide formation, and degradation 
productss in paint films with different pigments. Vermillion pigmented paint films showed a 
relativelyy high weight loss, high hydro-peroxide concentration, and high relative amounts of 
degradationn products. Surprisingly, heavy metal containing pigments like lead white and verdi-
griss were found to have an inhibitive effect on these effects. It is likely that at least part of the 
resultss can be explained by the rather untraditional samples used in these experiments (1 % w/w 
mixturess of pigment in oil, layer thickness 2 mm, UV illumination ageing). Especially the effect 
off  lead white might be reduced by scattering and absorption of the UV light. 

Meilunass et al. have compared spectra of fresh paint with a similar paint after accelerated 
ageing,, and 50-years-old paint on test panels.r This article provides a good overview of the 
changess in infrared spectra upon ageing of linseed oil and lead white pigmented linseed oil. It 
showss several indications for the influence of the pigment on the ageing mechanism. According 
too Meilunas et al., the presence of lead reduces the number of carbonyl products by catalysis of 
thee hydrolysis of ester linkages. Instead, metal carboxylates were observed. Luxan and Dorrego31' 
investigatedd the reactivity of several pigments to form metal carboxylates under unrealistic age-
ingg conditions. However, their study seems to be based on poorly founded presumptions. It is 
e.g.. presumed that metals can only catalyse the drying of oil in the form of metal soaps. Further-
more,, metal carboxylates are assumed to be soluble, as the spectra are recorded from solvent 
extracts. . 

Thiss small number of studies clearly indicates that pigments have an influence the long-term 
ageingg process of paint. However, the results are not complete and sometimes even contradic-
tory.. One of these contradictions concerns the catalytic behaviour of lead white on the drying of 
oil.. Meilunas et al. conclude that lead white acts as a catalyst/7 while Rasti and Scott indicate 
thatt lead white inhibits ageing.-8 The contradictory results might very well be due to a different 
ageingg procedure followed by these authors: Meilunas et al. investigated thermally and naturally 
agedd samples, while Rasti and Scott used UV illumination for accelerated ageing. It is known 
thatt lead white efficiently absorbs UV light117 and this absorption is a more likely explanation for 
thee inhibitive effect than any chemical effect. The controversy illustrates that the ageing proce-
duree may significantly influence the chemical ageing of the paint in a complex way. 

5.1.22 Outlin e 
Thiss Chapter continues with the infrared spectra of several aged paints to further investigate 

thee long-term changes of paint. Only naturally aged paints were investigated, to minimise the 
biass due to the ageing method. Furthermore, the composition of these paints is typical for tradi-
tionall  paints. The paints were taken from different collections of test panels. The test panels 
fromm the Von Imhoff collection are 30-years-old. Still older reconstructions are obtained from 
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thee Doerncr collection, which contains a number of 60-years-old test panels as well as some 80-
years-oldd test panels. The oil medium in several aged samples from the Von Imhoff collection 
hass earlier been investigated by GC-MS.1CJ 

5.22 Experimental 

5.2.11 Samples 
Thee drying of oil study was performed on a cold pressed linseed oil, to which 0.06% cobalt 

wass added as a catalyst. The oil was prepared by Wim Muizebelt {FOM AMOLF). The old 
linseedd oil that had been kept in a closed vial was taken from the paint materials collection of 
aboutt 50 years old, which belonged to a sales representative of Sikkens, a Dutch paint manufac-
turerr and was kindly provided by Martin Paans. The naturally aged linseed oil paints were taken 
fromm different collections. Paints containing vermilion, iron oxide, ultramarine, indigo and lead 
whitee were taken from the Von Imhoff collection, which was prepared by H.C. von ImhofTin 
19733 with cold-pressed linseed oil (Muhifellner-Rupf, Zurich, Switzerland). The oil was al-
lowedd to stand in flat dishes of 4 mm height for 3 weeks, after which the skin was removed. The 
oill  was mixed with pigments until a workable paint was obtained. The different paints were 
appliedd on primed linden wood panels and hung under natural light conditions in the Canadian 
Conservationn Institute (CCI, Ottawa). The samples were carefully scraped off the paint layer. 
Paintss containing cadmium red, red lead, Naples yellow, yellow ochre, gold ochre, green earth. 
Kasseii  earth, zinc white, and lead white were taken from the Doerner collection. The test panels 
inn this collection were made by between 1912and 1941. The early test panels (until 1938) have 
beenn made by Professor Alexander Eibner. Later panels were produced by his (former) pupils. 
Thee paints were initially stored under normal conditions. However, it was found in a closed 
cupboardd when the sample was taken. An overview of the analysed paints is presented in Table 
5.2. . 

5.2.22 FTI R 
Thee fluid samples were applied on a ZnSe disc for infrared transmission experiments. The 

solidd paints were squeezed in a P/N 2550 diamond cell (Graseby Specac, Orpington, Kent, UK) 
beforee measurement. The FTIR spectra presented are acquired using a Bio-Rad FTS-6000 FTIR 
spectrometerr (currently Digilab, Cambridge, MA. USA), connected to an IR microscope (Bio-
Radd UMA-500) and a MCT detector. The resulting spectra were processed using the Bio-Rad 
Win-IRR Pro software. Base-line correction and subtraction of a water vapour spectrum were 
appliedd to improve the spectral quality. Every scaling mark on the vertical axes in Figs, 5.5-5.21 
wass set to 0.2 absorbance units, to allow an easy comparison of the absolute value of the spectra. 
Thee apparent spectral resolution of the FTIR spectra was increased taking the second derivative 
off  the spectra.115 The use of spectral deconvolution1-'*' was thought inappropriate as the different 
materialss present in paint might contain absorption peaks of largely varying width. The second 
derivativee spectra were inversed to make the absorption peaks positive. Infrared spectra of oil 
duringg the drying process were acquired using the kinetics mode, embedded in the Win-IR Pro 
software.. In this mode, the spectrometer measures continuously. The spectra are averaged dur-
ingg periods of 10 minutes and a single spectrum is stored for each of these periods. Selected 
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spectraa of this series were processed using Matlab 5.2 (The Mathworks Inc., Natick, MA, USA) 
too form Figs. 5.3A and B. Fig. 5.22 compares the height and area of the peak around 2930 cm-1 

inn all of the spectra presented in Figs. 5.5-5.21. The presented values for height and area were 
calculatedd using the Win-IR Pro software. The applied peak-definitions are (all values in cm-1): 
Heightt of peak: baseline (3030, 2800), centre: extreme in region (2970, 2910). Area of peak: 
baselinee (3030, 2800), edges (2968, 2901), centre irrelevant. 

5.33 Results 

5.3.11 Earl y reactions durin g the dryin g of oil 
Thee drying of oil was followed by FT1R to study the involved mechanisms. A thin film of oil 

wass applied to an infrared transparent disc to enable transmission FTIR measurements and to 
improvee the oxygen supply via diffusion. An infrared spectrum of the fresh linseed oil is dis-
playedd in Fig. 5.2. The various absorption peaks in this spectrum are assigned in Table 5.1. 
Subsequently,, the film was analysed at fixed time intervals. Selected spectra from the data-set 
obtainedd in this way are presented in Figs. 5.3A and B. These figures only display selected parts 
off  the spectra to visualise the changes more clearly. The time passed since the start of the experi-
mentt is indicated on the left side of the spectra. 

Thee left part of the spectrum in the fresh oil is dominated by a series of aliphatic vibrations 
aroundd 3000 cm1, caused by the large amount of CH, and CH, groups in the fatty acids. Stretch 
vibrationn of CH bonds lead to high absorptions at 2926 and 2855 cm-1 with a shoulder at 2958 
cm1.. Bending vibrations of these moieties are present at 1460 cm-1 and 1374 crrr'(CH,). These 
peakss do not show much variation in time. On the other hand, the smaller peak at 3009 cm1, 
assignedd to the m-type unsaturated CH group (C=C-H),117 disappears in about 5 hours. The 
samee group absorbs at 726 cm', and the intensity of this peak also decreases. The simultaneous 
increasee of the absorption at 980 cm-1 suggests that the cis double bonds are isomerised to the 
transtrans configuration.-0106 The presence of unsaturations also leads to the small peak at 1653 
cm1,, caused by C=C double bonds in the fatty acids. 

Anotherr clearly changing feature on the left hand side of the infrared spectrum is the forma-
tionn of a new absorption band at 3440 cm'. The spectral position and broad appearance of this 
bandd indicates that it should be assigned to alcohol and/or hydro-peroxide vibrations, both prod-
uctss of oxidation. A further distinction between alcohols and hydro-peroxides cannot be made, 
ass the difference in their peak maxima is small. Discrimination only becomes possible after 
specificc derivatisation of the oil.2*-2"-'-*  These studies have indicated that hydro-peroxides formed 
inn the early stages are subsequently replaced by alcohols and ethers. The uppermost spectrum in 
Fig.. 5.3A shows an increased absorption in the spectral region of 3000-3200 cm-1 (between the 
peakss at 2926 and 3440. arrow in Fig. 5.3a). These absorptions are probably caused by carboxy-
licc acid moieties, as is confirmed by the formation of an absorption band at 1414 cm' and the 
broadeningg of the carbonyl band. This intense carbonyl peak at 1744 cm-1 is originally due to 
esterr bonds between glycerol and fatty acids, but the carboxylic acids absorption at about 1710 
cmm ' is normally not resolved from this peak and partly explains the broadening.r|IJt> The forma-
tionn of carboxylic acids is a generally recognised degradation reaction in drying oil, and the 
associatedd increase of the acidity is confirmed by titration studies.1- However, other types of 
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Right-handRight-hand image: Fig. 5.3. ITIR study of the drying of linseed oil. showing the infrared spectra of linseed oil at 
differentdifferent periods after its application as a thin film. The time since application is indicated on the left sides of the 
spectra,spectra, (a) Spectral region 2600-3600 cm '. (h) Spectral region 700-1 SIX) cm . 
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Fig.Fig. 5.2. Infrared spectrum of fresh linseed oil. 

Wavenumberr (cm1) Moiety y Source e 

3009 9 

2958(s) ) 

2926 6 

2855 5 

1744 4 

1653 3 

1460 0 

1374 4 

1238 8 

1163 3 

1099 9 

720 0 

726 6 

C=C-HH (cis) stretch 

CH33 stretch 

CH22 stretch 

CH22 stretch 

C=0 0 

C=C C 

CH33 (asymm. bend) 
CH22 (scissors) 

CH33 "umbrella mode" 

C -0 0 

C -0 0 

C -0 0 

CmCm rock 

C=C-HH (cis) bend 

Fattyy acid 

Fattyy acid 

Fattyy acid 

Fattyy acid 

Eisterr bond 

Fattyy acid 

Fattyy acid 

Fattyy acid 

Esterr bond 

Esterr bond 

Esterr bond 

Fattyy acid 

Fattyy acid 

TableTable 5.1. Assignment of the absorption bands in the spectrum of fresh linseed oil. shown in Fig. 5.2. 
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Pigment t 

Vermilion n 

Cadmiumm red 

Ironn oxide 

Redd lead 

Napless yellow 

Yelloww ochre 

Goldd ochre 

Greenn earth 

Kasseii  earth 

Ultramarine e 

Indigo o 

Zincc white 

Leadd white 

Colourr  index 

PRR 106 

PR108 8 

PR101 1 

PR105 5 

PY41 1 

PY43 3 

PY43 3 

PG23 3 

Natural l 
Brownn 8 

PB29 9 

Vatt blue 1 

PW4 4 

PW1 1 

Sourcee (a) 

1 1 

D D 

I I 

D D 

D D 

D D 

D D 

D D 

D D 
I I 

I I 

I I 

D D 

D D 
D D 
D D 
D D 
I I 

Year r 

1973 3 

1937 7 

1973 3 

1916 6 

1939 9 

1939 9 

1939 9 

1973 3 
1939 9 

1973 3 

1973 3 

1941 1 

1912 2 
1941 1 
1941 1 
1941 1 
1973 3 

Oil l 

Linseed d 

Linseed d 

Linseed d 

Poppy y 

Linseed d 

Linseed d 

Linseed d 

Linseed d 

Linseed d 
Linseed d 

Linseed d 

Linseed d 

Linseed d 

Linseed d 
Linseed d 
Linseed d 
Linseed d 
Linseed d 

Support t 

Panel l 

Panel l 

Panel l 

Canvas s 

Canvas s 

Canvas s 

Canvas s 

Canvas s 

Canvas s 
Panel l 

Panel l 

Panel l 

Panel l 

Panel l 
Panel l 
Panel l 
Panel l 
Panel l 

Fig. . 

5.5 5 

5.6 6 

5.7 7 

5.8 8 

5.9 9 

5.10 0 

5.11 1 

5.12 2 

(b) ) 
5.13 3 

5.14 4 

5.15 5 

5.16 6 

5.17 7 
5.18 8 
5.19 9 
5.20 0 
5.21 1 

TableTable 5.2. Overview oj'the aged paints investigated in this Chapter 
(a)(a) The paints were taken from the collections prepared by H. C. Von Imhoff (I) or from the collection kept at the 
DoernerDoerner Institute (D). 
(b)(b) Results not shown. 

carbonyls,, e.g. ketones, aldehydes, lactones and anhydrides, might also play a role in the ob-
servedd broadening of the carbonyl band. 

Thee drying studies presented in Figs. 5.3A and B show the extensive changes of the infrared 
spectraa of oil upon drying. Infrared spectroscopy has therefore been one of the most important 
techniquess in the elucidation of the mechanism shown in Fig. 5.1. 

5.3.22 Infrare d spectra of unpigmented aged oils 
Fig.. 5.4 shows spectra of two different unpigmented aged oil samples. These provide a refer-

encee for the spectra of various pigmented paints presented in the next section. The aim of this 
comparisonn is the evaluation of the influence of pigments on the ageing of oil. Spectrum 4A 
representss a thin linseed oil layer cured for 90h (equal to the uppermost spectrum in Figs. 5.3A 
andd B). This spectrum is remarkably similar to the spectrum of the 50-years-old unpigmented oil 
filmfilm  presented by Meilunas el a/.1" This suggests that the cross-linked oil system is relatively 
stablee after an initial drying period, at least, as far as infrared spectroscopy can observe. The 
claimm that a thermal treatment (24h at 120°C) faithfully reproduces a 50-years-old paint1' should 
thereforee be taken with a pinch of salt. The lower spectrum in Fig. 5.4 represents a 50-years-old 
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Fig.Fig. 5.4. infrared spectra of aged, impiginented linseed oil. (a) 91) hours after application as a thin film; (b) 50 
yearsyears after production. This oil has heen kept in a closed container. 

standd oil. which was taken from the promotion material of a sales representative of a Dutch paint 

manufacturer.. This oil has been kept in a closed container during most of its lifetime, and has 

onlyy been prepared as a thin film until at the time of the infrared measurement. Therefore, the 

oxygenn supply to this oil has been restricted, and a low amount of oxidation is expected. Absorp-

tionn peaks of oxidation products are indeed small (OH at 3440 cm ', C -0 background at 900-

14000 cm '). Theester peak at 1740 cm ' is accompanied by a distinct peak at 1712 cm '.These 

aree assigned to fatty acids formed by hydrolysis of the glycerol esters, as the formation due to 

degradation,, as shown in Fig. 5.1. is limited by the oxygen supply. Indications for this are the 

relativelyy low intensity of the ester band at 1740 cm ' and the deformation of the ester triplet 

(-1246,, 1174 and 1110 cm1) . The peak at -1712 cm ' is also seen in library spectra of glycerol 

1.22 distearate and glycerol 1.3 dilaurin (SDBS refs 34789 and 7719. Integrated Spectral Data 

Basee System for Organic Compounds, www.aist.go.jp/RIODB/SDBS/menu-e.html). Similar 

molecules,, i.e. diacylglycerols. can also be formed due to hydrolysis. However the presence of a 

fattyy acid impurity in the samples measured for this database seems a more likely explanation 

forr this absorption than an absorption by diacylglycerols. 

Ann absorption at about 1710 cm-1 is also present in Fig. 5.4A and the spectrum provided by 

Meilunass et al. However, in these cases it is poorly resolved from the absorption at 1740 cm-1, 

andd is only visible as a shoulder. A similar loss of resolution is seen in the CH stretch vibration 

peaks,, which seem much narrower in spectrum 4B. The broadening seems to be typical for 

http://www.aist.go.jp/RIODB/SDBS/menu-e.html
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naturall  ageing, and the spectrum in Fig. 5.4A is therefore considered a good reference for the 
spectraa of the pigmented films presented in the next section. 

5.3.33 Infrare d spectroscopy of naturall y aged oil paints 
Severall  naturally aged paints have been analysed. Their infrared spectra, as well as the sec-

ondd derivatives of these spectra are presented in Figs. 5.5-5.21 and discussed in the following 
sections. . 

5.3.3.11 Vermilio n paint 
Thee spectrum of a 30-year-old vermilion containing paint is shown in Fig. 5.5. The corre-

spondingg second derivative spectrum is displayed to the right of this spectrum. Vermilion does 
nott absorb in the MIR (mid infrared) region, but causes extensive scattering. The intensity of the 
transmittedd light therefore decreases with the wavelength. The corresponding slope in the baseline 
wass removed by a baseline correction, but the low transmittance causes the low S/N (Signal-to-
Noisee ratio) on the left side of the spectrum. Vermilion does not seem to induce the formation of 
detectablee amounts of products that are not present in unpigmentcd aged paint, as its spectrum 
closelyy resembles Fig. 5.4A. The carbonyl moieties lead to a broad absorption at 1734 cm ' 
{17444 cm-1 in fresh oil, Fig. 5.2). Increasing of the spectral resolution by means of the second 
derivativee spectrum reveals the presence of clearly distinct carbonyl peaks (1740, 1708, and a 
smallerr absorption at 1781 cm1). The clear triplet of peaks at 1247, 1183 and 1102 cm l in the 
raww spectrum shows the presence of intact esters in the dried oil. 

5.3.3.22 Cadmium red paint 
Thee infrared spectrum of a 60-years-old cadmium red paint is presented in Fig. 5.6. CdS does 

nott absorb infrared light, and the scattering is low, compared to vermilion. Therefore, the S/N on 
thee left side of the spectrum is higher. Otherwise, the spectrum is very similar to that of vermil-
ionn paint. Even the carbonyl absorption pattern observed in the second derivative spectra (1782, 
17399 and 1707 cm') is very similar. Cadmium red is therefore concluded not to influence the 
dryingg paint to a large extent. 

5*3'3*33 Iro n oxide paint 
Thee absorption spectrum of an iron oxide containing paint is displayed in Fig. 5.7. This 

spectrum,, which is clearly different from the spectra of vermilion and cadmium red paint, as it 
showss a strong absorption at 1100 cm ' as well as an absorption at the right side of the spectrum 
(<< 700 cm1). These absorptions can be assigned to the pigment, as they arc also found in pure 
ironn oxide pigment used in this test panel. The absorption at 1177 cm ' is not due to this pigment, 
andd should be assigned to ester groups. The presence of esters is confirmed by the carbonyl 
absorptionn at 1738 cm ' (second derivative). Carbonyl absorptions at 1708 and 1782 cm ' (sec-
ondd derivative spectrum) have appeared in the spectrum. The intensity of the 1709 cm'' peak is 
relativelyy high and results in the low wavenumber of the carbonyl absorption in the raw spec-
trumm (1720 cm"1)- The absorptions at 3200-2500, 1414, and 921 enr1 indicate that the 1709 
cmm ' should be assigned to carboxylic acids. The abundant presence of carboxylic acids in this 
paintt is confirmed by mass spectrometry.1" 
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Fig.Fig. 5.5-fig. 5.21. Infrared spectra of aged paints. The figures on the left show the normal infrared spectra. Their 
secondsecond order derivatives are partly (700- MOO cnr!') shown in the figures on the right. The pigment used in the paint 
isis mentioned in the Figures. An oven'iew of the included pigments is provided in Table 5.1. 

5'3'3' 44 Miniu m (red lead) paint 
Thee main features in the spectrum of the minium-containing paint in Fig. 5.8 are peaks at 

1177/1117,, 1090 (truncated in this figure) and 984 cm"1. The peaks 1185, 1123 and 1072, and 
9844 (see second derivative) exactly coincide with the absorptions of BaS04 (SDBS-no.40201). 
Thee presence of Ba has been confirmed by EDX, but the source of BaS04 is not known. It can be 
duee to an imperfect sampling of the red lead paint layer or a filler introduced with the pigment. 
Thee relatively strong peaks at 1526 and 1404 cm-1 can be attributed to lead soaps.It)f> The inten-
sityy of the carbonyl peak at 1743 cm-1 is lower than the C H stretch vibration at 2924 cm1, 
unlikee the pigmented paints discussed so far. This suggests that the amount of carbonyl moieties 
iss relatively low and accordingly that the presence of minium as a pigment increases the hydroly-
siss of the triglycerides. The second derivative spectrum shows the mere absence of carboxyiic 
acidss evidenced by the minute absorption at 1707 cm'1. The absence of carboxyiic acids is 
confirmedd by the low intensities at -3200-2600 cm-1 (raw spectrum), and 1414 cm1. 

5'3'3' 55 Naples yellow paint 
Thee infrared spectrum of an aged paint containing Naples yellow is presented in Fig. 5.9. 

Thiss spectrum shows strong peaks at 1548 and 1413 cm1, which are not present in the pure 
pigmentt (spectrum of pure pigment has been reported beforel3g). The peaks are assigned to metal 
carboxylatess that were formed during ageing. The presence of intact ester bonds is clear from 
absorptionss at 1740 cm1, and the glycerol ester triplet at 1251, 1178 and 1099 cm1. The second 
derivativee spectrum shows that the carbonyl peak mainly consists of ester absorption at 1740 
cmm ' with only a small contribution of carboxyiic acids at 1709 cm-1. Both red lead and Naples 
yelloww pigmented paints (Figs. 5.8 and 5.9) show that pigments that mediate the formation of 
metall  carboxylates simultaneously reduce the number of carboxyiic acids, which can readily be 
explainedd by the consumption of carboxyiic acids during the formation of metal carboxylates. 

5.3.3.66 Yellow ochre paint 
Thee absorptions of ochre are highly dominating in the infrared spectrum of a 65-years-old 

yelloww ochre paint. The most pronounced features (Fig. 5.10) are the intense truncated silicate 
absorptionss at 1200-980 cm-1,918, 806, and 701 cm"'. The presence of quartz in these samples 
hass been confirmed by XRD (by I.N.M Wainwright, CCI). Crystal water in the pigment gives 
risee to the sharp peaks at 3695 and 3619 cm1 and might also contribute to the absorptions at 
aboutt 1622 cm'. Finally, the characteristic absorption pattern between 2600 and 3500 cm"1 is 
partlyy assigned to hydroxyl groups in or on the pigment particles, as the observed maximum (as 
loww as 3114 cm-1) is uncommon for organic materials. The aliphatic moieties in this sample lead 
too broad absorption bands at 2944, 2864, 1453. and 1382 cm-1. The carbonyl absorptions (1724 
cm"1)) are resolved by the second derivatisation in peaks at 1738 and 1705 cm-1. Unfortunately. 
thee ester triplet around 1170 cm ' is completely masked by the strong Si-0 absorptions. 
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5.3.3.77 Gold ochre paint 
Thee spectrum of the aged linseed oil paint containing gold ochre (Fig. 5.11) is very similar to 

thee spectrum obtained from the yellow ochre. The second derivative spectrum shows a higher 
relativee intensity of the 1707 cm"1 carbonyl absorption. This subtle intensity change led to the 
significantt shift of the carbonyl peak in the raw spectrum: from 1724 to 1710 cm1. 

5.3.3.88 Green earth paint 
Thee spectrum of green earth pigmented paint film is presented in Fig. 5.12. The green earth 

pigmentt used in the reconstructions was found to contain silicates (1039, 915, 801 cm"1) with 
crystall  water (3697, 3619 cm1), and calcium carbonate (2522. 1799 (small), 1416, 875 cm'). 
Greenn earth reference spectra140 are clearly different from the pigments in the test panel. The 
definitionn of green earth is not unambiguous. The inorganic materials mask many of the organic 
featuress in the spectrum. The remaining organic features include aliphatic peaks at 2938 and 
28677 cm"' as well as 1464 cm-1 in the second derivative spectrum. The second order derivatisation 
againn resolves the carbonyl band into distinct absorptions at 1779, 1738 and 1708 cm '. The 
absorptionn at 1624 cm ' is well resolved from the carbonyl peak (1717 cm-1), contrary to the 
spectraa of the ochre-pigmented paints (Figs. 5.10-5.11). The assignment of this peak (1624 
cm-1)) to crystal water (as suggested in the discussion of the ochre paints) is contradicted by this 
spectrum,, as the amount of crystal water in this paint (3697 and 3619 cm'1) is very low. Abetter 
assignmentt might be the presence of metal carboxylates. However, no further indications could 
bee found to confirm this attribution. 

5*3'3* 99 Kassei earth (Van Dyke Brown) paint 
Thee infrared spectrum (Fig. 5.13) represents an aged paint prepared with Kassei earth, a 

fossill  of mainly organic subbituminous coal fossil,141 regularly used as a brown pigment. The 
organicc absorption at 1611 cm-1 is the most intense absorption in the infrared spectrum. This 
peakk is caused by the pigment itself, and has been assigned tentatively to iron carboxylates.l4: 

Assignmentt to a carboxylate or metal carboxylate is confirmed by the presence of an almost 
equallyy intense and broad absorption at 1416 cm '. which can be assigned to the symmetric 
carboxylatee stretch. The absorption at 1611 cm ' has a very noisy appearance in the second 
derivativee spectrum, However, the fine-structure (including peaks at 1626. 1567, 1587. 1608, 
andd 1645 cm-1) is reproducible: the same absorptions have been found in the Kassei earth pig-
mentedd paint taken from the Von Imhoff collection (results not shown). These various peaks 
shouldd be assigned to different chemical surroundings of the carboxylates, but a detailed identi-
ficationfication of these absorptions has not been established and is left for further research. Second 
derivativee analysis of the broad absorption band at 1416 cm-' also reveals a number of underly-
ingg absorptions, including those at 1383 (CFF), 1464 (CHJ, and 1413 cm ' (COOH). The pres-
encee of carboxylic acids is confirmed by absorptions at 915, 3200-2600, and at 1709 cm '. 
Especiallyy this spectrum clearly illustrates the increment in information that can be derived after 
secondd derivatisation, as two broad peaks can reproducibly be resolved into a number of narrow 
absorptions. . 

Onlyy a trace of inorganic materials can be observed as a relatively sharp peak at 1099 cm'. 
Thiss peak is not part of the glycerol triplet, as its intensity is too high compared to the connected 
peakss (-1170 and 1240 cm1). Small amounts of glycerol-esters are however indicated by the 
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modestt absorption at 1736 cm"' (second derivative spectrum). The second derivative of the 
carbonyll  peaks resolves the two absorptions (1736 and 1709 cm-1), but the resolution is worse 
thann in other cases observed so far. This might very well be due to the presence of carbonyl 
moietiess in the Kassei earth pigment. Unfortunately, the presence of the several related func-
tionall  groups in the oil and pigment fraction makes a detailed evaluation of the oil fraction 
impossible. . 

5.3.3.100 Ultramarin e paint 
Thee strongest absorption in the spectrum of artificial ultramarine pigmented paint (Fig. 5.14) 

iss the truncated silicate absorption at 1001 cm-1 (SDBS, ref 3143). Other pigment absorptions 
aree present at 714 and 680 cm'. The absorptions due to the binding medium are rather broad and 
featureless.. In fact, the CH bend absorption (1466 cm') can only be distinguished in the second 
derivativee spectrum. The broad CH stretch absorptions have their maxima at 2945 and 2873 
cm1,, compared to 2926 and 2855 cm-1 for the fresh oil (see Fig. 5.2). The exact positions of 
thesee absorptions appear to be very unstable, and values of the naturally aged paints vary be-
tweenn 2924 (red lead in Fig. 5.8) and 2945 (ultramarine paint in Fig. 5.14). The shift to higher 
wavenumberr normally seems to accompany a broader appearance of the peaks."*  A broad shoul-
derr is present at 1640 cm"1. This peak again gives the impression of a metal carboxylate, as it is 
accompaniedd by a broad absorption at 1414 cm'. 

5.3.3.111 Indig o paint 
Thee indigo pigment in the 35-years-old paint is well preserved, as indicated by its intense 

bluee colour. The many indigo absorptions are clearly present in spectrum 15 (3239, 3064, 1627, 
1612,, 1588, 1485, 1392, 1321, 1300, 1200, 1173, 1130, 1077, 1014, 882, 861, and 752 cm"1). 
Thesee peaks mask most of the binding medium peaks in the fingerprint region. In fact, only the 
carbonyll  band (1728) and the CH stretch vibrations (2940 and 2865 cm1) can be assigned un-
ambiguously. . 

Secondd order derivatisation does not improve the interpretation of the spectral data, as aro-
maticc structures like indigo normally have many narrow absorption bands. These sharp peaks 
aree prominently present in the second derivative spectrum. The well-resolved bands for esters 
(1737)) and carboxylic acids (1707 cm"') are seen as minor features in this spectrum. 

5.3.3.122 Zin c whit e paint 
Thee spectrum of zinc white pigmented paint (Fig. 5.16) shows intense CH vibrational peaks 

att 2933 and 2858 cm-1. The narrow carbonyl peak (1740 cm1) is lower than the CH stretch 
vibrationn at 2933 cm', indicating that the amount of intact ester bonds is relatively low. The 
secondd derivative spectrum shows the absence of carboxylic acids by the negligible absorption 
att 1709 cm1. The clear and broad carboxylate absorption (1589 cm') consists of several sepa-
ratee peaks (second derivative, 1620, 1586. 1540 cm1). The absorption peak at 1460-1418 cm-1 

resolvess into the CH bend vibration (1467 cm-1) as well as peaks at 1415 and 1376 cm'. A 
minorr addition of whiting (CaCO.)to the zinc white is suggested by the combination of peaks at 
1418,, 876 and 778 cm-1 (second derivative). The 1150 cm-1 absorption indicates the abundant 
presencee of alcohol groups in the oil. This peak is not due to a silicate or sulphate adulteration, 
ass these moieties normally show a series of absorbances in this spectral region. Lead sulphate 
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Fie.Fie. 5.11. Gold Och Fig.Fig. 5.12. Green Earth Fig.Fig. 5.13. Kassei Earth 
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Fig.Fig. 5.14. Ultramarine Fig.Fig. 5.15. Indigo Fig.Fig. 5.16. Zinc White 
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impuritiesww would further have a different maximum absorption (1060 cm '). The assignment 
too alcohols is confirmed by the relatively strong absorption at 3410 cm '. The presented spec-
trumm suggests that zinc white influences the ageing of oil in different ways: it stimulates the 
formationn of alcohol groups, catalyses the hydrolysis of glycerol-esters. and forms metal car-
boxylatess with the present carboxylic acids. 

S'3-3^133 Lead whit e paint 
Leadd white is probably the most commonly used pigment in the history of panel painting. 

Thereforee it has been included in many test panel series, e.g. the painting by Gettens. which has 
beenn analysed and reported by Meilunas et a!.-" The Doemer test scries even contains several 
leadd white paints, with a number of different lead white types, oils, and additions. The infrared 
spectrumm of a paint prepared in 1912 is shown in Fig. 5.17. Spectra of other paints from this 
series,, made in 1941, are shown in Figs. 5.18-5.20. The lead white paint from the CCI test scries 
iss shown in Fig. 5.21. 

Thee most intense absorption in spectrum 5.17 is due to the carbonates present in the lead 
whitee pigment (truncated, 1300 to 1450 cm-1). Less intense pigment absorptions are seen at 
35399 cnr1 (OH stretch), 1048 cm"1, 776 cnr' and 681 cm1. The absorption at 838 cm' is due to 
neutrall  lead carbonate (PbCO,), which is a common component of lead white.1'7 The most in-
tensee organic features are present at 2933 and 2875 cm-1 <CH stretch) and 1740 cm-1 (carbonyl). 
Thee second derivative of the carbonyll  region shows the presence ester moieties at 1740 cm-1, but 
thee almost complete absence of carboxylic acids. The ester C-0 triplet (1169, 1248 and 1100 
cm"!)) confirms the presence of esters. The shoulder on the short wavelength side of the intense 
carbonatee band should be assigned to the absorption of lead carboxylates,-7 but it is masked by 
thee adjacent very intense carbonate absorption. Nevertheless, spectral subtraction of a pure lead 
whitee spectrum revealed a clear absorption at 1540 cnr1 (results not shown). Second derivative 
analysiss of the absorption spectrum of lead white paint (Fig. 5.17) reveals the presence of sev-
erall  small absorption maxima (1533, 1543, 1551, 1625 cnr1). These peaks look like noise, but 
theirr relevance is indicated by their presence in the other lead white pigmented oil paints, sec 
Figs.. 5.18-5.21. The several peaks in this region are probably due to different co-ordination 
structuress of the lead carboxylates, comparable to the situation observed for fine structure on top 
off  the carboxylate absorption peak in the Kassei earth pigmented paint, be it that the exact 
spectrall  locations have altered. An even clearer fine pattern is seen in the region between 1365 
andd 1480 cm ' with peaks at 1364, 1386, 1410. 1428. 1447, 1466 (CH bend). 1474, and 1481 
cnr1.. All these small absorption peaks appear in the various lead white spectra that were inves-
tigated,, which stresses their significance. The absorption at 1410 cnr1 has been assigned to 
carboxylicc acids in the preceding part of this Chapter. However, this seems not valid here, as 
carboxylicc acids should give rise to an absorption band at 1707 cm '. which is clearly not present. 
Thee same has been observed in the spectrum of the zinc white paint, but a valid alternative 
assignmentt for the 1415 cnr' absorption has not yet been found. 

AA remarkable difference between the several lead white pigmented paint films is the different 
intensityy observed for the OH stretch vibration at -3535 cnr'. The intensity of this absorption 
variess in intensity between strong (Figs. 5.17. 5.18. 5.21) and negligible (Fig. 5.19). The same 
intensityy differences are found for the OH bend vibration (775-780 cm '). The absence of these 
peakss (3535 and 778 cm ') correlates with the presence of peaks at 838 and 2420 cnr'. and leads 
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Fig.Fig. 5.22. Comparison of the height and area of the CH-stretch vibration band at 2950-2920 cm ' in all spectra 
presentedpresented in Figs. 5.5-5.21. See experimental (section 5.2) for parameters. 

too a small shift in the intense lead white absorption around 680 cm-1: from 681 to 678 cm"1. 

Thesee intensity changes and peak shift are explained by the content of neutral lead carbonate in 

leadd white. Reference spectra ( l p l 44 and SDBS) show that basic lead carbonate absorbs at 3535, 

7788 and 681 cm '. while neutral lead carbonate, which is a normal constituent of lead white, 

absorbss at 2420, and 838 cm '. This indicates that the composition oflead white from different 

sourcess can be markedly different, which would be consistent with historic documentary sources.2 

Thee differences between the spectra presented here and the results of the 50-years-old natu-

rallyy aged lead white paint reported by Meilunas et al. are remarkable, especially when the 

stabilityy of the spectra presented in Figs. 5.17-5.21 is considered. The most important difference 

iss the relatively low carbonate absorption in the paint analysed by Meilunas el al., indicating that 

thiss paint has a much lower pigment concentration. It is indeed stated that the analysed paint had 

beenn made of a 1:1 mixture oflead white and oil. The lower amount oflead white resulted in a 

higherr amount of oxidation products with absoqitions at 3411 and 1715 cm ', as well as to an 

overalll  absorption increase in the spectral region between 1650 and 1000 c m ' .A further differ-

encee is the better resolution of the peaks at 1622 and 1545 cm '. It is likely that these differences 

arcc caused by the pigment concentration in the paint. 
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5.44 Discussion 

Thee large number of spectra that have been shown in this Chapter allow a classification of the 
differentt effects that pigments can have on the ageing processes in oil. A number of characteris-
ticss will be highlighted below. The broadening of the carbonyl band, which had been observed in 
aa number of earlier studies, was shown to be due to the formation of a new carbonyl bands at 
1705-17099 cm' and around 1780 cm-1. The spectral location of this triplet appears to be very 
reproducible,, but their relative intensities are dependent on the pigment present in the paint film. 
Anotherr effect that can be assigned to the presence of pigments is the shift of the CH absorption 
bandss around 3000 cm1. The most obvious effect observed in a number of paints is the forma-
tionn of metal carboxylates. 

5.4.11 Carbonyl bands 
Thee carbonyl bands observed in the different spectra vary in peak width and position of the 

maximumm absorption. Both Meilunas17 and Hartshorn51 have explained this by the formation of 
ann extra, unresolved absorption peak at 1730-1700 cm-1 upon the drying of oil. Resolution 
enhancementt through second derivative spectra indicates that both effects arc caused by the 
formationn of extra absorptions at 1707 and 1780 cm '. These peaks are well resolved in the 
secondd order derivative spectrum, even when no shoulders or fine structure can be seen in the 
raww spectra, e.g. in Figs. 5.10-5.15. Furthermore, the carbonyl peak is not hindered by masking 
duee to absorptions of the common traditional pigments, which forms a major annoyance in 
traditionall  paint research by FTIR. Only one of the investigated pigments (Kassei earth) did 
disturbb the analysis of the oil absorptions in the spectral region between 1700 and 1800 cm1. 
Therefore,, this reproducible triplet may be very useful in the classification of binding media. 

Thee absorption at 1740 cm ' can be assigned to esters10""16 that are still abundantly present in 
thee fresh oil medium. This is confirmed by the presence of other ester peaks (1170, 1240, 1100 
cm-1)) whenever these are not masked by pigment absorptions (Figs. 5.5-5.7, 5.9, 5.17-5.21). 
Thee intensity of this ester peak is variable, which must be related to the number of remaining 
esterr bonds in the paint. However, a thorough quantification of the intensity would require an 
accuratee determination of the layer thickness and the pigment content, and is not straightfor-
ward.. A general impression of the intensity of the ester peak can be obtained by comparison with 
thee asymmetric CH, stretch vibration at -2930 cm '. The quantitative accuracy of this approach 
iss however also questionable as the intensity of the CH stretch vibration might not be linearly 
relatedd to on the amount of organic materials (see discussion below). 

Thee 1707 cm1 absorption has been assigned to the carboxylic acids, which are formed upon 
oxidation.. This assignment seems to be confirmed by spectra (vermilion, cadmium red, iron 
oxide,, yellow ochre, gold ochre), in which the 1707 enr' is accompanied by absorptions at 
3200-2600,, 1415 and 915 cm"1."1" The mere absence of the 1707 cm"1 peak in some of the metal 
soapp producing pigments. (Naples yellow (Fig. 5.9), lead white (Figs. 5.17-5.21), zinc white 
(Fig.. 5.16) and red lead (Fig. 5.8)), wrherethe carboxylic acids obviously have reacted further to 
metall  carboxylates. nicely confirms this assignment. No indications were found for the presence 
off  other carbonyl groups that also absorb at -1707 cm'. Further proof might be obtained by 
chemicall  derivatisation of aged paint material, e.g. using the method described by Mallegol.:*  If 
thee absorption at 1707 cm' is to be assigned exclusively to carboxylic acids, it is remarkable 
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thatt is resoked from the ester absorption {1740cm') in only one of the spectra presented in the 
currentt study: the stand oil that has never been prepared as a paint. In all other cases, the two 
carbonyll  peaks were not resolved in the normal infrared spectra. This suggests that the extensive 
changess that take place upon oil drying induces a broadening of the carbonyl peaks, obviously 
byy the formation of several different chemical and physical environments for the carbonyl groups. 

Thee rather small peak at 1780 cm'1, which is observed in most of the presented second de-
rivativee infrared spectra, has been assigned to lactones or anhydrides. This absorption is thought 
too be specific for a drying oil.17 A further carbonyl absorption at 1680 cm-1 is observed in the 
zincc white paint. This absorption has been assigned to conjugated carbonyl groups.11 

5.4.22 Metal Carboxylates 
Severall  complex spectral differences can be seen in the region between 1650 and 1500 cm '. 

Manyy of these can be explained by the presence of metal carboxylates. The absorption spectra of 
carboxylatess containing long chain fatty acids and several metal ions have been accurately re-
ported.1455 The reported value for zinc carboxylates is -1540 cm ' and a small peak at 1540 
cm11 is indeed found in the spectrum of zinc white paint (Fig. 5.16). However, the carboxylate 
absorptionn at 1590 cm1 is much more intense. The values reported for long chain fatty acids 
mayy therefore not be correct for every type of zinc carboxylate. A number of selected reference 
spectraa indeed illustrate that the nature of the carboxylic acid influences the spectral absorption 
characteristicss of the metal carboxylate; Zn-stearate and palmitate (-1540 cm1),145 Zn-lactate 
(15977 cm'), and Zn-oxalate (1631 cm"1) (SDBS, refs. 3130,12800 and 17155). A very interest-
ingg comparison for these absorptions is provided in the literature on ionomers, which are car-
boxylicc acid containing polymers, normally formed by copolymerisation of ethylene and meth-
acrylicc acid. Ionomers can be neutralised by metal ions,,4h which form metal carboxylates with 
thee carboxylic acids. Neutralisation of ionomer with lead acetate has been reported to result in 
infraredd absorptions at 1560 cm-1.14" In another study, ionomers have been neutralised by zinc 
oxide,, which induced infrared absorptions at 1624, 1585 and 1638 cm'. The relative intensities 
weree found to be dependent on the amount of water absorption14'1 M*  and on the pressure applied 
too the sample.'4^ Kutsumizut3/a/.14') mention that the different absorption bandscan be related to 
differentt co-ordination states of the carboxylic acids around the zinc atom, but a full assignment 
hass unfortunately not been established yet. A better identification would not only lead to a better 
understandingg of ionomers, but is expected to be directly applicable in aged paint, a system 
whichh is related to ionomers. This would lead to a better chemical classification of the variety of 
absorptionss that are nowadays summarised as metal carboxylates, 

5.4.33 CH stretch vibratio n 
Thee intensity of the CH stretch vibrations is commonly seen as a quantitative measure of the 

oill  content in a sample. The decreasing intensities of these peaks are interpreted accordingly as 
aa decrease in aliphatic moieties due to the loss of volatile products. However, the amount of 
volatilee products reported in the literature seems to be extremely high. Meilunas et a!, mention a 
60%% intensity decrease of the CH stretch vibration. Rasti and Scott even report a 92% decrease 
off  the absorption intensity at 2930 cm ' (log A^/A^ 1.1) fora vermilion pigmented paint film.-1" 
Itt seems unlikely that the loss of volatile aliphatic materials during ageing would be so extensive 
thatt it suffices to explain this effect. However, a better explanation has not yet been given. It has 
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beenn noted by Mallegol:s that the decreasing intensity is combined with a shift of the absorptions 
maximaa to shorter wavelengths. A shift of the CH vibrations has also been observed in the 
spectraa reported here. The maximum absorption of ultramarine pigmented paint was found to be 
ass high as 2945 and 2873 cm1, while the absorptions in the original oil binding medium are 
presentt at 2927 and 2855 cm-1. Despite the relatively large shifts, the actual widths of the peaks 
remainedd remarkably constant, as the area of the absorption peaks changes linearly with the 
heightt (Fig. 5.22, see experimental for parameters, R=0.99). The varying intensity of the oil 
seriouslyy complicates quantitative analysis of aged paint by FTIR. The absolute intensity of the 
CH-peakss cannot be compared objectively in the measurements reported here, as the exact amount 
off  organic material in the light path is unknown. Furthermore, these oil components have a 
decreasingg extinction coefficient due to hydrolysis (1740 cm-1) and oxidation (2924 cm !). A 
validd quantitative analysis would probably require an inert internal standard. 

Thesee considerations make an assignment of the decreasing intensity to the loss of volatile 
materiall  very unlikely. The direct influence of hydrolysis or metal carboxylate formation can 
alsoo be ruled out. This was confirmed by measurements on ionomers, were the intensity of the 
CHH stretch bands was found to be according to Lambert-Beer's law.l5IJ The origin of the hypso-
chromicc shift of the oil medium during ageing should therefore be assigned to oxidation and 
possiblyy ring closure. These effects are known to occur in the ageing of oil,10''-129 but do not occur 
inn ionomers. Ring closure and the resulting strain on the molecular structure are indeed known 
too increase the frequency of the absorption maximum of CH moieties.101 The same is true for CH 
moietiess close to an oxygen atom.'06 The origin of these effects is mainly located in the network 
fractionn of the aged oil. A better understanding of these shifts may therefore become a valuable 
tooll  in the further characterisation of the polymeric fraction. 

5.55 Conclusions 

Severall  infrared spectra of traditionally prepared and naturally aged pigmented have been 
presentedd to investigate the long-term influence of the pigments on the oil medium. Reaction 
productss of metals ions from pigments and the oil binding medium were found as metal car-
boxylatess for a number of pigments. Other indications for reactions influenced by pigments 
weree found in the aliphatic CH absorption at -2930 cm ' and the carbonyl absorption at -1740 
cm1,, The hypsochromic shift of the CH vibration is assigned to oxidation and ring closure 
reactionss in the network part of the oil. These shifts are especially pronounced in paints pig-
mentedd by ochres, Naples yellow and ultramarine. 

Thee intensity of the ester peak at 1740 cm-' can be greatly reduced by the presence of particu-
larr pigments, indicating hydrolysis of the triglycerides. This decreased intensity is especially 
clearr for the zinc white and red lead paints, were the absorbancc of the ester band is lower than 
thee absorbance of the CH vibrations. Unfortunately, this relationship cannot be made fully quan-
titative,, as the intensity of the CH vibrations is not a valid unit for the amount of oil material, as 
explainedd above. 

Broadeningg and shifts of the carbonyl absorption have been observed in most of the aged 
paints.. These effects are assigned to the formation of new, remarkably reproducible absorptions 
att 1707 2 cm-1 and 1780 5 cm"1. The number of carboxylic acids, to which absorption at 1707 
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cm"'' is assigned, reduces upon the formation of metal carboxylates. This effect was observed for 
leadd white, zinc white, red lead and Naples yellow. The characteristic carbonyl pattern is very 
usefull  in the investigation of oil paint, as it is normally not disturbed by any pigment absorp-
tions. . 
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PAINTINGS:: DISSOLUTION, METAL SOAP 

FORMATION,, AND REMINERALISATION 

PROCESSESS IN LEAD PIGMENTED PAINT 

LAYERSS OF 17™ CENTURY PAINTINGS 

AA serious form of deterioration of lead pigmented paint layers was recently recognised in 

Thee Anatomy Lesson of Dr Nieolaes Tulp by Rembrandt van Rijn (Mauritshuis inv. no. 146). 

AlmostAlmost the entire surface of this painting shows small crater-like holes with a diameter of about 

100100 microns. Many of these holes are filled with whitish material that is sometimes seen to 

protrude.protrude. These 'protrusions' and related craters are a result of chemical changes in the compo-

sitionsition of the underlying ground layer leading to mechanical expansion and protrusion of the 

newlynewly fanned substances. The phenomenon is not unique for this painting but is much more 

widespread.widespread. Several paintings showing the same phenomenon have been identified in the collec-

tiontion of the Mauritshuis. This paper focuses on a presentation of the phenomenon, by means of 

imagingimaging microspectroscopic and chemical microscopic data of 'protrusions' in paintings by-

AlbertAlbert Cuyp (Girl with the Peaches: MH inv. no. 829}, Frans Hals (Portrait of a Man; MH inv. 

no.no. 982). Daniël Seghers (Garland of flowers around an image of the Madonna; MH inv. no. 

256)256) and Johannes Vermeer (Diana and her companions; MH inv. no. 406). Presentation of 

macromacro photographs and cross-sections will  be published in a companion paper by Noble. Wadum 

andand Boon. 

hihi cross-section, the protrusions are seen as irregularly shaped areas consisting of whitish 

opaqueopaque and more transparent parts. Under UV illumination, the mass fluoresces strongly, while 

thethe transparent parts show a higher fluorescence. Finely divided, layered materials (seen espe-

ciallycially with the Scanning Electron Microscope) suggest that precipitation of newly formed com-

poundspounds has taken place. In most cases small red particles are present in or around the protru-

sion.sion. Microspeclroscopy of the particles identifies these particles as minium (Pb^Oj. while SEM-

EDXEDX confirms the lead. 

AA general characteristic is the stunning difference in granulometry between the paint layer 

andand the protruding mass. The original mineral matter of the paint seems to have disappeared -

asas if dissolved - leaving a transparent gel-like mass behind. Imaging FT1R of these 'gels' shows 

strongstrong absorption in the 1510 cm ' region, which is due to asymmetric vibrations of the COO' 
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groupsgroups in metal carboxylates (soaps}. Absorption in the 2925 cm'1 region, due to CH vibrations 

ofof the fatty acid carbon chains, points to a high density- of oil network derived organic sub-

stances.stances. SEM-EDX studies demonstrate a high abundance of lead in these areas. Imaging sec-

ondaryondary ion mass spectrometry (SIMS) in positive and negative ion mode demonstrates high 

concentrationsconcentrations of fatty acids, lead, lead-palmitate, and lead-stearate in the protruding gels. 

TheThe protrusions in the different paintings show different degrees of remineralisation. In the 

casecase of the Rembrandt painting, lead hydroxychlorides were identified, which raises questions 

aboutabout the source of the chloride. Lead carbonate, lead hydroxycarbonate and minium are also 

presentpresent as precipitates. The latter compounds were also found in the protrusions in the investi-

gatedgated paintings by Vermeer, Cuyp, Hals and Seghers. The most complex protrusion was discov-

eredered in a lead white/lead-tin yellow paint layer from Vermeer 's Diana and her companions. 

TheThe causes for the protrusion phenomenon and the driving forces are presently unknown. 

PoorPoor quality batches of lead white may be the cause for an imbalance in the paint chemistn\ 

ThisThis might also explain the erratic occurrence of the phenomenon. We further suspect that mois-

tureture plays a crucial role in the formation of protrusions. Variable relative humidities conditions 

duringduring the lifetime of the painting or introduction of water during restoration treatments may 

havehave been enough to trip a delicate balance. The precipitation of minium in the protrusions 

pointspoints to extremely high pH values in the paint layer in question, well beyond the thermody-

namicnamic stability of lead white. 
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6.11 Introductio n 

Smalll  crater-like holes present in the entire surface of The Anatomy Lesson of Or Nicolaes 
Tulp,Tulp, painted by Rembrandt van Rijn in 1632. have been the subject of renewed microscopic and 
spectroscopicc investigations. An early hypothesis of their origin proposed that the 'craters' were 
formedd as a result of exposure to a fire in 1723, where the heat caused organic particles to 
migratee in the not yet completely dry paint. The microscopic studies by Noble et a/.151 point to 
chemicall  changes perhaps unrelated to fire damage. In cross-sections, the 'craters' appear re-
latedd to changes in the composition of the underlying ground/paint layer leading to mechanical 
expansionn and protrusion of the newly formed substances. The present study is part of an exten-
sivee survey of such phenomena in 17*  century paintings performed by Noble and Wadum.!i : The 
focuss of this paper is the determination of the infrared spectroscopic properties of the paint 
sampless using an innovative FTIR-imaging technique. This information is correlated with imag-
ingg data from Scanning Electron Microscopy (SEM), imaging secondary ion mass spectrometry 
(SIMS)) and visible and fluorescence microscopy. The optical examination of the pictures and 
theirr cross-sections are presented in the paper by Noble era/.1" It is concluded from these stud-
iess that the protrusion phenomenon is not unique to the Rembrandt paintings but is also present 
inn other paintings from various artists. 

Thee protrusion phenomenon appears more pronounced in the thinly painted areas. On the 
surfacee of the painting the holes are completely round and uniform in size and shape, although 
duee to abrasion some have a flatter profile and a more irregular contour. Some are filled with 
darkenedd material (often varnish residues), but in most cases a whitish substance protrudes. This 
phenomenonn originates in an underlying ground/paint layer, from which a whitish mass is ex-
trudedd that protrudes through the paint layers. In most of the cross-sections described by Noble 
etet at., the protrusions are irregularly shaped areas consisting of whitish opaque and more trans-
parentt parts situated in the granular matrix of the ground/paint layer. Under UV illumination, the 
transparentt parts show a higher fluorescence compared to the opaque parts. In many cases, the 
protrusionss contain a horizontally layered structure that suggests the precipitation of newly formed 
compounds.. Lead white is present in the paint around the protrusions in every case. Small red 
particless are present in or around most of the protrusions are identified as lead oxides. Earlier 
FTIR-imagingg and SIMS studies of The Anatomy Lesson oj'Dr Nicolaes Tulp have shown that 
thee protruding mass consists largely of lead carboxylates of fatty acids and drying oil derived 
networkk molecules. It has been proposed that these substances are formed from an oil-rich paint 
orr ground layer by 'dissolution' of the lead white mineral phase leaving an organically rich 
residuee of highly oxidised drying oil components charge balanced by lead ions."̂  

Sincee the discovery of protrusions in The Anatomy Lesson of Dr Nicolaes Tulp, other ex-
ampless of protrusions have been found in other paintings. Koller and Burmester,1" Wallertm 

andd White,ss all mention phenomena that resemble the protrusions found in 77if Anatomy Les-
sonson of Dr Nicolaes Tulp. Brunnenkant156 compared a small number of paintings having a red 
groundd layer and found that protrusions only were present where minium (lead tetroxide) was 
foundd in the ground layer. Unn Planter and Simonsen Plahter157 recently revised their earlier 
interpretationn of a gellified lumps in a cross-section of a painting by Teodoer van Baburen when 
neww analyses pointed to the presence of lead carboxylates and minium. 
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Unpublishedd reports by the Canadian Conservation Institute (CCI) were made available that 
describee similar phenomena in 19th century paintings by Charles Eastlake and W. Harris.'^-'̂  
Thee analytical data indicates the presence oflead soaps of palmitate, stearate, azelate and related 
di-acids. . 

Thee underlying study re-examines data on The Anatomy Lesson ofDr Nicolaes Tulp by R. 
vann Rijn and presents new data on paintings by Cuyp. Hals, Seghers/Bosschaert and Vermeer. 

6.1.11 Advanced imaging methodology 
Eachh imaging technique has its own analytical window and spatial resolution. It is therefore 

off  vital importance to be aware of the inherent possibilities and restrictions of each technique 
whenn data of different analytical techniques are compared. An explanation of all techniques 
usedd in this investigation is given below. 

Reflectionn visual light microscopy reveals the stratigraphic structure, colour, and granulometry 
off  layers in a paint cross-section with a resolution of about I \xm. Specific layers or chemical 
substancess in the cross-section can be highlighted by illumination with ultraviolet light and 
observationn of the fluorescence in the visible spectrum. We developed a visible light spectrom-
eterr as an attachment to the visual light microscope that can record spectra of transmitted or 
reflectedd light with a spatial resolution of about 1 fim. An extensive explanation of the working 
principlee of this microscopic VIS spectrometer is given in Chapter 2 of this Thesis. Visible light 
microscopyy and spectroscopy does not provide detailed chemical information. Infrared spec-
troscopyy on the other hand reveals chemical information on functional groups, e.g. -OH, -CH, 
-COC-.. -C=0, -COOH, -CN. It is therefore particularly useful for the identification of organic 
componentss in paint.'"-m Complete identification of molecules is not possible, although the chemi-
call  class of the observed compounds can normally be derived from the specific functional group 
absorptions.. Apart from organic compounds, some inorganic groups, e.g. -CO, {carbonate) and 
Si044 (silicate) groups that absorb infrared light can be identified. 

Thee scope of FTIR microscopy for the analysis of painting materials has been reviewed by 
Derrick.-'11 Reflection FTIR microscopy of cross-sections presents many complications because 
specularr reflection and diffuse reflection of the infrared light produce a mixed spectral signature 
off  the painting materials, which is very difficult to interpret chemically. Selection of the sample 
spott takes place in normal visible light. The analysis is therefore a spot analysis. FTIR-imaging 
iss a new technique that provides infrared spectra with a spatial resolution of about 6 u.m from an 
areaa of about 400 by 400 u.m.(*  This makes it possible to examine the spatial distribution of 
chemicall  functionalities without any prior assumptions about specific features in the cross-sec-
tion. . 

Otherr kinds of chemical microscopy used in this paper are Time Of Flight-Secondary Ion 
Masss Spectrometry (TOF-SIMS) and Scanning Electron Microscopy (SEM) combined with 
Energyy Disperse X-ray detection (EDX). SEM provides very high-resolution images (better than 
0.011 Jim). Normally, heavy atoms give a high electron emission intensity in the SEM image, 
whilee the lighter atoms result in a lower or no intensity. This is very useful in the investigation of 
paintt cross-sections, because the pigments, usually rich in heavy atoms, can be seen with a very 
highh resolution and contrast in the paint matrix that contains mainly low atomic weight atoms. 
Energyy Disperse X-ray detection (EDX) is used as an attachment to the SEM and gives elemen-
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ta!!  analytical data of a spot. This technique is also more sensitive to the heavier elements. EDX 
iss very useful in the identification of pigments. X-Ray diffraction (XRD) is used for a precise 
determinationn of molecular structure, but is only sensitive to crystalline materials. 

Secondaryy Ion Mass Spectrometry measures the mass spectrum of a sample after desorption 
andd ionisation of atoms and molecules with an ion beam. The sensitivity of this technique is 
determinedd by the desorption and ionisation efficiency of the sample and therefore dependent on 
thee composition of the materials. A spatial resolution of 0.1 p.m is achieved in the analysis of a 
cross-sectionn reported here. 

6.22 Methods and techniques 

6.2.11 Sampling and embedding 
Opalescentt material was isolated from protrusions in Rembrandt's Anatomy Lesson of Dr 

NicolaesNicolaes Tulp (sample 39) and Garland of Flowers around an image of the Madonna by D. 
Segherss and W. Bosschaert (sample 5). The whitish material in the protrusions was removed 
usingg a scalpel. A description of sampling procedures and the position of the other paint-samples 
investigatedd is given by Noble et a I.1''2 Samples were embedded in polyester resin Poly pol using 
thee Easysection™ system. After an initial grinding and polishing using silicone carbide paper, 
thee surface was dry polished using Micromesh™ cloths (final step 12 000 mesh). 

6.2.22 Microscopy 
Microscopicc studies on cross-sections were performed on a Leica DMR microscope (Leica, 

Wetzlar,, Germany). Normal light was provided by a 100W Halogen projection lamp. An Osram 
HBOO 50 lamp and Leica filter D (excitation 360-425 nm, emission > 460 nm) were used for 
fluorescencee microscopy. 

6.2.33 FTI R Imaging 
FTIR-imagingg results were obtained using the Bio-Rad Stingray (Bio-Rad. Cambridge, USA). 

Thiss system consists of a step scan interferometer (Bio-Rad FTS 6000). an infrared microscope 
(Bio-Radd UMA 500) and a 64 x 64 pixel Mercury Cadmium Telluride (MCT) focal plane array 
cameraa (Santa Barbara Focal Plane, California. USA). A detailed description of this system is 
givenn by Lewis/*  The measurements on cross-sections were done in reflected light mode, using 
aa ZnSe disc as a background. Transmission spectra were recorded using a Graseby Specac P/N 
25500 diamond cell (Graseby Specac, Orpington Kent, UK), using the empty diamond cell as a 
background. . 

Alll  measurements were recorded with a resolution of 16 cm"1 and an undersampling ratio of 
4.. Win-IR Pro 2.5 software (Bio-Rad) triggers both the interferometer and the WinIR 2.1 image 
acquisitionn software. The described measurements result in a data cube consisting of 4096 inter-
ferograms.. Further data processing such as Fourier transformation and background correction is 
donee using Bio-Rad Win-IR Pro software. The reflection measurements were corrected by the 
Kramers-Kronigg transformation. 

Analyticall  results of the FTIR-imaging system are displayed as infrared spectra and false 
colourr images. A reflection infrared spectrum is representative for one spot {one pixel) selected 
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onn the surface. A false colour plots show the intensity distribution of a particular infrared hand 
onn the surface. The wavenumber of that spectral band is indicated in each plot. 

6.2.44 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 
aa thin carbon coating to improve the conductivity of the sample and so prevent the accumulation 
off  charge.. EDX analyses were performed at various points throughout the cross-section by mea-
suringg the emitted X-rays with a Noran Vantage EDS-system with Pioneer Norvar detector. 

6.2.55 TOF-SIM S 
Timee of Flight- Secondary Ion Mass Spectrometry (TOF-SIMS) measurements were per-

formedd on a TRIFT II instrument of PHI Electronics Inc. <USA).,N) The surface of the sample 
wass scanned with a 25 keV primary ion beam from an Indium liquid metal ion gun. Positive or 
negativee ions emitted by the primary beam were mass analysed and detected on a position sensi-
tivee detector. The surface of the sample was charge compensated with electron pulsed in be-
tweenn the primary ion beam pulses. A surface coating to improve conduction is not necessary. 

6.2.66 Visibl e light imaging microspectroscopy 
Visiblee light spectroscopic imaging studies were performed on a Leica DMRX microscope 

(Leicaa Inc., Wetzlar, Germany), equipped with a Specim Imspector V7 imaging spectrograph 
(Specimm Inc.. Oulu, Finland) and a Princeton MicroMax CCD camera (Princeton Instruments 
Inc.,, Trenton, USA). The sample movement during measurement was controlled by a DynaOptic 
Motionn CTC-512-1 Single Axis Translation Stage {DynaOptic Motion Inc., Laguna Hills, USA). 
Dataa recording routines controlling the translation stage and the CCD camera were written in 
Visuall  basic 6.0 (Microsoft). Data processing procedures were written in Matlab 5.3 (The 
Mathworkss Inc.). This spatially resolved spectroscopic imaging system is sensitive in the visible 
regionn (400-720 mil). It has a spectral resolution better than 5 nm and a maximum spatial reso-
lutionn of about I \im in the current set-up. 

AA 50x magnifying objective was used for the experiments reported. Shutter time of the CCD 
cameraa was 18 ms. while 500 accumulations were made for every image. Spectra are corrected 
forr dark current and background corrected using a white Teflon surface. Spectra of the orange 
particless were automatically selected by subtracting the images obtained at 580 and 541 nm. 
Puree litharge was obtained from Aldrich (Lead(II) oxide, 99.9999%), while the minium refer-
encee was taken from the Von Imhoff collection (code no. S892). 
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6.33 Results 

6.3.11 Rembrandt' s 'Th e Anatomy Lesson of Dr  Nicolaes Tulp ' 
Fig.. 6.1 summarises the investigations on cross-section 146/1, taken from the background in 

Rembrandt'ss The Anatomy Lesson ofDr Nicolaes Tulp. All plots in this figure present data on 
thee opalescent protrusion in the same cross-section. Figs. 6.1a-c present the results of electron, 
visiblee and fluorescence microscopy; Figs. 6.1d-g display the microscopy FTIR images. Fig. 
6.Inn is a reflectance infrared spectrum and Figs. 6.1i-I display elemental and chemical com-
poundd maps as obtained by imaging SIMS. 

Visuall  light microscopy (Fig. 6.1 b) shows a semi-transparent, non-particulate protrusion with 
aa diameter of about 100 p.m in an opaque, light grey ground layer and a dark paint layer. The 
protrusionn is not homogeneous, as the outer parts seem to be more transparent than the core. 
Underr UV illumination (Fig. 6.1c) this inhomogeneity is more apparent as the transparent parts 
showw a stronger fluorescence. On the left side of the protrusion, two small orange particles are 
presentt (see arrows in Fig. 6.1b). These red areas are not visible as discrete particles in the SEM 
image,, but EDX showed the presence of lead in these areas. 

Thee reflection FTIR image in Fig. 6. Id outlines the embedding material as a yellow red area 
duee to the high carbonyl absorption of the embedding resin at 1724 cm1. The carbonyl absorp-
tionn in the sample itself is low, as indicated by the blue colour of the sample in this image. 
Smearingg of embedding medium over the sample has thus been avoided. From this image, the 
outlinee of the sample is clear which facilitates comparison with the microscopic images in Figs. 
6.. la-c. Dashed white lines outline the perimeter of the protrusion. 

Redd high absorption regions in Figs. 6.1e and 6.If are located within the perimeter of the 
protrusion.. The FTIR spectrum of a point (marked * in Fig.6.1e) inside the protrusion (Fig. 6.1h) 
showss absorption peaks after Kramers-Kronig transformation at 2925, 1510 and 1406 cm1. 
Absorptionn at 1510 cm~! (map in Fig. 6. le) is due to asymmetric vibrations of the COO-group in 
metall  carboxylates.106 These metal carboxylates are carbon acid functionalities most likely from 
oill  derived fatty acids and di-acids, in which the acidic proton is replaced by a metal ion. The 
metall  in the carboxylates in this protrusion must be lead, as lead is the only metal found in SEM-
EDXX measurements. Absorption at 2925 cm-1 is duee to CH vibrations of the fatty acids carbon 
chains,, and is primarily observed inside the protrusion (Fig. 6. If). The amount of aliphatic moi-
etiess in the protrusion is clearly higher than in the intact ground and the paint layer. Close com-
parisonn of images le and If shows that the highlighted area in the image at 1510 cm-1 is larger 
thann in the image at 2925 cm-1. The outer parts of thee protrusion have lower CH bond absorption 
thann the core. We infer that this implies that differences exist in the relative concentration of the 
metall  carboxylate moieties and the aliphatic moieties within protrusions. 

Thee peak seen at 1406 cm-1 in Fig. 6.1h is an overlay of a symmetric CO., stretch from metal 
carboxylatess and a C-0 stretch vibration from carbonates. The image of the 1406 cm-1 peak in 
Fig.. 6.If mainly shows the intact ground layer, where many carbonates are present as chalk 
(CaC03)) or lead white (PbCO, Pb(OH):). The peak position at 1406 cm"1 in transmission FTIR 
indicatess the presence of lead white."7 An absorption at 1406 cm' in reflection FTIR also points 
too lead white, although chalk patches can lead to absorption shifts as is pointed out by reflection 
FTIRR work on reference materials.9- Presence of lead in several particles in the ground layers 
wass proven by EDX measurements. Calcium is not found at all in this layer. 
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Noo reflection FTIR data could be obtained on the dark paint areas visible in the LM picture of 
Fig.. 6.1b, most probably because of complete absorption of the infrared light. 

Additionall  information on the distribution of lead, lead palmitate soaps and free fatty acids 
wass obtained by imaging SIMS (see Figs. 6.1i, j and k). Lead, displayed by the isotope peaks at 
m/zz 208. is highly concentrated inside the protrusion and in some smaller areas with relatively 
largee lead white particles. Compared to the intact ground layer, lead metal carboxylates of palm-
iticc acids are concentrated inside the protrusion as pointed out by the distribution of the mass 
fragmentt peaks of the lead salt of palmitic acid at mass m/z 461-464 (Fig. 6. lk).n'; Palmitic acid 
displayedd in the map of mass m/z 255 (the negative parent ion of palmitic acid) is also more 
concentratedd in the protrusion. The molecular information on these oil derived compounds cor-
relatess with the FTIR observations on the metal carboxylates, which are interpreted as lead 
carboxylates.. Palmitic acid is present in many kinds of drying oil but it does not contain double 
bonds,, and is therefore not build in into polymeric networks. The compound is chemically very 
stablee however and therefore representative of the original oil binding medium. 

Fig.. 6.11 is the negative ion map of chlorine (mass m/z 35). which shows a remarkable resem-
blancee to the lead distribution map. This high correlationn is a result of the presence of crystalline 
basicc lead chloride (Fiedlerite: Pb^Cl4(OH) J, which was confirmed by X-ray diffraction studies 
off  a small amount of sample taken from a protrusion. The origin of this rare mineral is puzzling 
butt may be related to impurities in the lead white produced in the 17lh century. The highest 
relativee concentration for the chlorine is clearly associated with the body of the protrusion. 

Thee following scenario for the formation of thee protrusions has been proposed by Heeren and 
Boon:liyy the original, relatively oil-rich lead-white containing ground seems to have contained 
locall  areas where the oil paint was chemically unstable. It is not yet understood what triggers the 
processs of chemical change that dissolves the mineral phase (i.e. the lead white). The source of 
thee chlorine is not known, although a poor quality lead white could contain various lead 
hydroxychlorides.1611 After dissolution of the mineral phase, the remaining cross-linked oil net-
workk polymer appears as opalescent semi-translucent material. The metal ion cross bridging in 
thiss oil network could be significantly reduced, because the chloride anions compete for co-
ordinatingg Pb:+ ions with the anionic carboxylic acid groups in the polymeric network. New 
mineralisationn in the form of lead hydroxychloride precipitation starts off another competing 
reactionn for lead. Consequently, the original tight ionomeric structure of the polymer system in 
thee ground loosens up and becomes a chemical sponge for small organic compounds. Both 
processess could lead to a considerable increase in polymer volume and could be the main driv-
ingg force for protruding eruptions. Such volume changes could be intensified by exposure to 
solventss during restoration. 

6.3.22 Seghers' 'Garlan d of Flowers around an image of the Madonna' 
Thee cross-section (256/5) taken from the black background of the Garland of Flowers around 

anan image of the Madonna by Daniel Seghers and Thomas Willeboirts Bosschaert is shown in 
Fig.. 6.2. Figs. 6.2a-c display the images obtained by electron, visual light and fluorescence 
microscopy.. Figs. 6.2d-i are FTIR images of the cross-section. Figs. 6.2j and 6.21 represent 
infraredd reflection spectra of the areas marked by an asterisk in Figs. 6.2f and 6.2h respectively. 
Fig.. 6.2k is a diamond cell infrared transmission spectrum of a protrusion isolated manually 
fromm the painting. 
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Fig.Fig. 6.1. Microscopic and microspectroscopic analytical investigations of a paint cross section from The anatomy 
lessonn of Dr Nicolaes Tulp. by Rembrandt van Rijn (MH 146/11 Doited white line indicates the protrusion. Solid 
blackblack line outlines the area of study in the cross section, (a) SEM image show s a protrusion as a homogeneous area 
inin a ground layer, (b) Visible light microscop) slums the protrusion as a transparent mass, (c) (c) Part of the protrusion 
showsshows strong fluorescence under UV illumination, id) A FT1R image at 1724 cm ' outlines the embedding material. 
TheThe colour map scale ranges from high /red) via medium (yellow-green) to low (blue) absorption, (e)-(f) FTIR 
imagesimages at 1510 and 2925 cm ' show the presence of aliphatic metal carboxylales localised in the protrusion, (g) 
FURFUR at 1406 cm images carbonates that are mainly present in the paint layer as lead white, (h) FTIR reflection 
spectrumspectrum of a point in the protrusion (indicated * in figure le). The observed bands are characteristic for metal 
carhoxylates.carhoxylates. (i)-(l) SIMS images the distribution of lead. C16:0 fatty acid, lead salt and chlorine inside the protrusion, 
(see(see colour image at the end of this 'Thesis) 
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Fig.Fig. 6.2. Microscopic and microspectroscopic analytical investigations of a cross section from Garland of flowers 
aroundd an image of the Madonna by Seghers and Bosschaert IMH 256/5). Dotted white line indicates the protrusion. 
SolidSolid black line outlines the urea of study in the cross section, (a) SEM image showing a homogeneous protrusion, 
inin which a small square particle is observed. Remaining granular paint matrix is present on the sides, (b) Visible 
lightlight microscopic image. The whitish protrusion contains some orange particles (see arrow), (c) U\'-fluorescence 
imageimage shows fluorescence in most of this cross-section, (d) FTIR at 1724 cm ' images the outline of the embedding 
material,material, (e)-(g) FTIR images showing the presence of CH-moieties (2928 cm '). carhoxxlates (1508 cm j and 
carbonatescarbonates {140} cm ) in the protrusions. <h)-(i) FTIR images at 1534 and 1648 cm ' highlight the brownish part 
onon the right side of the protrusion (see Fig. 6.2b). A spectrum of the highlighted part is displayed in figure 21. (j) 
RefectionRefection FUR spectrum of a point in the protrusion (indicated * in Fig. 6.2f). (k) Transmission FTIR spectrum of 
aa protrusion isolated manually. The higher quality of this spectrum compared to the refection spectrum in Fig 6.2j 
allowsallows identification of the mineral basic lead carbonate (specific absorptions indicated by arrows). (I) Reflection 
FTIRFTIR spectrum of the brownish part I red highlighted in Figs. 6.2h and 6.2i) shows the presence of protein, probably 
introducedintroduced in the painting during relining. (see also coloured version at the end of this Thesis) 
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Thee small paint sample (Fig. 6.2a) shows next to the whitish protrusion only small areas of 
thee cream coloured ground surrounding the mass and a tiny piece of the black background on the 
left.. The brownish part on the right, which fluoresces white under UV illumination (Fig. 6.2c). is 
gluee from the tacking edge. Small diffuse orange particles are visible in the transparent mass of 
thee protrusion (see arrow). An investigation by SEM using Energy Disperse X-ray analysis (EDX) 
showss that lead is present in the whitish protrusion as well as in the orange particles. Visible 
lightt spectra of these orange particles were obtained with the imaging spectroscopic attachment 
too the microscope and compared to spectra obtained from a reference minium (Pb,04, red lead. 
Vonn Imhoff collection) and litharge (massicot, PbO, obtained from AldrichJ.The high similarity 
off  the spectroscopic data of the orange particles found in the painting by Seghers and the minium 
referencee shown in Fig. 6.3 identifies the orange particles as red lead (Pb,04) rather than lith-
arge. . 

Thee reflection FTIR-image at 1723 cm ' in Fig. 6.2d depicts the embedding medium by the 
highh carbonyl absorption of the embedding medium (red) and outlines the sample circumference 
(blue),, which can be correlated to the microscopic image. The black line in Fig. 6.2d outlines the 
completee paint cross-section, while the white dotted line outlines the protrusion. Images of ab-
sorptionn peaks at 2924 cm"1 (Fig. 6.2e, CH bonds), 1508 cm"1 (Fig. 6.2f. carboxylate), and 1403 
cm"'' (Fig. 6.2g, carboxylate) show that these absorptions are located inside the protrusion. They 
aree all attributed to aliphatic lead carboxylates, as EDX showed the presence of lead. The ab-
sorptionn peak at 1403 cm-1 is again an overlay of the symmetric -C02 stretch absorption in the 
carboxylatess and the C-0 stretch absorption from carbonates. This explains the differences 
betweenn the images at 1508 cm-1 and 1403 cnr' (Fig. 6.2f and 6.2g). 

AA reflection infrared spectrum taken from the protrusion (asterisk in Fig. 6.2f) is shown in 
Fig.. 6.2j. In this spectrum the peaks at 2924, 1508 and 1403 cm-1 are clearly visible. The peaks 
att 1723, 1270 and around 1100 cm"1 (marked V) show that on the surface of this cross-section 
aa smearing layer of embedding medium is still present. 

Fromm this painting also a tiny sample from an isolated protrusion was available. This protru-
sionn sample was squeezed in a diamond cell of the FTTR instrument and produced the transmis-
sionn spectrum shown in Fig. 6.2k. The quality of this spectrum is better than the quality of the 
reflectionn spectrum in Fig. 6.2j. Furthermore, as no embedding material is used in this experi-
mentt the spectrum contains no IR absorptions of a smearing layer of embedding material. The 
peakk positions are at similar frequencies in the transmission and reflection experiments, which 
supportss the validity of the Kramers-Kronig transformation of reflection spectra. Strong absorp-
tionn peaks at 2920,2850, and 1520 cm'1 point to aliphatic carboxylates, i.e. lead soaps. The large 
absorptionn at 1404 cnr' is assigned to a carbonate group. Because of the higher quality of the 
transmissionn spectrum, it is possible to prove the presence of lead white, based on absorptions at 
35355 (OH ) and 1086cm '. Lead white in the protrusion is not the same as the lead white in the 
paintt layer, as it does not appear as discrete particles. This could be due to partial dissolution of 
thee existing lead white or due to formation of new lead white through recrystallisation. A pos-
siblee role of chlorine in lead white mineral phases remains to be demonstrated by SIMS in the 
future. . 

Thee brownish part on the right side of the cross-section (Fig. 6.2b) shows absorption maxima 
att 1534 and 1648 cm-1 (cf. Figs. 6.2h en 6.2i). The brownish part is identified as a protein, based 



112 112 ChapterChapter 6 

0.5 5 

0.4 4 

Wavelengthh (nm) 

Fig.Fig. 6.3. Visible light spectroscopy of two lead pigments and orange particles in the paintings studied. The spectra 
fromfrom the reference materials minium (PbOj and litharge (PbO) are indicated by the fat orange and yellow curves, 
respectively.respectively. Spectral curves directly recorded from orange particles in various pain cross-sections show a sharp 
kneeknee around 560 nm which identifies these particles as minium, 
(see(see coloured image at the end of this Thesis) 

onn the reflectance spectrum in Fig. 6.2k. As this proteinaceous part of the cross-section is not 

pigmentedd and the painting in question is painted in oil. this proteinaceous matter must be part 

off  the glue introduced during relining of the painting. Intense fluorescence is not normally ob-

servedd for aged proteins. No further explanation for the current observation of fluorescence was 

found. . 

6.3.33 Vermeer's 'Diana and her  companions' 
Fig.. 6.4 shows the results of measurements on a part of a paint cross-section (406/16) taken 

fromm the background in Vermeer's Diana and her companions. Fig. 6.4a is the SEM image; 

Figs.. 6.4b and 6.4c are light microscopic and UV-fluorescence images. Part of the dark 

undcrmodellingg layer beneath the surface of the embedding material is outlined by a white line, 

whichh marks the border between the parts of the sample at and beneath the surface of the embed-

dingg resin. FTIR images are shown in Figs. 6.4d-h. Fig. 6.4i is an FTIR spectrum of the area 

markedd by an asterisk in Fig. 6.4g. The visual image of the cross-section in Fig. 6.4b shows three 

layers.. The dark paint layer contains many angular particles of smalt (Cobalt confirmed by SEM-

EDX).. The intermediate whitish paint layer contains lead-tin yellow, lead-while, orange par-

ticless and several relatively transparent areas. The latter are interpreted as protrusions in statu 

nascendi.nascendi. The imprimatura layer is dark-coloured and finely grained. The light ground is below 

thee embedding material. The protrusion docs not erupt through the top layer but its diameter is 
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clearlyy bigger than the thickness of the paint layer from which it originates. The fluorescence 
imagee in Fig. 6.4c shows a crack in the upper paint layer (arrow), which is possibly a first step 
towardss the protrusion of these structures through the top paint layer. 

Thee paint layer with the protrusion is rather inhomogeneous. The SEM picture in Fig. 6.4a 
showss the 'protrusion' as relatively homogenous vaguely layered areas marked as I, 2 and 3 
outlinedd with a white dotted line for easy comparison. Between these areas particles with a high 
electronn emission are visible as white particles in SEM image. The visual microscopic image 
(Fig.. 6.4b) shows lead white and yellow particles in that part of the cross-section. SEM-EDX 
(redd arrow) shows lead and tin from a lead-tin yellow pigment. The cross-section contains also 
manyy orange to red coloured pigment particles near the protrusion. A large cluster of orange 
particless is seen in light microscopy on the left hand side. These orange crystals were not found 
ass separate entities in the SEM image, implicating that their secondary electron emission is 
similarr to that of the adjacent lead-containing matrix. These particles are identified as minium 
onn the basis of their visible light spectrum (Fig. 6.3) and their lead content determined by EDX. 

Thee FTIR images in Figs. 6.4d to 4h show an area of observation by the FTIR microscope 
thatt is smaller than the LM and SEM maps. The outline of the protrusion found in the SEM 
picturee is also plotted in these images for easy comparison. The absorption map at 1064 cm' 
presentedd in Fig. 6.4e is due to silicates from smalt in the upper paint layer. Smalt was identified 
onn the basis of Cobalt found in many particles in this layer by EDX. 

Thee absorption maps at 2928 cm-1, 1516 cm~' and 1401 cm ' (Figs. 6.4 f, g, h) point to the 
presencee of aliphatic carboxylates in the intermediate white paint layer in question. The spec-
trumm in Fig. 6.4i taken from protrusion 1 shows the different characteristic carboxylate peaks at 
2925,, 1516 and the combined lead white/metal carboxylate peak at 1401 cm'. Comparison of 
thee white dotted outlined protrusions from the SEM picture with those in the FTIR images 
demonstratess that the aliphatic carboxylates are not restricted to the transparent areas, but are 
alsoo prominent in other parts of the paint film. This suggests that the conversion of the original 
paintt to the present composition is not confined to the transparent areas 1 -3. A possible scenario 
iss that an original lead white and lead-tin yellow paint has been converted by 'dissolution' of this 
paintt producing a lead carboxylate rich composition with local residues of the original mineral 
pigmentss and newly formed mineral matter. Examples of the latter are in our view the orange 
miniumm particles that appear near the borders and partly inside the transparent protrusion areas. 

6.3.44 Cuyp's 'Gir l wit h the peaches' 
Resultss from analytical microscopic investigations on a cross-section taken from the Girl 

withwith the peaches by Albert Cuyp are shown in Fig. 6.5. Sample 829/1 is taken from the flesh 
colour,, and consists of a relatively homogenous fine-grained yellowish flesh layer broken up by 
aa protrusion area. The SEM image in Fig. 6.5a zooms in on the protrusion and the intact flesh 
paintt layer on the left and right hand sides of the cross-section. The flesh paint consists of a 
poorlyy sorted mass of pigment particles. A tiny amount of residual grey ground is present on the 
leftt side of the protrusion. Inside the protrusion defined particles are absent; cloudy areas with 
clearr differences in secondary electron emission density are seen instead. SEM-EDX only shows 
leadd in the high intensity emission parts of the protrusion. As lead is the only heavy element 
observedd inside the protrusion, intensity differences are interpreted to be depending on the rela-
tivee lead concentration. 
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BothBoth figures: see also coloured version tit the end of this Thesis 
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Left-handLeft-hand image: Fig. 6.4. Microscopic and microspectroscopic analytical investigation of a cross section from 
VermeerVermeer 's Diana and her companions IMH 406/16). Doited white line indicates the protrusion. Solid black line 
outlinesoutlines the area of study in the cross section, la) The SEM image shows 3 more or less separated protrusions 
II  numbered I -J) that are homogeneous and without granular pigments, (b) Visual light microscopy reveals presence 
ofof many orange particles in this cross section, especially in a cluster on the left side of the protrusion. The bright 
paintpaint layer contains lead ami tin IEDX data), (c) 'The UV- fluorescence image shows the beginning of a craquelure 
inin the top-paint layer I white arrow). Some red particles are visible around the fluorescing protrusions, (d) FTIR at 
17251725 cm images the outline of embedding material, (e) The FTIR image at 1064 cm localises silicates. This is 
probablyprobably due to small, as EDX confirms the presence of cobalt in this layer. (J)-(h) FTIR images at 2928, 1516 and 
14011401 cm indicate that carboxylates are present in the protrusions, but they are not so strictly localised in the 
protrudingprotruding masses and also present in other parts of the paint layer, (i) Reflection FTIR spectrum of a point in the 
protrusionprotrusion {indicated * in Fig. 6.4g). Peaks marked S are indicative for a smearing layer of embedding material. 

Fig.Fig. 6.5. Microscopic and microspectroscopic analytical investigations of a cross section from Cuyp's Girl with the 
peachess (MH 829/1). Dotted white line indicates the protrusion. Solid black line outlines the area of study in the 
crosscross section, (a) SEM image shows that the paint layer characterised by a very detailed pigment particle distribution 
isis completely replaced by the protrusion with a dramatically different granulometry. (b) Visual light microscopy of 
thisthis yellow paint layer reveals that the protrusion is not completely homogeneous. EDX identifies only lead in the 
protrusion,protrusion, while lead and calcium we re found in small remnants of the ground layer, (c) UV-fluorescence microscopy 
showsshows the similarity between fluorescence of the small varnish layer on top of the paint layer and the top part of the 
protrusion,protrusion, (d) FTIR at 1726 cm images the outline of embedding material, (e) FTIR image at 1393 cm ' localises 
thethe carbonates in the intact paint layer, (f)-(g) FTIR images at 1515 and 2927 cm ' show that carboxylates 11515 
cmcm ') and C-H moieties are found mainly in the protrusion. The C-H stretch vibration is also observed in the intact 
paintpaint layer, (h) 'The image at 1140 cm ' shows a small region in which silicates are found. Similar results were 
obtainedobtained at 1180 cm~'. (i) Reflection FTIR spectrum of a point in the protrusion I indicated * in Fig. 6.5/). 
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Opaquee whitish areas inside the protrusion visible in the light microscopic images (Fig. 6,5b) 

correlatee with the high emission lead enriched areas in the SEM picture. UV-fluorescence mi-

croscopyy reveals a fluorescent varnish layer on top of the paint (Fig. 6.5c), The top part of the 

protrusionn also shows a relatively high fluorescence. Small remnants from the grey ground layer 

aree present on the left side of the protrusion. EDX demonstrated both lead and calcium on this 

position,, presumably from lead white and chalk. 

Fig.. 6.5d shows the FTIR image of the embedding medium, outlining the circumference of 

thee sample {black line). This outline is also plotted in the other FTIR images (5e-5h) to enable 

theirr mutual comparison. The FTIR image in Fig. 6.5e shows the distribution of carbonates 

(13933 cm ' ). This image closely resembles the light microscopic distribution, where the distri-

butionn of carbonates corresponds to the opaque area. Comparison wim the outline shows that the 

unpigmentedd varnish layer on top of the paint layer is devoid of carbonates. The transparent 

matterr in the protrusion has a very specific FTIR image at 1515 cm ' pointing to metal carboxy-

latess (Fig. 6.5e). The circumference of the 1515 cnr' map is reproduced in the other FTIR 

imagess with a white dotted line. The metal carboxylates are very pronounced in the protrusion. 

Thee image of the absorption by CH vibration of aliphatic carbon chains at 2927 cm ' in Fig. 6.5f 

showss aliphatic moieties in the protrusion as wel! as in parts of the paint layer. The protrusion 

showss maxima in the FTIR maps of aliphatic moieties and metal carboxylates pointing to lead 

soapss as the body of the transparent matter in the cross-section. This interpretation is confirmed 

byy the FTIR spectrum (Fig. 6.i). Additionally, a strong absorption at 1393 cm-1 is present point-

ingg to carbonates inside the protrusion mass. The cloudy patches with a higher electron density 

mustt be due to lead carbonates or lead hydroxycarbonates, since lead is the only cation detected 

byy EDX. 

Comparisonn of the 2927 cm ' map to the outline of the sample shows that the varnish layer 

doess not reflect much IR radiation at 2927 cnr' although an unpigmented varnish layer usually 

containss many CH functionalities. In our experience, it is difficult to obtain FTIR reflection 

spectrall  data on resins in specular reflectance. The varnish on top of the protruding mass seems 

too have penetrated the metal soap mass as deduced from the UV fluorescence picture (Fig. 6.3c). 

Thee FTIR image of 2927 cm ' is affected by this varnish as the distributions of metal carboxy-

latess (1515 cm ' map) and aliphatic CH vibrations do not match at the top of the protruding 

mass. . 

6.3.55 Hals's 'Portrai t of a man' 
Fig.. 6.6 summarises the results of investigations on cross-section 928/2 taken from the thin 

darkk drapery in the Portrait of a man, painted by Frans Hals. An almost rectangular relatively 

transparentt mass resembling the protrusions in the examples above is present in a thick cream 

colouredd ground layer protruding through the dark paint layer (Fig. 6.6b). Above this are several 

layerss of varnish, dirt, and overpaint. The SEM picture in Fig. 6.6a shows the cream ground 

layerr as a poorly sorted granular mass of lead white particles with a relatively homogenous 

protrusionn within. The protrusion shows a layered structure in the bottom part and almost no 

structuree in the top part. The varnish layer is not observed in the SEM image (Fig. 6.6a). as it 

containss no heavy elements. Lead is the only element observed by SEM-EDX in the ground 

layerr and the transparent material of the protrusion. One circular dark particle seen as a dark 
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Fig.Fig. 6.6. Microscopic and microspectroscopic analytical investigations oj a cross section from Hals's Portrait ol a 
mann (MB 928/2), Dotted while line indicates the protrusion. Solid black line outlines the area of study in the cross 

section,section, (a) SEM image shows a layered structure in the bottom of the mainly transparent protrusion. Particle size 

distributiondistribution in the protrusion is completely different from the distribution in the intact paint layer, (h) Visible light 

microscopicmicroscopic image of the same cross section. The protrusion is indicated by a while dolled line, (c) The protrusion 

andand varnish layers fluorescence in UV light, (d) FTIR at 1723 cm ' images the outline oj embedding material t black 

line).line). The thick varnish layer shows a small amount of absorption I see arrow), (e) FTIR image ai 1519 cm ' clearly 

highlightshighlights the protrusion, where lead carboxylates are localised. (/) FTIR image ai 1397 cm shows high absorption 

ofof carbonates in the paint layer. Varnish layers are not highlighted, (g) Reflection FTIR spectrum oj a point in the 

protrusionprotrusion I indicated * in Fig. 6.6e). 

iseeisee also the coloured version at the end oj this Thesis) 
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brownn spot in the cream ground (Fig. 6.6b) contains iron and manganese and is interpreted as a 
smalll  addition of umber. 

Thee dark semi-transparent varnish layer clearly consists of several layers when observed in 
UV-fluorescencee mode (Fig. 6.6c). In and around the protrusion small orange particles are present. 
Visiblee light spectroscopy identifies these as minium (Fig. 6.3). 

Thee FTIR image at 1723 cm ' from the embedding material shows the circumference of the 
samplee (Fig. 6.6d). In addition, some evidence for the varnish layer can be seen in this image 
(arrow)) as a result of IR absorptions from acidic and ketone functionalities. The 1519 cm ' metal 
carboxylatee absorption is imaged in Fig. 6.6e, and is maximal in the protrusion. It is remarkable 
howw well the outline of this map follows the contours of the protruding mass in theSEM picture. 
AA density difference at the top in the SEM protrusion picture is also observed as a low absorp-
tionn in the metal carboxylate FTIR map. The carbonate absorption map at 1397 cm ' from lead 
whitee (Fig. 6.6f) mainly highlights the paint layer. The bottom part of the protrusion however 
alsoo contains carbonates that correspond to more opaque areas seen in visible light. 

Thee horizontal pattern observed in the bottom part of the protrusion by SEM (Fig. 6.6a) could 
veryy well be newly precipitated lead white or lead carbonate and so explain the increased car-
bonatee absorption observed in this position. 

Fig.. 6.6i shows a typical infrared spectrum of the protruding mass. Compared to the spectra 
obtainedd from the other cross-sections (Figs. 6.1g. 2i, 4i and 5i) discussed earlier, the peak 
positionss are similar but the peak intensities are quite different. In this protrusion the absorption 
off  metal carboxylates at 1519cm ' is considerable lower than the carbonate peak at 1397 cm1, 
whilee the CH absorption is very low. This suggests that the degree of remineralisation of this 
protrusionn is much higher than in the other cases. The map of aliphatic moieties of this sample is 
ratherr unspecific and suggests that the surface of the sample may be contaminated. 

6.44 Discussion 

Protrusionss appear as opalescent, partly transparent globules in the cross-sections. In normal 
lightt microscopy, no or very few pigment particles can be seen inside the protrusions, even if the 
protrusionn appears embedded in a coloured layer. The grain size distribution in the paint layer 
andd the protruding mass differs substantially. It appears that the mineral matter in the paint layer 
hass 'dissolved". Light microscopy, and particularly SEM shows that residual or new mineral 
phasess with a relatively homogeneous grain size distribution are present. Protrusions are areas 
withh a clearly distinct texture and chemistry that differ greatly from the surrounding paint. 

Thee extensive analysis of cross-sections from the different paintings provides a consistent 
imagee of the chemical constituents in the protrusions. It is clear from FTIR-imaging data that 
metall  carboxylates are present in all protrusions investigated. DTMS and SIMS identify the 
carboxylicc acid groups as stearic and palmitic acid derived from the drying oil in the paint. EDX 
andd SIMS measurements identify the metal to be lead, probably derived from lead white, which 
iss found in the residual ground/paint layer around every protrusion. 

Leadd soaps are not introduced into the paint as such, but have developed as a result of the 
ageingg of lead white oil paint. Lead white will act as a catalyst in the oxidation and cross-linking 
off  the unsaturated triglycerides of drying oil. Cross-linked oil is de~esterified upon ageing.|[>•"*-m 
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Neww ionic bonds between acid groups of the residual oil network polymer and dissolved lead 
ionss form an ionomeric structure in which lead acts as the main co-ordinating ion. These ionomers 
aree confined to the surface of the mineral matter and the interstitial pore space. The relatively 
largee accumulation of lead soaps, which act as colloidal gels in the paint layers, points to major 
changess in the local chemical environment. Dissolution of thee mineral phase inside a paint must 
leadd to very high local concentration of lead and other substances. 

SIMSS revealed the presence of chlorine inside the protrusions in the case of The Anatomy 
LessonLesson of Dr Nicolaes Tulp. Until the pending SIMS research on the cross-sections from the 
otherr paintings presented in this paper is carried out, it is unclear whether The Anatomy Lesson 
ofof Dr Nicolaes Tulp is a special case. Chlorine could be a normal contamination of 17th century 
leadd white, because the production process is far from well defined. We have observed chlorine 
stronglyy associated with intact lead white in SIMS data from other 17th century paintings. It is 
thereforee possible that Rembrandt used a bad batch of lead white paint. However, it is not yet 
clarifiedd if the presence of chlorine affects the paint during the life-time of the painting. 

X-rayy diffraction studies of an isolated protrusion revealed the presence of fiedlerite, i.e. a 
water-solublee basic lead chloride. Fiedlerite is a water soluble substance, and therefore one 
wonderss how it has survived the water based lining procedure and the rain water exposure that 
aree part of the history of this painting.1M Related chlorine containing lead corrosion minerals 
existt and a more precise distribution map of lead-chloride compounds would be desirable. 

Dissolutionn of the mineral phase of the paint would release this chlorine as chloride. It is clear 
fromm the SIMS data that a relatively large amount is presently concentrated in the protruding 
mass.. The lead hydroxy chlorides are highly concentrated in the protrusion as finely divided 
particless and have a banded structure reminiscent of Liesegang precipitation bands. Such bands 
pointt to concentration gradients of lead and chloride inside the gel of the protrusion. Further 
studiess on the presence of chlorine in protrusions in other paintings will be performed to inves-
tigatee whether chloride is present and plays an active role in the gellification process. Lead 
hydroxychloridess are not the only new mineral phases inside protrusions. Carbonates, indicated 
byy the FTIR data of all protrusions, are assigned to new precipitation products of lead white or 
relatedd lead carbonates. In an infrared spectrum of one protrusion that could be isolated manu-
ally,, lead white, i.e. basic lead carbonate was positively identified. Although the presence of lead 
whitee inside the protrusions is clearly shown by FTIR spectroscopy, the SEM images indicate 
thatt it is present in an entirely different form compared to the lead white of the intact paint layer. 
Forr example, the pigment particles of the original paint layer in the painting by Cuyp show 
poorlyy sorted angular lead white particles. Lead white inside the protrusion occurs as cloudy 
massess of amorphous or extremely finely divided particles that are homogeneously distributed. 
Thee same phenomenon is also obvious in the other protrusions investigated. We infer that disso-
lutionn of the mineral phase of the original paint layers has occurred and new mineralisation in 
thee form of basic lead carbonate and lead hydroxychloride precipitation is taking place in the 
residuall  lead soap gel. 

Anotherr indication for remineralisation is the presence of lead oxides. Diffuse orange par-
ticless seen in and around most protrusions were identified as minium (Pb.,04) by EDX and vis-
iblee light spectroscopy. These particles were always found in close proximity to lead carboxylate 
protrusionss and in many cases in paint layers where no red lead would be anticipated. Contrary 
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too the interpretation of Planter1^7 and Brunnenkant1^ we hypothesise that these red lead particles 
weree not added to the paint as such, but are newly formed after dissolution of the original lead 
whitee paint. 

Thesee new mineralisation processes provide clues on the chemical environment inside the 
protrusions,, which determines the course of the demineralisation process. The stability of min-
erall  matter in different chemical environments can be derived from thermodynamical data. Garrels 
andd Christ16- developed this methodology for the calculation of the stability field of corrosion 
productss on top of ore deposits. The influence of the electrical Nemst potential (Eh), the acidity 
(pH)) and the partial CO, pressure on the stability of mineral phases have to be taken into ac-
count.. Eh-pH diagrams show that lead oxides {minium and massicot) are the most stable mineral 
phasess in a highly alkaline environment (pH > 12). Also basic lead carbonate (lead white, 
hydrocerussite)) is found to be in a stable form at high pH values (>10). 

Wee conclude from the mineralisation towards these products that the environment in and 
aroundd the protrusion is very basic, with pH values exceeding pH 10. It is likely that the dissolu-
tionn of the lead white mineral phase provides the OH" moieties that lead to these high pH-values. 

Thee driving force for the dissolution of the original paint layer is unknown. We infer that 
impuree lead white may have a different thermodynamic stability under the conditions that have 
developed.. This aspect, combined with a relatively high binding medium content of thee affected 
ground/paintt layer and exposure to relatively wet conditions, may be enough to trip the balance. 
Thee phenomenon is not typically limited to one particular spot in the paintings; in some cases 
thee whole painting is affected equally. The globular aspect of protrusions suggests that they 
groww and affect their immediate environment. There is no indication that the process is presently 
halted.. The products found inside the protrusion are a result of remineralisation of the com-
poundss that were present in the paint and became available through de-esterification of the 
dryingg oil triglycerides and the dissolution of lead white particles. The composition of the origi-
nall  mineral pigments, the morphology of the protrusion, the nature of the remineralisation prod-
uctss and their distribution provide important information about the phenomenon. In further re-
search,, we hope to clarify the process that triggers the dissolution of the mineral lead white and 
leadss to the formation of protrusions. However from our investigations presented here, it is clear 
thatt this triggering process has occurred in many paintings and plays an important part in the 
ageingg process of paintings. Paintings respond in various ways to the external and internal envi-
ronment,, and should be considered as chemically dynamic systems. The awareness that organic 
substancess in paintings are vulnerable is growing. Mineral phases and metal co-ordinated or-
ganicc networks appear to be equally sensitive to chemical change. Some paintings have still not 
reachedd completely stable conditions even after hundreds of years. 

Aree we presently looking at the top of the iceberg? 
Itt is difficult to say at this moment whether other opalescent globules observed in paintings 

byy other investigators11'1M•'," are comparable to the protrusions described here. It is likely that 
thiss is the case considering the very similar characteristics for protrusions wc found in a large 
numberr of paintings. We expect that more paintings will be found that show this same 'disease'. 
However,, more comparative studies with the same analytical techniques arc necessary. Further 
studiess on how to reconstruct this phenomenon in simulated paintings are planned. 
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'' IN THE GROUNDS OF 19™ CENTURY 

PREPRIMEDD CANVASES USED BY 

F.. CHURCH 

ThisThis Chapter describes the investigation of several samples from two primed but unfinished 

canvasescanvases found at Oiana, the former home of the 19'h century American painter Frederic Church. 

DifferentDifferent kinds of defects have been observed on these canvases: formation of protrusions, efflo-

rescence,rescence, and ground staining. Several analyses were performed on the surface of a part of 

thesethese unfinished paintings and on several microscopic samples taken from these canvases, such 

asas the ground layer, isolated protrusions, and isolated efflorescence. These samples were analysed 

byby various techniques, such as optical microscopy, FTIR, FTIR-imaging, DTMS, GC-MS, SIMS. 

andand SEM-EDX. The ground layer is a complex system consisting of layers pigmented by chalk, 

leadlead white/chalk and lead white. The material found in protrusions and efflorescence contain 

largelarge amounts of lead carboxyiates and do not have a significant network fraction, ft is 

hypothesisedhypothesised that protrusions and efflorescence are formed upon phase separation of the mo-

bile,bile, saturated fatty acids from the oxidised oil network. This hypothesis was confirmed by a 

pilotpilot experiment, in which lead white transformed into lead carboxyiates quantitatively on reac-

tiontion with fatty acids. 
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7.11 Introductio n 

Severee deterioration effects disturb the visual appearance of many 19th century American 
paintingss and form a serious threat for this important part of the cultural heritage of the United 
States.16'' Several of these paintings were and still are immensely popular, e.g. Niagara and 
HeartHeart of the Andes by Frederic Edwin Church (1826-1900), the most famous American land-
scapee painterof mid-19th century. 

Onee of these deterioration effects is the formation of accumulated masses of lead carboxy-
lates.. Lead carboxylates are formed after reaction of carboxylic acids derived from the oil me-
diumm and lead ions, which become available due to degradation or dissolution of lead containing 
materials,, e.g. lead white or lead acetate. Agglomerations of these lead carboxylates form trans-
parentt whitish masses, which fluoresce under UV illumination. Expansion of the masses makes 
thee white material visible on the paint surface and deforms the paint layer extensively. These 
phenomenaa arc very similar to the protrusions described in the previous Chapter of this The-
sis.11**  JS' This similarity suggests that the presence of protrusions is not confined to 17"1 century 
Dutchh paintings and instigated the research described in this Chapter. 

Anotherr form of deterioration frequently observed in Hudson River School paintings is ground 
staining,, the appearance of dark coloured patches in the image.1M Ground staining can have a 
significantt impact on the tonality of these translucent paintings. The effect of ground staining 
mustt have developed relatively quickly, as it is known that Frederic Church observed it him-
self.1644 He assigned the presence of stains to the use of lead acetate dryer, as ground staining 
developedd on a painting in which this dryer was certainly used. Another reason for the appear-
ancee of ground staining might be that the painting materials used by this group of painters were 
importedd from Europe, as they were not produced locally. The accusation that Europeans sold 
inferiorr pigments to far-away America has been made,165 but it might also be that colourmen 
conscientiouslyy altered export materials, especially primed canvases, to enable the long-term 
rollingg and storing necessary for transport overseas. Microscopic investigations by Dwyer as-
signedd the darkening to an increased and variable translucency of the ground layer, due to chemical 
alterationn of the lead white: the upper particles of this pigment, which is normally opaque, had 
beenn transformed into transparent crystals.lf*  The longer path length and therefore higher absor-
bancee of incident light in a more transparent medium explains the darker appearance of stained 
patches. . 

Thee third and most apparent effects found in 19lh century American paintings is the formation 
off  efflorescence or bloom (cf Fig. 7.1). Efflorescence is the appearance of white or bluish white 
filmm on the surface of the oil painting.I2!< l(,: Analogies have been drawn with the formation of 
whitishh material on chocolate, wax objects, and leather. Several analyses of efflorescence have 
beenn presented in the literature, and different kinds of materials have been found on the surface 
off  the paint, e.g. plasticizers from synthetic resins, organic pigments.12*•"* wax like material.1"" 
fattyy acids and/or their soaps,"" r" sulphates, and lead chloride.11 

Alll these deterioration phenomena were recognised recently on two primed, but unfinished 
canvasess in the archive at Olana, home of F. Church, locatedjust outside Hudson. New York.1"4 

Markss on the back of the canvases indicate that they were purchased from one of the regular 
supplierss of Church. This implies that the canvases are valid models for the priming material in 



MetalMetal carbux\lates in the grounds of I9h cenlun preprinted canvases used by E Church 125 125 

Hudsonn River School paintings. Furthermore, it is very well possible that the deterioration of the 
primingg layer causes the defects observed in many 19th century American paintings. In that case, 
aa very large group of paintings with serious restoration problems is represented by these unfin-
ishedd paintings, which stresses the necessity of their investigation. The canvases provide an 
excellentt opportunity to investigate the origin of the deterioration in detail, as the paint system 
off  these unfinished paintings is relatively simple compared to normal multi-layered paintings. 
Furthermore,, their art historical value is limited and relatively large samples can be taken for 
research.. Several samples from these canvases were investigated using multiple analytical tech-
niques.. This paper presents the results of optical microscopy, Scanning Electron Microscopy 
withh Energy Disperse X-ray detection (SEM-EDX), Fourier Transform Infrared spectroscopy 
(FTIR),, FTIR-imaging, Direct Temperature resolved Mass spectrometry (DTMS), Gas Chroma-
tography-Masss Spectrometry (GC-MS) and Secondary Ion Mass Spectrometry (SIMS). The fo-
cuss of this article will be the description of the paint system and the elucidation of the mecha-
nismss that lead to the described defects, especially efflorescence and protrusions. 

Source e 
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TabelTabel 7.1. Overview oj'the dissected samples analysed in the presented study. 
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7.22 Experimental 

Samples Samples 

Canvasess OL1984.NA and OL1984.122 were found at Olana (Hudson, New York). OL.NA 
iss a primed but unused canvas, measuring 78.5 cm (selvage to selvage) by 74 cm. It has a plain 
tabbyy weave having 18 warp and weft threads per cm. Canvas OL 1984.122 has a similar cream 
colouredd priming, which is partly covered by a brown imprimatura. Some pieces of these can-
vasess (-1 cm:) were made available for research. These could be directly measured by SIMS, 
FTIRR (specular reflectance and ATR), and SEM-EDX. Samples were taken for analysis by FTIR 
(transmission),, DTMS, GC-MS, and for the preparation of embedded cross-sections. Sampling 
wass carried out using a stereomicroscope and a fine scalpel. Table 7.1 presents an overview of 
thesee samples. The cross-sections were embedded in Technovit 2000LC (Heraeus Kulzer, 
Wehrheim,, Germany) and polished with Micromesh® polishing cloths (Scientific Instrument 
Servicess Inc.. Minnesota). The samples of the other parts (protrusions, efflorescence, ground 
andd imprimatura) were isolated manually. The whitish efflorescence material has a waxy ap-
pearancee and is not soluble in water, ethanol, or hexane. It can however be displaced easily with 
somee mechanical force. 

Microscopy Microscopy 

AA Leica DMRX analytical microscope (Leica Inc., Wetzlar, Germany) was used for visual 
lightt microscopy. 

SEM-EDX SEM-EDX 

AA XL3Ö SFEG SEM (FEI company, Eindhoven, The Netherlands) and a EDAX EDX system 
weree used for the SEM-EDX analysis. The accelerator voltage of the system was 22 kV. The 
samplee was carbon coated to ensure good conducting properties of the surface, 

DTMS DTMS 

Sampless of typically 20 to 60 ug were homogenised in ethanol using a mini-glass mortar. 
Aliquotss of the obtained suspension or extracted materials were applied onto the analytical fila-
mentt and dried in vacuo. DTMS analyses were performed on a Jeol SX-102 double focussing 
masss spectrometer (B/E) using a direct insertion probe equipped with a Pt/Rh (9/1) filament 
(1000 micron diameter). The probe filament was temperature programmed at a rate of 0.5 A/min 
too an end temperature of about 800 °C. Compounds were ionised at 16 e V under electron ionisation 
conditionss in an ionisation chamber kept at 180 °C. Masses in the range of m/z 20-1000 were 
analysedd with a cycle time of 1 second. The results were processed using a JEOL MP-7000 data 
system. . 

GC-MS GC-MS 

Sampless were derivatised by a two-step procedure to determine the degree of hydrolysis of 
thee oil paint system. Discrimination between esterified and free fatty acids is achieved by their 
subsequentt labelling. The first derivatisation step transethylates all esterified fatty acids, e.g. 
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triacylglycerolss and waxes. In a subsequent reaction free and metal-bound acid as well as hy-
droxyy groups are silylated. The experimental procedure is detailed by Van den Berg et al.|1-

TOF-S/MS TOF-S/MS 

Timee of Flight- Secondary Ion Mass Spectrometry (TOF-SIMS) measurements were per-
formedd on a TRIFT II instrument of PHI Electronics Inc. (USA).160172 The surface of the sample 
wass scanned with a 25 keV primary ion beam from an Indium liquid metal ion gun, which has a 
finall  beam diameter of about 100 nm. The triple ESA ion focussing system guarantees a spatial 
resolutionn of at least 1 micron at a mass resolution of about 5000. Positive or negative ions 
emittedd by the primary beam were mass analysed and detected. The surface of the sample was 
chargee compensated with electrons pulsed in between the primary ion beam pulses. 

FTIR FTIR 

FTIRR spectra were acquired by a Bio-Rad FTS-6000 spectrometer (Nowadays Digilab, Cam-
bridge,, MA, USA), equipped with an UMA 500 infrared microscope and a MCT detector.. Samples 
weree squeezed in a Graseby Specac P/N 2550 diamond anvil cell (Graseby Specac, Orpington 
Kent.. UK), Spectra were recorded at a spectral resolution of 4 cm \ a mirror speed of 5 kHz, an 
UDRR (undersamling ratio) of 2, and accumulation of 100 spectra. ATR spectra were acquired 
usingg a Bio-Rad slide-on ATR accessory connected to the 15x objective of the UMA 500 micro-
scope. . 

Imaging-FTIR Imaging-FTIR 

Imaging-FTIRR data were acquired using the Bio-Rad Stingray, combining the mentioned spec-
trometerr and microscope to a 64 x 64 MCT camera. Spectra from cross-sections were recorded 
inn reflection mode with a 16 cm'1 spectral resolution, a step-scan frequency of 1 Hz, and an UDR 
off  4. The spectra were transformed to absorbance-like spectra by the Kramers-Kronig transfor-
mationn which is part of the Bio-Rad Win-IR Pro software. A more detailed explanation of this 
systemm is provided in Chapter 4 of this Thesis. 

Chemicals Chemicals 

GC-MS:: Sodium ethoxide 21 wt% solution in denatured ethanol (approximately 99%) was 
obtainedd from Sigma-Aldrich Chemie Bv. (Zwijndrecht, The Netherlands). Bis-
{trimethylsilyl)trifluoroacetamide,, containing 1% trimethylchlorosilane, was purchased from 
Flukaa (Zwijndrecht, The Netherlands). Pilot experiment: Xylene and stearic acid were obtained 
fromm Aldrich. Cremser white was obtained from Kremer Pigmente. Lead white and a small 
excesss of stearic acid were kept for 5 minutes in refluxing xylene. The reaction product was 
allowedd to cool, and washed with hexane on a filter to remove excess stearic acid. The white 
residuee was analysed by FTIR using a diamond cell. 
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7.33 Results 

7.3.11 General description of the paint system 
AA macro-photo of the surface of OL1984.122 is displayed in Fig. 7.1. Efflorescence and 

protrusionss cover large parts of the surface and partly mask the brownish imprimatura layer. The 

efflorescencee is mainly present in distinct patterns that coincide with the canvas structure. 

Thee layer structure of this unfinished painting was investigated from a cross-section. Visual 

lightt microscopic images of sample OL 1984/3 are shown in Fig. 7.2. The cross-section contains 

aa thick (75 pm) white priming. The lower part of the ground layer is more transparent than the 

opaquee layers that were applied later. A thin (-1 pm). dark imprimatura is present on top of the 

priming.. The presence of the transparent part in the middle of cross-section OL1984/4 (arrow) 

indicatess that a protrusion was successfully included in the sample. The layer structure of the 

intactt paint is consistent for all four paint cross-sections. 

Fig.Fig. ~. 1. Mucrophoto 0/ the paint surface of OL 1984.122. (see coloured version at the end of this Thesis) 

lig.lig. ~.2. Optical microscopy oj embedded paint cross section OL1984.122 3. 

tseetsee coloured version at the end of this Thesis) 
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Thee identity of the pigments and their distribution was investigated by SEM-EDX. A 

backscatteredd SEM image of sample OL1984/1 is shown in Fig. 7.3 A. The cross-section is a 

multi-layeredd system, containing at least four superimposed paint layers, numbered 1-4. The 

groundd layers (1-3) have an increasing backscatter intensity towards higher layers. This can be 

explainedd by the elemental analysis (Figs. 7.3b-d), which shows the presence of mainly calcium 

(Ca)) in layer 1. ;i mixture of Ca and lead (Pb) in layer 2. and the exclusive presence of Pb in layer 

3.. The ground layers further contain some silicon containing particles. This complex layer struc-

turee has been described before.1""1 The thin brown imprimatura (marked 4) is present on top of 

thiss stack of layers and also contains Ca and Pb. Aluminium (Al . see Fig. 7.3d). Silicon (Si), and 

phosphorr (P) are also found in this layer. 

AA general overview of the functional groups in the paint was obtained by FTIR. Figs. 7.4 A 

andd B show transmission infrared spectra of the ground and imprimatura layers from OL 1984.122 

squeezedd in a diamond anvil cell. The spectrum of the ground layer in Fig. 7.4A shows the 

presencee of both lead white (3539. 1400 and 683 cm ') and calcium carbonate (2519. 1400 and 

8744 cm '). The broad and intense shoulder at 1540 cm ' is assigned to metal carboxylates. C'ar-

boxylicc acids (3200-2600 cm ' and 1700 cm ') are hardly present. The CT1 vibrational bands 

havee a low intensity, a round appearance, and absorption maxima at 2940 and 2872 cm '. They 

aree unlike the intense and sharp peaks found in fresh drying oils (2926. 2855 cm '. see Fig. 5.2). 

Fig.Fig. 7.3. SEM-EDX results of embedded paint cross section OL19H4.122 I. I. (A) Backscatter SLM image. (B)-(D) 
EDXEDX maps oj cal< iuni. lead and aluminium respectively. 
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Smalll  silicate peaks are present around 1100 cm-1. 

Thee dark paint layer (Fig. 7.4B) contains lead white (3537, 1415 and 685 cm '; lead con-

firmedd by SF.M-EDX). The presence of Ca, P. Fe, Al and Si in the brown imprimatura, identified 

byy EDX. indicate that the brown pigments in this layer are bone black (calcium phosphate) and 

ironn oxide. The CH stretch vibration bands in this spectrum are also low (2952 and 2871 cm '). 

Thee mere absence of absorption at 1540 cm ' indicates that lead carboxylate formation has 

occurredd only to a very limited degree compared to the priming layer. 

AA thin section of a paint cross-section was made to improve the spatial resolution of the FTIR 

measurements.. This was considered necessary, as the different priming layers are very difficult 

too separate by scalpel due to their small colour differences (cf. Fig. 7.2). The results of FTIR-

imagingg analyses on the thin slice are shown in Fig. 7.5. The three images show the different 

layerss that can be distinguished in this cross-section. The 4"' layer (cf. Fig. 7.3A) is too thin to be 

resolvedd by FTIR. Unfortunately, only a small remnant of the lead while layer is present on the 

rightt side of the image. The major part has been lost in the polishing process. The corresponding 

Fig.Fig. 7.5. Result* oj Imaging-FTIR on a thin cross-section ofOLI984.122. prepared by the KBrpolishing method. 
TheThe spectra in the FTIR data-.set were clustered on the basis oj their high similarity by the projection algoritm (see 
ChapterChapter 2 of this Thesis). The locations of the different clusters is highlighted in the score-pints on the right, and the 
meanmean spectrum at the highlighted part is shown in the spectrum alongside the score-plot. 

Right-handRight-hand image: Fig. ~.4. Results uf transmission FTIR oj different dissected samples from OL1984.122. analysed 
inin a diamond cell. (A) White priming. (B) Dark imprimatura. (C) Protrusion material. (D) FJ/lorescense. 
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Fig.Fig. 7.6. Total ion chwmatogram oj the cream-coloured ground layer ofOL.NA after transethylation and irimeihyl 
silvlationsilvlation derivatisation in combination with GC-MS using an on-colutnn injector. Temperature program: 50(2)-6-
32(1.32(1. Peak numbers correspond to Table 7.2. 
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spectrumm shows clear carbonate (1442 cnr ') and carboxylate (1512 cm ') absorptions. The car-

bonyll  absorption (1735 c m ') is rather low compared to the CH absorption (2924 and 2854 

cm1,, which indicates a low number of ester-bonds. The middle layer shows a broad carbonate 

absorptionn with a number of sharp peaks on top. These peaks (1566.1504, 1445, and 1381 cm ') 

aree equally spaced, at about 60 cm"1. A similar splitting is seen on the peaks on the left side of the 

spectrum.. These effects are probably due to interference or an instrumental artefact and heavily 

affectt the presented spectra. Therefore, a detailed interpretation is impossible. A similar effect is 

seenn in the spectrum of the lower layer. Nevertheless, the presence of calcium carbonate in this 

layerr can be concluded from subtle absorptions at 2512 and 1799 cm '. Unfortunately, these 

spectraa do not allow a binding medium identification. 

AA chemical identification of the organic components in the paint was carried out by GC-MS. 

Resultss of the GC-MS measurements of the priming in OL1984.NA are presented in Fig. 7.6. 

Thee identification of the main components is presented in Table 7.2. Palmitic (C1(. label 19.20) 

andd stearic (C , 21,22) acid are present in a ratio typically for linseed oils (P/'S = 1.48). A range 

off  oxidised Cl x fatty acids (25-27) and di-acids (C4-C|0. 2,4-6, 8-18) are present as well. Azelaic 

acidd (11.12). a C. dicarboxylic acid is the most abundant of these products. The relatively high 

amountss of other di-acids (CgJ C|0. 9, 10, 13, 15) are typical for a heat-treated oil. Traces of a 

seriess of even-carbon numbered long chain fatty acids (C2()-C3(), 23, 24. 28-31. 34. 36, 37. 39) 

andd even-numbered alcohols (C -C 33,35,38) indicate the presence of bees wax esters. Longer 
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Labell  Retention Time Compound TMS Ethers •' Ester 
Bound d 

1 1 

2 2 

4 4 

5 5 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

15 5 

19 9 

20 0 

21 1 

22 2 

25 5 

26 6 

33 3 

35 5 

38 8 

155 5 

16.7 7 

18.7 7 

20.3 3 

22.8 8 

23.6 6 

24.6 6 

25.5 5 

26.3 3 

27.2 2 

27.7 7 

29.6 6 

30.4 4 

32.7 7 
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37.3 3 

42.0 0 

44.1 1 

46.1 1 
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C44 di-acid 

C55 di-acid 

C44 di-acid 

C77 di-acid 

C88 di-acid 

C88 di-acid 

C99 di-acid 

C99 di-acid 

C100 di-acid 

C100 di-acid 

C166 FA 

C166 FA 

CI88 FA 

CI88 FA 

Oxo-C188 FA 

C188 FA 

C266 alcohol 

C288 alcohol 

C300 alcohol 
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--

--

2 2 

--

+ + 

--

+ + 

--

+ + 

_ _ 

+ + 

--

+ + 

--
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9,, 10 + 

TableTable 7.2. List of main compounds identified in the cream-coloured ground layer of sample OL.NA after 
transethtranseth vlation/trimethy! silylation and GC-MS analysis using on-column injection. Identification is based on the 
7070 eV mass spectrum. 
""  Position of alcohol groups, derivatised to TMS ethers. Data according to Van den Berg el al.'' 

Scanss Components 

10-300 Fatty acids: 256 (C16), 284 (C18), 312 (C20), 340 (C22) 

Unidentified:: 243, 258 

30-455 Esters: 239 (C16), 267 (C)8) 

Fattyy acids: 312 (C20), 340 (C22), 368 (C24), 382 (C2j), 396 (C2fi) 

60-700 Oil network polymer and lead white: 44 (CO,) 

72-855 Oil paint: 91 (Aromatic pyrolysis product) 

85-1100 Lead white: 44 (C02), 206-208 (Pb) 

TableTable 7.3. Marker compounds identified by DTMSof the ground layer of'OU9H4.NA. DIMS results shown in Fig. 
7.7. . 
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fattyy acids and alcohols were not analysed as the GC-run was terminated before their elution. 
Thee degree of hydrolysis can be calculated from the relative amounts of ethylated and 
trimethylsilylatedd compounds.1'' The average degree of hydrolysis was found to be 88% for the 
componentss derived from the oil binder. Waxes are hydrofysed less severely than the paint. 
Sampless taken from the imprimatura of OL1984.122 were also measured by this procedure. The 
resultss from this measurement are very similar to the results obtained from the ground layer, as 
presentedd in Fig. 7.6. 

Thee physical state of the various components was studied by DTMS.. Results of DTMS on the 
whitee priming layer of OLI984.NA are shown in Fig. 7.7. Assignment of several peaks is pre-
sentedd in Table 7.3. A TIC (total ion current) trace is shown as insert in Fig. 7.4A. This is an 
unusuall  desorption profile for an aged oil paint because of the high amount of volatile matter 
(scanss 10-50). Free and esterified fatty acids of the oil network and waxes are detected at lower 
temperaturess (scans 10-30, spectrum not shown). The appearance of long-chain material at scans 
30-355 confirms the identification of bees wax by GC-MS. However, the source of wax is not 
clear,, as this canvas has not been lined. A broad envelope of several low molecular weight 
pyrolysiss products forms a typical pattern for oil network degradation products at scans 72-85 
(Fig.. 7.7B). DTMS results of the priming of OL 1984.122 (results not shown) are similar to the 
resultss of OL.NA. The compounds identified in the imprimatura of OL 1984.122 are also similar, 
butt the TIC trace of this paint indicates that a lower amount of volatile products is present. 

7.3.22 Protrusions 
Fig.. 7.2 shows an optical microscopic image of cross-section OL1984/3. The protrusion in 

thiss sample is visible as an expanded and transparent area. The mass has erupted through the thin 
imprimatura.. The absence of imprimatura on top of the protrusion explains its good visibility at 
thee paint surface (cf. Fig. 7.1). 

Thee results of FTIR-imaging on paint cross-section OL 1984/4 are presented in Fig. 7.8. The 
fourr plots in this Figure provide an overview of the intensities of the absorption peaks at four 
differentt wavenumbers, which are indicated in the plots. The brightness of the grey colour in 
thesee plots indicates the intensity of the corresponding peak. The intensity plot of the ester 
absorptionn at 1729 cm ' (Fig. 7.8A) shows an outline of the sample due to absorption of the 
embeddingg medium. The broad carbonate (CaCO, or lead white) band at 1403 cm ' is primarily 
observedd in the intact paint layer (Fig. 7.8B). Figs. 7.8C and D highlight the protrusion because 
off  their absorption at 1510 cm ' and 2927 cm1, which are assigned to asymmetrical carboxylate 
andd CH stretch vibrations. These reflection infrared imaging results indicate that the protrusions 
observedd are comparable to the protrusions described for 17lh century Dutch paintings."" 

Onee of the protrusions was isolated manually and measured by FTIR in the transmission 
modee using a diamond cell (Fig. 7.4C), as reflection spectra of inhomogeneous materials such as 
paintss suffer from low signal to noise ratios (S/N) and are difficult to interpret quantitatively (cf. 
Chapterr 3 of this Thesis). Peaks at 1422, 3539, and 683 cm-1 indicate the presence of lead white 
inn the protrusion. The intense, well resolved peaks for lead carboxylates (1518 cm') and the 
sharpp CH bands (2920 and 2853 enr') confirm the results of reflection imaging data (cf. Fig. 
7.8). . 

Thee results of DTMS on another manually separated protrusion are shown in Fig. 7.9 and 
interpretedd in Table 7.4. The TIC-curve. shown as insert in this figure, shows a multiple-peak 
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Fig.Fig. 7.7. DIMS summation spectrum o/OL19,S4.NA. (A) scans 50-45. insert: TIC. and (B) scans 72-85. 
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desorptionn profile. Free fatty acids arc observed at low temperatures (scan <50), while the des-

orptionn of lead soaps at higher temperature (scans 50-60) is indicated by the peaks at m.'z 463 

(C|3H3|COOPb)) and 491(C17H35COOPb). The TIC profile shows no distinct signal in the region 

wheree normal aged paint shows pyrolysis of the oil network (scans 70-80). Traces of lead are 

detectedd at high temperatures (scans >80). 

Fig.Fig. 7.H. Imaging-FTIR imaging of embedded paint cross-section OL1984.122/3. White representation in these 
imagesimages implies a high absorption at the wavenumher indicated in the figure. 

Scanss Components 

10-300 Fatty acids: 256 (C,6). 284 (Cls), 312 (C20), 340 (C22) 

50-600 Lead carbo.xylates: 463 (C„J. 491 (C18) 

>> 60 Lead white: 206-208 (trace Pb). 44 (CO,), 
Noo oil polymers 

TableTable ?.4. Marker compounds identified by D'IMS of a protrusion isolated from OL1984.HA. DIMS results shown 

inin Fig. 7.9. 
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ƒ•*##.. /".9. DTMS summation spectrum of scans 50-60 of a protrusion in paint OL.NA. Insert: TIC. Interpretation oj 
thisthis analysis is presented in Table 7.4. 

7.3.33 Efflorescence 
Efflorescencee can hardly be analysed in cross-section, as it is present only in a thin layer, 

easilyy damaged by embedding. Therefore, surface analyses were carried out directly on the sur
facee of a small part of OL1984.122. The efflorescence partem could easily be found in a 
backscatteredd SEM-image (see Fig. 7.10A), as it has a lower backscatter intensity than the un
coveredd imprimatura. This lower backscatter intensity is caused by a high carbon content (C, 
Fig.. 7.1 OB) in the efflorescence. Other elements are more abundantly present in the imprimatura 
(Pb.. O. Ah Si. Ca. Fe). The intensity plots for O and Al are shown in Figs. 7.10 C and D. 

FTIRR was applied to characterise the organic functional groups in the efflorescence. A micro
scopicc ATR crystal was used to acquire transmission infrared spectra directly from the surface of 
thee paint without the need for sampling. However, the high carbonate absorption (1400 cm ') in 
thee ATR spectra (not shown) indicates that not only material from efflorescence is sampled, but 
alsoo from the intact paint. The pressure applied on the ATR crystal for optimal contact with the 
samplee might very well have displaced the pliable efflorescence layer. Therefore, the efflores
cencee on the surface of OL1982.122 was also measured using specular reflectance. The result
ingg spectrum, part of which is shown in Fig. 7.11. has a relatively poor overall quality, but nicely 
showss the mere absence of carbonates (1400 cm ') and carboxylic acids. Instead, the most pro
nouncedd features of this spectrum arc the large carboxylatc absorptions (1541. 1516. 1416 
cm-1)-- The CH bend vibrations give rise to two sharp, nicely resolved peaks at 1473 and 1462 
cm1.. The CH stretch vibrations show two sharp peaks (2922 and 2851 enr', outside the spectral 
regionn presented). These sharp peaks indicate the presence of mainly non-oxidised, saturated 
fattyy acids. These results were confirmed by a transmission spectrum of manually isolated efflo
rescence,, shown in Fig. 7.4D. Intense and sharp CH absorptions (2925. 2853. 1474, 1462, and 
possiblyy 720 cm"1) and metal carboxylates absorptions (1520 and 1422 cm"1) also dominate this 
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Fig.Fig. 7.10. Results oj SEM-EDX directly on the paint-surface of0L1984.122 (compare to optical image in Fig. 
7.1.J.7.1.J. (A) Backscatter SEM image. (B)-(D) EDX maps of carbon, oxygen and aluminium respectively. 

0.1 1 

Wavenumber r 

Fig.Fig. 7.11. Specular reflectance FT1R spectrum directly on the paint surface oj OL1984.122. 

spectrum.. This spectrum shows that the amounts of free carboxylic acids and esters (1710-1740 
cmm ') are small, while the amount of lead white (681, 3535 cm"') is negligible. The broad peaks 
onn the long wavelength side of the spectrum are probably due to interference. The EDX and 
FTIRR measurements clearly show the abundant presence of lead carboxylatcs in the efflores-
cencee layer. The sharp absorption peaks for the various CH vibrations indicate a homogeneous, 
non-oxidised,, and non-polymerised aliphatic fraction. 

DTMSS analysis of the efflorescence isolated from the ground layer of sample OL1984.122 
(seee Fig. 7.12 and Table 7.5) indicates that it consists mainly of relatively volatile components. 
Fattyy acids are desorbed at low temperatures. Lead soaps, as observed at higher temperatures. 
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Fig.Fig. 7.12. DTMS summation spectrum of efflorescence on surface OL1984.122. (A) Scans 1-25, insert: TIC. 
(B)(B) Scans 33-50. 

Scanss Components 

1-255 Fatty acids: 256 (C16), 284 (C18), 312 (C20), 340 (C22) 

20-300 Diacylglycerols: 550 (C16, C16), 578 (Cu„ C18), 606 (C18, Clg) 
Waxx esters: 648, 676, 704 

33-500 Lead carboxylates: 463 (Cl6). 491 (C,8), 239 (C,5H31CO+), 
2677 (C17H35CO+) 

>> 60 206-208 (Pb). 44 (C02). No network pyrolysis 

TableTable 7.5. Marker compounds identified by DTMS of efflorescence isolated from OL1984.122. DTMS results shown 
inin Fig 7.9. 



140 140 ChapterChapter 7 

aree rarely seen in an aged paint system and indicate that appreciable amounts of saturated lead 
soapss are present in the efflorescence material. There is no indication for pyrolysis products of 
oill  from network constituents. 

SIMSS was applied to directly analyse inorganic and organic materials directly from the upper 
surfacee of the paint layer. Results from OL1984.122 are presented in Fig. 7,13. Ions indicative 
forr palmitic and stearic fatty acids are seen at m/z 255 {C)(i) and 283 (C|S). Both free and esteri-
fiedd fatty acids are known to produce these ions in SIMS.1"' Saturated fatty acids are also ob-
servedd in the positive mode at m/z+257 (CK)+H) and m/z+285 (CJf(+H). SlMS-studies on refer-
encee materials (results not shown) indicated that these ions derive from free or metal bound fatty 
acidss rather than from esterified fatty acids, as esters would also give rise to acylium ions 
[R-C=0]'.. Mono- and diacylglycerols esters are however observed at m/z 313 (C]f). 341 (C]S), 
3699 <C\()), 397 (CJ. 551 (Clfi . C|(i). 579 (Clft. C|(f), and 607 (C|1(. C||(). Lead soaps and their basic 
formss are observed at m/z 463 (C|f-Pb), 491 (Cll(-Pb), 685 <C|(i-PbOPb) and 713 (Cls-PbOPb). 
withh a typical lead isotopic distribution. These findings confirm the observation of lead soaps of 
saturatedd fatty acids, as hypothesised on the basis of EDX, FTIR and DTMS. 

Thee most abundant peaks in the positive mode spectrum are due to inorganic lead oxides and 
leadd hydroxides (430 (Pb,0). 654 (Pb,0,). 878 (Pb4Oj, 225 (PbOH),447 (Pb AH) , 671 (Pb;03H). 
etc).. These compounds most likely originate from lead white due to thermal processes induced 
byy the primary ion beam. A similar reduction of lead has been observed when irradiating lead 
whitee with a Nd: YaG laser.174 PbO clusters of unknown identity are observed above mass 1000 
withh a mass increment of 224 (PbO). 

7.44 Discussion 

7.4.11 Paint 
Thee investigated canvases have been prepared with a number of ground layers. A rationale 

forr the complex layer structure of the priming, shown by the backscattered SEM image in Fig. 
7.3.. has been described before,164 These layers cannot be dissected accurately using a scalpel, as 
theirr colour is very similar. Therefore, a mixture of these layered has been analysed in cases were 
ann isolated sample is needed. GC-MS measurements indicated a preheated linseed oil, in which 
88%% of the original ester bonds in the oil have been hydrolysed. Both GC-MS and DTMS show 
thee presence of fatty acids in the paint system (Figs. 7.4 and 7.5). The relative amounts of the 
freee fatty acids is however low. as they are hardly seen in FTIR measurements. Instead, FTIR 
indicatess that the priming layer contains a considerable amount of carboxylates (Fig. 7.6A). The 
amountt of metal carboxylates is not homogeneous throughout the paint system. The infrared 
spectrumm of the imprimatura (Fig. 7.6B) shows a far lower amount of carboxylates than the 
primingg (Fig. 7.6A). This might be caused by different qualities of the lead white, as well as 
differencess in the thickness, drying time, and/or paint composition. The extensive lead soap 
formationn in the ground layer must go along with a dissolution of lead white particles and hence 
aa reduced scattering power of the paint. This will lead to a longer effective path length of light in 
thee priming layer, especially when deeper, transparent chalk/distemper layers are penetrated. 
Thesee provide a good indication for the cause for ground staining, although an extensive com-
parisonn between stained and unstained parts of a painting is left for future research. Dwyer stated 
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Fig.Fig. 7.13. SIMS spectrum of the surface of sample Ol.19.S4.122. (A) Mass range m/z 0-230. (B) Mass range m/z 
230-620.230-620. (C) Mass range m/z 625-1425. 

http://Ol.19.S4
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thatt ground staining is the result of transformation of lead white into transparent crystals.1'6 It 
couldd very well be that she actually observed protrusions, far before this name was given to this 
phenomenon. . 

7.4.22 Protrusions and Efflorescence 
Severall  measurements on protrusions and bloom indicate that these phenomena have impor-

tantt similar characteristics. Both were found to contain high amounts of saturated lead carboxy-
latess (DTMS). The carboxylate absorptions found by FTIR (Figs. 7.4 C and D) are narrow peaks, 
exactlyy on the literature value for saturated lead carboxylates (1515 cm-1).H5 They are unlike the 
broadd shoulder found for the carboxylates in the intact paint (Fig. 7.4A). Also the CH absorp-
tionss in bloom and protrusions (narrow, 2925. 2853 cm1) strongly differ from the intact paint 
(broad,, 2940, 2872 cm1). In fact, the CH absorptions in bloom and protrusions resemble the 
sharpp absorptions of fresh linseed oil (2928 and 2866 cm1). The infrared spectral changes upon 
artificiall  ageing of drying oil have been detailed by Mallegol.rjf i This work reports a shift in 
bandd position (to -2950 cm1) and an absorption intensity drop (60%) of the original intensity 
uponn artificial ageing of an oil film. Rasti and Scott even report a 92%-decrease of absorption 
intensityy at 2930 cm ' (log A^A, = 1.1) for a vermilion pigmented paint film.38 It is unlikely that 
thee loss of volatile aliphatic materials during ageing suffices to explain this decrease, but a better 
explanationn has not yet been given. It is proposed here that extensive oxidation and polymerisation 
off  the oil system reduces the intensity of CH vibration peaks (cf. Chapter 5 of this Thesis). The 
aliphaticc absorptions of protrusions and efflorescence are still intense, sharp, and at the original 
position,, suggesting a non-oxidised organic fraction. This is confirmed by DTMS, which showed 
thee abundant presence of saturated fatty acids, but no or very littl e evidence for the presence of 
ann oil network (Figs. 7.9 and 7.12). It is concluded that efflorescence originates from the exuda-
tionn of saturated fatty acids in the paint. The expanded volume of protrusions (Figs. 7.1 and 7,2) 
indicatess that they are caused by clustering of these saturated materials. Both mechanisms basi-
callyy are phase separations, for which mobility of the involved materials is necessary. Saturated 
fattyy acids are indeed mobile, as they do not take part in the network formation.™*  These mobile 
materialss can form a considerable part of the paint system, as linseed oil normally contains about 
10%% saturated fatty acids, 85% of which has been hydrolysed from glycerol (GC-MS results in 
Fig.. 7.5). Furthermore, the mobile fraction can also include other molecules that are not trapped 
inn the oil network, such as wax esters. 

AA spontaneous phase separation would violate the second law of thermodynamics and there-
foree an energetic driving force must be present. Teixeira17^ mentions a phase separation upon 
partiall  polymerisation in a mixture of monomers and other molecules, a system very similar to 
thee mobile fraction in aged oil paint. The imbalance in aged oil will be increased by differences 
inn polarity of the mobile and the stationary phase of the paint. The mobile fraction of saturated 
fattyy acids is relatively apolar, while the polarity of the oil network increases due to the forma-
tionn of oxygen containing moieties, such as carboxylic acids, aldehydes and ketones. A mis-
matchh in polarity between mobile and stationary phases in paint might very well be the driving 
forcee for a phase separation and hence the direct reason for instabilities like protrusion forma-
tionn and efflorescence. 

Leadd white might act as a nucleation or immobilisation site and thereby trigger the process of 
protrusionn formation. A pilot test carried out indeed shows that lead white can be transformed 
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easilyy into lead stearate upon reaction with stearic acid. An FTIR spectrum of the reaction prod-

uctt (Fig. 7.14) shows the complete absence of carbonate absorption, indicating that the lead 

whitee reacted quantitatively. The spectrum shows absorption peaks for the lead carboxylate groups 

(1541.. 1522 cm ') and aliphatics (2960. 2828. 2853. 1475. 1462. 735. 720 cm1) . The small 

featuress at 1475 and 1462 cm-1 confirm the similarity of the synthesised lead stearate (Fig. 7.14) 

andd the compounds present in the efflorescence (Figs. 7.4D and 7.11). The pilot experiment was 

carriedd out in boiling xylene, which is far above the temperatures to which normal paintings are 

normallyy exposed. However, the described reaction was finished quantitatively within a few 

minutes,, and it seems likely that similar reactions also wil l take place at lower temperatures, 

albeitt at a lower rate. 

Thee mechanism for the formation of protrusions and efflorescence described above provides 

aa sound explanation for a number of observed characteristics. The previous Chapter of this 

Thesiss describes a common feature of protrusions: the high absorption of the CH stretch vibra-

tionn at 2925 cm-1."8 The high intensity of these absorptions, also observed in Fig. 7.8, is con-

firmedd by the transmission measurements in Fig. 7.4 and is due to the aggregation of organic 

materialss in protrusions. This aggregated material is mostly saturated, and is therefore not af-

fectedd by the loss of CFI absorption intensity associated with oxidation. The high abundance of 

saturatedd fatty acids also explains the remarkable observation of lead stearate and lead palmitate 

inn the DTMS results (Figs. 7.9 and 7.12). The presence of lead carboxylate materials further 

explainss the observed insolubility of the efflorescence. 
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Cremserr white 
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Fig.Fig. 7.14. Infrared analysis oj the products of the reaction between stearic acid and lead white (black spectrum). 
TheThe grey spectrum shows a normal lead while spectrum as a reference. 
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Ann important next question is what the conditions could be that lead to efflorescence and/or 
protrusions.. A detailed quantitative answer to this question cannot be based on the presented 
results,, but the proposed mechanism provides some clues on the circumstances that can increase 
thee sensitivity of paint. 

Thee carboxylate formation is dependent on the availability of metal ions and free fatty acids. 
Thee metal ions can only be dissolved from a pigment particle, if the specific pigment is sensitive 
forr free fatty acids, in a way similar to lead white (cf. Fig. 7.14). Pigments are normally abun-
dantlyy present in paint and therefore the availability of free fatty acids is thought to determine the 
finalfinal reaction rate. The amount of free fatty acids is dependent on numerous factors. An impor-
tantt factor is the relative amount of oil originally present in the paint. Another factor inherent in 
thee paint is the absence of sufficient trapping potential for the fatty acids released by hydrolysis 
uponn ageing. Part of the fatty acids form lead soaps in the lead white containing layers, another 
partt reaches the surface where it forms efflorescent material. Esterified fatty esters begin to play 
aa role in phase separation and metal carboxylate formation after their hydrolysis from glycerol. 
Certainn pigments, e.g. lead white, can accelerate hydrolysis. Furthermore, hydrolysis is enhanced 
byy temperature and humidity, which partly explains the frequent observation of these instabili-
tiess in paintings that are stored in the humid and warm climate of the New York region. The high 
locall  temperature might also lead to a high mobility of the fatty acids through the paint layer and 
therebyy reduce the time needed for phase separation. We propose that the manufacturers of the 
preprimedd canvas were applying a medium rich ground with a low buffering capacity. 

Summarising,, the formation of bloom and protrusions in the present cases is mainly caused 
byy the high amounts of free fatty acids released in the paint. The high levels of fatty acids are due 
too the high amount of binding medium in the paint, and probably increased by the presence of 
metals,, and the humid and warm climate in which the paint has resided. The capacity of the 
paintss to trap these high amounts of fatty acids in the normal way, as well as the evaporation 
fromm the surface of the painting is clearly insufficient. The accumulation of fatty acids in the 
paintt layer enables the extensive lead carboxylate formation due to reaction with lead white 
particles,, similar to the pilot experiment presented in Fig. 7.14. This trapping immobilises the 
fattyy acids. Protrusions are formed on places where the rate of carboxylate formation is high. 
Thee reason for these non-homogeneous reactions can be explained by phase separation of the 
mobilee fatty acids. Autocatalysis of the reaction between lead white and fatty acids might be 
anotherr hypothesis, but no indications were found for such a process. Efflorescence can be ex-
plainedd by the carboxylate formation of fatty acids, after accumulation of these surface-active 
compoundss on the surface of the painting. 
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7.55 Conclusions 

Thiss study focusses on the investigation of different deterioration effects found in 19th cen-
turyy American paintings, i.e. efflorescence, protrusions and ground staining. It is shown that 
efflorescencee and protrusions are caused by an instability in the ground layer. This instability 
causess a phase separation between saturated fatty acids and the oil network. The isolated fatty 
acidss mostly react to lead carboxylates. The correlated degradation of the lead might cause the 
groundd staining effects. The presented study confirms the similarity of the protrusions found in 
thee 191h century canvas to those observed before in several 17lh century paintings. The proposed 
mechanismm for the formation of these protrusions is therefore considered to be valid also in 
thesee cases. The dissolution of lead white might provide an explanation for the increased trans-
parencyy of the ground layer and hence to the defect called ground staining. A closer investiga-
tionn of this effect is however left for further research. 

7.66 Acknowledgements 

Joycee Zucker (Painting Conservator, Bureau of Historic Sites, Office of Parks Recreation and 
Historicc Preservation) provided the samples and ample background information. Bela Mulder 
(FOMM AMOLF, Amsterdam) is acknowledged for the useful discussions. The ATR accessory 
wass kindly made available by Ewoud van Velzen, Unilever Research (Vlaardingen, the Nether-
lands). . 



j j 



8 8 ZIN CC SOAP AGGREGATE FORMATION IN 

' F A L L I N GG L E A V E S ( L E S A L Y S C A M P S ) ' 

BYY VINCENT VAN GOGH 

SurfaceSurface defects have been found recently in Falling Leaves (Les Alyscamps), painted by 

VincentVincent van Gogh in the autumn ofiHSH. These defects have been analysed to comprehend their 

naturenature and origin. Embedded cross-section and isolated samples of this painting have been 

investigatedinvestigated by microscopy, infrared spectroscopy and FTIR-imaging. SEM-EDX, DTMS. The 

analysesanalyses show that the material found in the defects consist of aggregated masses of zinc car-

boxylates.boxylates. which sometimes contain zinc white (ZnO). The carboxylic acid part of the zinc car-

boxylatesboxylates consist of saturated fatty acids. The pains in which these defects are found contains 

leadlead chromate, barium sulphate (baiyte). calcium sulphate (gypsum) in an oil binding medium. 

TracesTraces of zinc were found throughout the paint layer. The mobility of metal soaps in this paint 

layerlayer was demonstrated by an FTIR study of the paint after squeezing in a diamond anvil cell. 
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8.11 Introduction 

Routinee investigation of Falling Leaves (Les Alyscamps), painted by Vincent van Gogh in the 
autumnn of 1888 (Fig. 8.1, Kröller Muller Museum, Otterlo, the Netherlands, inv. no. 224, F486), 
revealedd the presence of small defects in the extended orange regions of this painting. These 
thousandss of surface defects look like small whitish or transparent spots in the paint surface. In 
somee cases, a whitish mass is literally pressed out of a crack in the paint surface (see Fig. 8.2). 
Thesee extrusions occurred only after the latest varnish application, because the varnish is cracked 
openn by the extruding matter, which is deposited on the varnish surface. 

Thee phenomenon of material protruding from a paint surface has recently been investigated 
inn several 17th century Dutch paintings.11"•'-,2 In these paintings, accumulated masses of a whitish 
materiall protrude through the surface of paint layers and thereby manifest themselves on the 
surfacee of the painting. These so-called 'protrusions' clearly differ from the original paint, as 
theyy are devoid of pigment particles and have a transparent appearance. Furthermore, they show 
clearr fluorescence upon illumination with ultraviolet radiation. Chemical analysis showed that 
thesee transparent masses mainly consist of lead carboxylates, i.e. molecules that contain an ionic-
bondd between lead ions and carboxylic acids. It has been concluded that the metal ions originate 
fromm the lead white pigments, which dissolve in the paint layer. Carboxylic acids are formed in 
paintt by oxidation of unsaturated fatty acids1-1 or hydrolysis ofesterified fatty acids. Fatty acids 
aree not immediately available in fresh paint and the time needed for hydrolysis can be several 
decades.. ̂  The research described in the previous Chapter of this Thesis indicates that hydroly-
sedd saturated fatty acids (palmitic and stearic acid) are the most important carboxylic acids in 
protrusionss found in a 19th century painting. The presence of similar defects in other 19th century 
paintingss has also been found by other investigators.15815g 

Thee similarities of the 17lh and 19th century protrusions to the defects found in the orange 
paintt of Falling Leaves (Les Alyscamps) suggests that they are caused by a similar mechanism, 
andd maybe by the same compounds, i.e. metal carboxylates. The present work aims at a verifica
tionn or rejection of this hypothesis by a detailed analysis of the paint and especially the materials 
foundd in the defects. 

8.22 Experimental 

Samples Samples 

Thee paint samples examined in this paper are taken from Falling Leaves (Les Alyscamps). 
paintedd in 1888 by Vincent van Gogh {Museum Kröller Muller, Otterlo. the Netherlands, Inv. 
no.. KM224). A summary of the analysed samples is presented in Table 8.1. Their sample posi
tionss are indicated in Fig. 8.1. Sample 224/2a is embedded in Technovit 2000LC (Heraeus Kulzer, 
Wehrheim,, Germany) and polished with MicromeshS.'(Scientific Instrument Sen ices Inc. (pol
ishingg cloths. Thin samples necessary for transmission FTIR and transmission optical micros
copyy were obtained by squeezing a sample in aGraseby Specac p/n 2550 diamond eel I (Graseby 
Specac,, Orpington. Kent, UK). 
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Fig.Fig. 8.1. Falling Leaves (Les Alyscamps) by Vincent van Gogh. 1888 (Museum Kröller-Müller, Otterlo. the 
Netherlands.Netherlands. Inv. Km.224, F486) 
(coloured(coloured version at the end of this Thesis) 

**" **" 
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m m 
Fig.Fig. 8.2. Macro-photograph of a detail in the orange paint surface of"Falling Leaves (Les Alyscamps). 
/coloured/coloured version at the end of this Thesis) 
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Microscopy Microscopy 

AA Leica DMRX analytical microscope (Leica Inc., Wetzlar, Germany) was used for visual 
lightt microscopy. An XL30 SFEG SEM (FE1 company, Eindhoven, the Netherlands) equipped 
withh an EDAX EDX system was used for the SEM-EDX analysis. The accelerator voltage of the 
systemm was 22 kV. The sample was carbon coated to ensure good conducting properties of the 
surface. . 

FTIR FTIR 

FTIRR spectra were acquired by a Bio-Rad FTS-6000 spectrometer (Nowadays Digilab, Cam-
bridge,, MA, USA), equipped with a Bio-Rad UMA 500 infrared microscope and an MCT detec-
tor.. Single point spectra were recorded at a spectral resolution of 4 cm"1, a mirror speed of 5 kHz, 
andd an UDR (undersamling ratio) of 2. 100 spectra were accumulated to optimise the Signal-to-
Noisee ratio (S/N). 

FTIR-imaging FTIR-imaging 

FTIR-imagingg data were acquired using the Bio-Rad Stingray, combining the FTS 6000 spec-
trometerr and infrared microscope mentioned above with a 64 x 64 MCT camera.*16'"5 Analysis of 
thee embedded cross-section was carried out in reflection mode. Reflection spectra were recorded 
withh a 16 cm ' spectral resolution, a step-scan frequency of 1 Hz, and an UDR of 4. The spectra 
weree transformed to absorbance-like spectra by the Kramers-Kronig transformation, which is 
partt of the Bio-Rad Win-IR Pro software. Transmission spectra were recorded using the same 
apparatuss at a spectral resolution of 8 cm1. The different spectra in the data-sets were clustered 
usingg the projection-method described in Chapter 2 of this Thesis. This algorithm calculates the 
similarityy between a single spectrum selected from the normalised data-set and the other spectra 
inn the data-set by means of a dot product. Spectra with a high similarity are clustered and the 
locationn of three clusters is visualised using RGB-plots. The (not-normalised) spectra within a 
singlee cluster are subsequently averaged to increase the signal to noise ratio. All projection and 
visualisationn algorithms were developed in Matlab 5.2 (The Mathworks, Inc., Natick, MA. USA). 

DTMS DTMS 

Sampless of typically 20 to 60 pig were homogenised in ethanol using a mini-glass mortar. 
Aliquotss of the obtained suspension or extracted materials were applied onto the analytical fila-
mentt and dried in vacuo. DTMS analyses were performed on a Jeol SX-102 double focussing 
masss spectrometer (B/E) using a direct insertion probe equipped with a Pt/Rh (9/1) filament 
(1000 micron diameter). The probe filament was temperature programmed at a rate of 0.5 A/min 
too an end temperature of about 800 °C. Compounds were ionised at 16 eV under electron ionisation 
conditionss in an ionisation chamber kept at 180 °C. Masses in the range m/z 20-1000 were 
analysedd with a cycle time of 1 second. The results were processed using a JEOL MP-7000 data 
system. . 
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Sample e Position n Pree treatment Measurement 

KM2244 2a Cross-section n Embeddedd SEM-EDX 

Imaging-FTIR R 

KM2244 4 Paint/protrusion Diamond cell ETIR, Imaging-FTIR 

KM224/55 Paint Diamond cell FTIR. Imaging-FTIR 
DTMS S 

KM2244 6 Varnish Diamond cell ETIR 

DTMS S 

KM224/prott Protruded material Diamond cell ETIR 

KM2244 relining Re lining material Diamond cell FTIR 
DTMS S 

TabicTabic N.l. Overview <>/  the dissected samples analysed in the presented study. 

Fig.Fig. S.3. Microscopic images oj cross-section KM224/2a, taken trom KM224. (A) Visual light microscopy. The 
numbersnumbers in this image indicate the positions where single point EDX'spectra have been recorded. (B) Fluorescence 
microscopymicroscopy of this cross-section, (see also the coloured version at the end oj this Thesis) 
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8.33 Results and discussion 

8.3.11 Microscopy 
Thee transparent masses were observed in the extensive orange paint areas in the painting by 

opticall  microscopy (Fig. 8.2). This orange paint contains many of these defects, especially in the 
thickerr parts of the paint layer. In some cases, the transparent material completely stands upright 
throughh a crack in the paint layer. More regularly, the transparent material is seen in a slight 
elevationn in the paint. Sample 2a was taken to include one of these defects and includes some of 
thiss whitish material. Optical microscopy of cross-section KM224/2a (Fig. 8.3a) shows a thick 
(-1500 (im) bright orange paint layer on top of a transparent dark ground layer (-30 ^m). Two 
largee transparent globules and several smaller dark orange particles are visible in the paint. The 
globuless can be seen clearly upon UV-illumination of the sample (Fig. 8.3b). as they are highly 
fluorescent,fluorescent, contrary to the surrounding paint. The orange paint layer is thicker near the posi-
tionss of the globules, suggesting that the surface of the paint has been pushed upwards due to the 
volumee increase of these globules. The globules are not covered by paint, which explains their 
visibilityy on the surface of the painting. The fluorescence image shows a light orange structure 
alongg the edges of the aggregate, which indicates a sparse presence of pigment particles in this 
region.. The inverse effect, a brighter area in the paint near the aggregates and the ground layer, is 
alsoo observed. This effect is duee to the penetration of fluorescence light into the paint layer. 

Cross-sectionn KM224/2a was investigated by SEM-EDX to obtain a higher spatial resolution 
andd allow elemental analysis. A scanning electron image (backscattered electrons) is displayed 
inn Fig. 8.4A. The orange paint is visible as a bright layer, indicating the presence of heavy atoms. 
Thee ground layer, varnish layer and the transparent globules are visible as darker regions. A 
detailedd structure is present in the bigger globule on the right. The elemental composition of this 
cross-sectionn was investigated by single point EDX and EDX mapping. The different EDX plots 
aree shown in Figs. 8.4B-I. The element maps and the backscattered image are obtained in a 
singlee measurement, so the images comprise exactly the same area. The bright orange layer 
containss high amounts of lead (Pb) and chromium (Cr) with a very similar distribution (Fig. 
8.4B-C),, which indicates that this orange paint layer contains a lead chromate pigment. Barium 
(Ba)) is found in discrete particles in the paint layer (Fig. 8.4D), suggesting the presence of 
bariumm sulphate (baryte, BaS04). Unfortunately, this map cannot be correlated to the map of 
sulphurr (Fig. 8.4E), as the intense X-ray emission of Pb is very close to the S emission lines. 
Thiss causes a high background signal throughout the paint layer and completely masks the baryte 
particles.. The barite identity of these particles was confirmed by single point EDX measure-
ments.. The particles discernible in the sulphur plot (Fig. 8.4E) do correspond perfectly to the Ca 
particless in the paint layer (Fig. 8.4F), suggesting that small quantities of calcium sulphate (gyp-
sum,, CaS04) are present in the paint. Calcium (but not sulphur) is also found in the ground layer, 
mostt likely due to the presence of calcium carbonate. 

Thee transparent globules contain carbon (C), zinc (Zn), and oxygen (O). The presence of C 
suggestss that the transparent masses contain a relatively high percentage of organic material. 
Thiss image further indicates the presence of a third, smaller globule near the ground layer (arrow 
inn Fig. 8.41). Zn is present in all three globules, but has the highest abundance in the bigger one 
onn the right. A closer examination of this big transparent part shows the presence of two separate 
fractions.. The centre part of the protrusion shows the combined presence of Zn and O. This part 
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Fig.Fig. 8.4. SEM-EDX of paint cross-
sectionsection KM224 2a. 
(A)(A) Backscatter SEM image: 
(B)-(l)(B)-(l) EDX-maps for different elements, 
asas indicated in the figures. 
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iss also visible in the backscatter SEM image (Fig. 8.4A) as a highly structured region. The left 
andd right sides of this globule contain less Zn and O, but a clearly higher abundance of C (Fig. 
8.41).. This globule clearly contains two different fractions: a mainly organic part and a part that 
containss more inorganic materials. The most likely inorganic material present is zinc oxide <ZnO). 
Thee EDX-plot in Fig. 8.4G further shows that Zn is present throughout the paint layer, albeit it in 
aa lower abundance compared to the transparent globules. The presence of Zn in these areas was 
confirmedd by a single point EDX measurement. 

8.3.22 Imagmg-FTIR 
Thee elemental analysis indicated the abundant presence of organic materials in the protrusion 

areas.. The same embedded cross-section was investigated by FTIR-imaging to yield a more 
specificc chemical description. The obtained imaging data-set was processed by a clustering al-
gorithmm to enable a fast and easy distinction between different areas in the sample. This algo-
rithmm quantifies the similarity of all spectra in the imaging data-set to a single, user-selected 
spectrum.. The quantified similarity can be presented as a score-plot. Fig. 8.5A presents the score 
plotss for three different regions: paint (presented in red), ground (green), and embedding me-
diumm (blue). The obtained information on the location can easily be used to combine the corre-
spondingg spectra in order to obtain a single spectrum with a high S/N (signal to noise ratio) that 
iss representative for the complete cluster. An averaged spectrum of the embedding medium area, 
outlinedd in blue in Fig. 8.5A is presented as the lower spectrum in Fig. 8.5C. While not directly 
importantt in the analysis of the paint, this spectrum is kept as a reference to recognise a potential 
smearingg layer of embedding medium on top of the sample. The green colour in Fig. 8.5A 
representss the ground layer. The absorbance maximum of the carbonate peak in the correspond-
ingg spectrum (Fig. 8.5C, 1419 cm') exceeds 5 and is truncated to ascertain the readability of the 
otherr spectra in Fig. 8.5C. The presence of carbonate confirms the presence of calcium carbon-
ate,, as was already indicated by the SEM-EDX results (see Fig. 8.4F). The spectrum shows a 
smalll  absorption at 1658 cm"', which can be assigned to a proteinaceous binder, most likely 
animall  glue. Unfortunately, the amide-11 absorption, which would confirm this assignment, is 
maskedd by the carbonate absorption. The carbonyl absorption {1743 cm1) is not expected in a 
gluee layer. It can be assigned to dislocated glycerol esters from the paint or wax esters introduced 
duringg the relining of the painting. Contamination by embedding medium seems unlikely in this 
case,, as the embedding medium was found to absorb at 1728 cirr' rather than at 1740 cm '. 
Furthermore,, the other embedding medium peaks {1072, 1149, 1234 cm ') are absent. 

Thee orange paint is represented in red in Figs. 8.5A and B. Most of the absorptions in this 
spectrumm are due to organic moieties, as the inorganic lead chromate pigment has no active 
infraredd absorptions in the analysed spectral region. Furthermore, this pigment needs a relatively 
largee amount of oil (20-25%) to form a workable paint.17" The CH vibrations (2931, 2862 and 
14588 cm-') indicate the presence of aliphatic materials, while the absorption at 1740 cm ' is 
againn assigned to glycerol or possibly wax esters. The intense absorption at 1543 cm1 and the 
shoulderr at 1400 enr' are characteristic for metal carboxylates. The exact position of the asym-
metricc carboxyfate peak at 1540 cm ' indicates a zinc carboxylate,145 but the presence of other 
carboxylatess cannot be excluded. The absorption at 1064 cm"' is due to BaS04, which is present 
throughoutt the paint layer with a dispersion finer than spatial resolution of FTIR-imaging. Some 
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largerr lumps of baryte particles can be resolved, and these are represented in green in Fig. 8.5B. 
Thee corresponding spectrum ('sulphate1 in Fig. 8.5C) shows an intense (truncated) sulphate 
absorptionn (1072 cm"1). The presence of both finely distributed and coarser baryte particles is 
confirmedd the EDX map in Fig. 8.4D. 

Thee blue-coloured parts in Fig. 8.5B show that the reflectance infrared spectra of the trans-
parentt globules are clearly distinguished from the spectra of the normal paint by the applied 
clusteringg method. The most notable difference is the complete absence of sulphate absorptions 
(10644 cm1) in the spectrum of the protrusion. Furthermore, the asymmetric metal carboxylate 
absorptionn (1404 cm1) is a distinct peak, instead of a shoulder. Finally, the CH stretch absorp-
tionss appear to be intenser and slightly shifted to lower energy (2924 and 2851 cm"' instead of 
29311 and 2857 cm1). These shifts and peak broadening are assigned to oxidation in the paint 
layer,, which obviously did not take place in the transparent globule (cf. Chapter 5 of this Thesis). 

8.3.33 Manually isolated samples 
Thee possibility to study embedded paint cross-section by FTIR-imaging provides a powerful 

andd versatile method to investigate paint at a relatively high spatial resolution. The spectral 
qualityy of the results is however compromised as a result of the reflection mode of data collec-
tion,, as shown in Chapter 3 of this Thesis. Therefore, several samples were manually isolated 
andd investigated by transmission FTIR and DTMS to complement the results obtained by reflec-
tionn FTIR-imaging. The sampling positions of the different samples are indicated in Fig, 8.1. 

Thee infrared spectra of materials separated manually from Falling Leaves (Les Alvscamps) 
aree shown in Fig. 8.6. The upper spectrum in this figure iss isolated material from a transparent 
globule.. The spectrum (A) shows aliphatic CH vibrations at 2924, 2851 and 1468 cm'. The 
obtainedd spectrum is similar to the spectrum obtained by reflection FTIR (Fig. 8.5C). In the 
transmissionn measurement, a number of narrow peaks can be resolved for both the asymmetric 
(1593,, 1551, and 1532 cm') and the symmetric (1410 and 1400 cm1) metal carboxylate vibra-
tions,, due to the higher spectral resolution of the measurement. The transmission spectrum of 
isolatedd paint (KM224/5) shows large absorptions for PbCr04 (856 cm') and BaSĈ (1102 
cmm '), ester (1739 cm') and hydroxyl (-3400) groups, all of which are smaller or completely 
absentt in the isolated globule (top spectrum). The aliphatic absorptions in the paint are slightly 
shiftedd to 2931 and 2857 cm', while a clear fingerprint of metal carboxylates (1551, 1413 
cm1)) is found. 

Ann additional chemical analysis of sample KM224/5 was obtained by DTMS. The results of 
DTMSS measurements are summarised in Table 8.2. The ratio of palmitic and stearic acid in 
KM224/55 indicates the use of walnut oil. However, the use of the more expensive walnut oil for 
aa yellow area would be surprising. It is therefore assumed that the P/S ratio of the oil is due to a 
mixturee of cheaper oils or is affected by use of additives, a common practice during the 19th 

century.. Bees wax, also found in the paint layer, might be one of these additives. However, its 
presencee in the paint layer can also be explained by impregnation of the bees wax introduced 
duringg the relining of this painting. The ions indicative for lead and sulphur are due to the lead 
chromatee pigment and the barium sulphate filler. The presence of carbon dioxide ions can be 
explainedd by the decarboxylation of metal carboxylates. The presence of potassium in the paint 
iss confirmed by EDX, but its source is unknown. 
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Left-handLeft-hand image: Fig. 8.5. Imaging FTIR oj KM224/2a. The spectra in the FTIR data-set were clustered by the 
projectionprojection algorithm on the basis of their high similarity /See Chapter 2 of this Thesis). The locations of the clusters 
areare highlighted in the seore-plots. (A) Score plots oj three different clusters showing the paint layer (red), the 
groundground layer (green) and the embedding medium (blue). (B) Score plots of three different clusters show ing (he paint 
layerlayer (red), sulphate-rich pans in the paint layer (green) and the aggregrale (blue). (C) Mean spectra oj each oj the 
clustersclusters shown in A and B. (see also the coloured version at the end of this Thesis) 

Wavenumber r 

Fig.Fig. 8.6. Transmission FTIR spectra of manually separated samples from KM224, prepared in a diamond anvil 
cell,cell, show spectra of isolated material from (A) an aggregate. (B) (he paint layer. (C) the relining material, and (D) 
thethe varnish. 
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Thee relining material is identified as a mixture of bees wax and diterpenoid resin. Wax is 
indicatedd by narrow aliphatic peaks at 2932, 2857, 1476, 1463, and 721 cm1 in the FTIR spec-
trumm (Fig. 8.6) and by the observation of peaks at m/z 592 620,648,676, 704, and 732 in DTMS 
(Tablee 8.2). The presence of the aged diterpenoid resin is indicated by infrared absorptions at 
1693,, 1613, 1263, and 1175 cm1 and by mass peaks at m/z 257. 285, 302. 315. 

Thee varnish layer (K.M224/6) is sampled on a position where the uneven vamish layer is 
relativelyy thick and allows physical separation. The lower spectrum in Fig. 8.6 is recorded from 
thiss sample. Metal carboxylates, which are present throughout the paint, are not observed in this 
spectrum,, indicating that the sample was well separated from the paint layer. This spectrum 
indicatess the presence of a resin (1250, 1130, and 1047 cm1) and shows extensive oxidation 
(OHH at -3300. C-0 at 1100-1300 cm '). Analysis by DTMS indeed showed the presence of 
triterpenoids. . 

Samplee KM224/4 was squeezed in the diamond anvil cell to allow transmission FTIR. Figs. 
8.7ABB show visual light and fluorescence microscopic images of the sample after squeezing. 
Thee sample clearly shows three different regions, numbered 1-3 in Fig. 8.7A. These regions 
weree measured individually using a diaphragm in one of the image planes of the infrared micro-
scope.. The location of the diaphragm in the different measurements is indicated by the coloured 
squaress in Fig 8.7A. 

Regionn I represents the varnish layer, as it is completely transparent and contains no scatter-
ingg particles. Manual sampling of the thin vamish layer is difficult, but this layer can very well 
bee analysed after squeezing of a larger sample. The spectrum of region 1 (Fig. 8.7C) suggests the 
presencee drying oil, as indicated by the characteristic glycerol-ester triplet at 1170, 1244 and 
11100 cm1. The oil containing varnish on this position is remarkably different from the isolated 
triterpenoidd varnish (lower spectrum of Fig. 8.6) and suggests that different kinds of unpig-
mentedd layers are present. These different unpigmented layers might have been applied during 
successivee varnish applications. However, the oil part can also be explained by the presence of a 
nourishingg or oiling-out layer. A more accurate observation of the fluorescence image of sample 
KM224/2aa (Fig. 8.3B) seems to confirm the presence of two different layers on top of the paint 
layer,, as the fluorescing resin layer seems to be separated from the paint layer by an intermediate 
layer.. However, more samples would be needed for a definite interpretation of these results. 

Regionn 2 represents the paint layer, as it has a dark colour in transmitted light (Fig. 8.7A). 
whichh indicates scattering and absorption by pigment particles. The infrared spectrum obtained 
forr this region is similar to the paint spectrum (KM224/5) displayed in Fig. 8.6, and shows a 
clearr chromate absorption at 854 cm-1. The spectrum of region 3 is similar to this spectrum, 
exceptt for the absence of inorganic materials (sulphates and chromates) and a broadening of the 
absorptionss around 1500 cm1. It can therefore not be assigned to materials from one of the 
transparentt globules, in which these absorptions are clearly narrower (Fig. 8.6A). Furthermore, 
thee spectrum is very different from the spectra of the varnish layers shown in Figs. 8.6D and 
8.7CC (part 1), and the spectrum of the ground layer shown in Fig. 8.5. The most likely explana-
tionn for this layer is therefore that it has been squeezed out of the paint layer by the pressure that 
hass been applied in the diamond cell. This extruded area 3 was further investigated by FTIR-
imaging. . 

Imaging-FTIRR of this sample (KM224/4) indicated that this area (nr. 3) is not homogeneous. 
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Samplee Observed masses (interpretation) 
KM224/55 256 (palmitic). 284 (stearic). 592. 620. 648. 676. 704. 732 (bees wax), 

206-2088 (Pb). 64 (SySO:). 44 (CO:). 39 (K) 
KM224/66 123. 191. 248 (triterpenoids) 
KM224/reliningg 257, 285, 302, 315 (diterpenoids). 592, 620. 648. 676. 704. 732 (bees wax) 

TabelTabel fi.2. Interpretation of the results of DIMS on different samples taken from Falling Leaves (Les Alyscamps). 

Wavenn umber 
Fig.Fig. 8. 7. Microscopy and transmission FTIR spectra of a manually separated, inhninogeneous sample K.\f224 4). 

(A)(A) I 'isual light microscopic image oj the sample after squeezing in the diamond cell. (B) Fluorescein e image o/fhe 

samesame sample (C) Infrared Spectra of the regions 1-3 indicated in A. tsee at the end for a coloured version) 
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Fig.Fig. 8.8. Imaging-FTIR oj KM224 4 (same sample as Fig. 8. 7). The spectra in the 1'TIR data-set were clustered by 

thethe projection algorithm on the basis oj their high similarity (see Chapter 2 oj this Thesis). The locations oj the 

clustersclusters are highlighted in the score-plots. (A) Score plots of three different clusters showing the areas I. 2. and 3 

(see(see Fig. 8. 7a) as red. green and blue respectively. (B) Score plot of the clusters showing the upper and lower part 

ojoj area 3 /See Fig. 8. 7a). (C) Averaged spectra oj the clusters shown in bigs. 8.8A and B. 

(see(see also the coloured version at the end of this Thesis) 
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Dataa processing was performed as described before. The obtained clusters (Fig. 8.8A) correlate 
welll  to the visual image shown in Fig. 8.7A and the corresponding spectra (Fig. 8.8C) are com-
parablee to the spectra obtained for the single point measurements (Fig. 8.7C). Unfortunately, the 
leadd chromate pigment absorption (854 cm"1) is invisible for the imaging system due to the 
restrictedd spectral sensitivity of the infrared camera. Fig. 8.8A shows that the top part of region 
33 (blue in Fig. 8.8A) did not take part in the clustering. The deviation of the spectrum in this top 
partt was first found using multivariate techniques (results not shown), but can also be visualised 
byy the projection method, as shown in Fig. 8.8B. The corresponding spectra (Fig. 8.8C) show a 
ratherr large shift in the energy of the CH stretch vibration. These are positioned at 2943 and 
28700 cm"1 in the top part, compared to 2931 and 2858 cm ' for the bottom part. Furthermore, the 
asymmetricc carboxylate has become a featureless plateau between 1550 and 1600 cm1, while 
thee symmetric carboxylate absorption (-1400 cm1) is not resolved from the CH bending ab-
sorptionn (1462 cm1). Similar effects have been assigned to oxidation and polymerisation of the 
oill  binding medium (see Chapter 5 of this Thesis). The material extruded by the paint is thus 
partlyy oxidised. The different fractions seem to have separated due to the pressure applied in the 
diamondd cell. The clear and easy separation of the paint materials suggests that a rather high 
fractionn of the paint is flexible or even mobile. This observation is important to explain the 
mechanismm of aggregation that leads to the formation of the various transparent globules. Phase 
separation,, the mechanism proposed as the driving force for the formation of protrusions in the 
previouss Chapter of this Thesis, implies the existence of a mobile fraction. The squeezing ex-
perimentt clearly shows that such a flexible and mobile metal carboxylate fraction is present in 
thee paint of Falling Leaves (Les Alyscamps). 

8.55 Conclusions 

Thee transparent material found in the surface defects of Falling Leaves (Les Alyscamps) 
mainlyy consists of zinc carboxylates. The infrared spectra of the carboxylates contain very dis-
tinctt and narrow peaks for the CH vibrations. The fatty acids involved are clearly not or hardly 
affectedd by the oxidation, which is broadening the absorption peaks in the spectra of paint (Fig. 
8.6,, cf. Chapter 5). The involved carboxylic acids are therefore most likely saturated, non-
polymerisedd fatty acids. This is very similar to the description of protrusions in 17th and 19th 

centuryy lead white paints, as described in the previous Chapters in this Thesis. It is therefore 
concludedd that both are formed by a similar mechanism: the aggregation through phase separa-
tionn of mobile, apolar, saturated fatty acids. In this case however, these fatty acids are not con-
nectedd to lead, but to zinc ions. The Zn compound found in one of the aggregates consists of 
ZnOO based on the combined presence of Zn and O found in the EDX maps (Figs. 8.4GH), and 
thee absence of characteristic infrared absorptions of sulphates or carbonates inside the aggre-
gates.. The combined use of lead chromate and zinc white pigments by Van Gogh is not unlikely, 
andd it has been reported before.1" Nevertheless, zinc white is not necessarily the original source 
off  zinc, as it might very well be derived from other zinc containing compounds in the paint. 
Possiblee other sources are the chromate pigment, which can contain small quantities of zinc 
chromatee in addition to lead chromates. Furthermore, white vitriol (zinc sulphate) might have 
beenn used as a drier.2 Lithopone. a mixture of barium sulphate and zinc sulphide, is less likely as 
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aa zinc source, as the distributions of Zn and Ba do not show any correlation. 
Thee Zn carboxylates are not only present in the aggregates, but appear to be abundantly 

presentt throughout the paint layer. In fact, the differences between the infrared spectra of the 
aggregatee and normal paint are small (Figs. 8.6AB). The main differences are the presence of 
inorganicc materials (baryte. 1102 cm1, lead chromate 856 cm-1), and a higher amount of intact 
glyceroll  esters (1739 cm') in the paint. Furthermore, a higher level of oxidation in the paint is 
indicatedd by the absorption at 3100-3500 cm ' and a broadening of the carboxylate peaks at 
15511 and 1413 cm'. 

Despitee these small differences, it is clear that carboxylates form a major constituent of the 
intactt paint. The present Zn content of the lead chromate paint seems to be very low (Fig. 8.4G). 
Itt is remarkable that the Zn concentration in one of the observed aggregates is higher than in the 
intactt paint. The large unevenness in Zn concentration suggests a certain mobility of zinc com-
pounds.. The potential mobility material in the paint was clearly shown by the squeezing experi-
mentt in the diamond anvil cell. A solid paint would be expected to result in a crumbled, but 
reasonablyy homogeneous layer. Instead, clearly separated areas were found, which shows that 
partt of the metal soap fraction was squeezed out, indicating its mobility. The high amount of 
mobilee materials observed in this study can be explained by a relatively high amount of oil 
neededd to make a workable paint from chromate pigment (> 20-25% l7h). 

Directt indications for the mobility of metal carboxylates have not been found in the previous 
Chapters,, in which lead carboxylates have been investigated. It is indeed very well possible that 
thee metal ions might have a profound effect on the properties of the metal carboxylates. In fact, 
similarr effects have been observed in partly neutralised ionomers. These properties also explain 
thee differences in the visual appearance between the Zn and Pb aggregate material. The higher 
mobilityy might very go along with a higher pliability of the Zn carboxylates and thereby explain 
thee squeezing out of the aggregated material. 

Thee mobility of the paint materials can be further increased during varnish application. The 
effectt of the triterpenoid varnishes themselves is considered small, but the fluids used to apply 
thee resin might very well accelerate the phase separation by an increase in the mobility of the 
materials.. The varnish application of Falling Leaves (Les Alyscamps) might thus have acted as a 
triggerr in the growth of the aggregates. 

Thee aggregates have a profound impact on the visual appearance of the painting due the 
extensivee expansion. A small calculation indicates that complete transformation of ZnO (M = 
81.4,, d = 5.6) to zinc palmitate (M = 575.4, d = 1.10) leads to a volume increase of factor 36. 
Thiss large volume increase explains the extensive damage that zinc soap formation can have on 
aa painting. Unfortunately, the clustering of saturated fatty acids and soap formation cannot be 
reversed.. However, it might be possible to reduce the velocity of the formation of these aggre-
gatess by lowering the temperature and minimising the exposure to moisture and solvents. 
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Summary y 

Artistss have used paint to express themselves for thousands of years. Paintings form an im-
portantt part of our cultural heritage, but many questions regarding their chemical composition, 
ageingg and correct conservation remain to be answered. The analysis of paintings presents a 
numberr of challenges because of the high complexity of these multi-layered, inhomogeneous, 
andd impure systems. Many of the current analytical techniques require the dissection of a physi-
call  sample and therefore restrict the accuracy with which the original position of a sample can be 
determined.. The distinction of different sections within a sample can be greatly improved by a 
spatiallyy resolved analysis of paint cross-sections using imaging techniques. This Thesis focuses 
onn the development and application of spectroscopic imaging techniques for paint research. 
Chapterr 1 provides a short introduction into the composition of a painting, followed by an over-
vieww of the most important non-destructive and destructive analytical techniques. The remain-
derr of this Thesis can be divided into three sections: development and evaluation of different 
imagingg techniques and sample preparation methods (Chapters 2, 3, 4), the characterisation of 
severall  naturally aged paints from test panels (Chapter 5), and the investigation of samples from 
variouss paintings by the application of several imaging and other techniques (Chapter 6,7,8). 

AA VIS-imaging (visual light microspectroscopic imaging) system has been built, tested and 
appliedd to several paint cross-sections (Chapter 2). The presented technique provides the possi-
bilityy to acquire visual light spectra with a maximum spatial resolution of about 1 jum. Visual 
lightt spectra of different traditional and modern pigments that can hardly be discriminated by 
normall  microscopy show distinctly different features. This imaging technique has proven to be 
effectivee for distinguishing the visual light spectra of several 17lh century blue pigments. It was 
possiblee to recognise the spectral characteristics of smalt, even in partly or completely discoloured 
particles.. Analysis of paint cross-sections by VIS-imaging is easy and does normally not require 
samplee preparation. 

Analysiss of cross-sections by FUR and FTlR-imaging provides a higher chemical specificity, 
butt the experimental procedure for sample preparation is not straightforward. Several commonly 
usedd and newly developed sample preparation techniques are evaluated in Chapter 3. Transmis-
sionn spectra of physically dissected samples yield high-quality infrared spectra, but limit the 
spatiall  resolution to about 50 urn. Smaller details can be analysed individually when the applied 
samplee preparation method leaves the layer structure intact, for example when a sample is em-
beddedd in a synthetic resin. Specular reflectance measurements of these paint cross-sections 
compromisee the chemical specificity, as the obtained spectral quality is rather poor. Other tech-
niquess to allow the acquisition of higher quality spectra from embedded cross-sections (diffuse 
reflection,, microscopic ATR. microtomy. Raman spectroscopy) however were not successful. A 
neww sample preparation technique for making thin sections by polishing of paint cross-sections 
embeddedd in KBr provides the best combination of high spatial resolution and high spectral 

quality. . 
Chapterr 4 describes a study of a paint cross-section of Rembrandts Portrait of a standing 

manman (Staatlichen Gemalde Galerie Kassei, GK 239). FTIR imaging of this cross-section identi-
fiedfied and localised different compounds such as lead white, calcium carbonates, and metal car-
boxylatess in the layers of this sample. These findings could be correlated well to SEM-EDX 
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analysess and art historical evidence. The most interesting feature of this specimen was a discol-
orationn that was observed in large parts of the described painting. The hypothesis on the nature 
off  this discoloured paint layer is the increased porosity of the upper paint layer due to the loss of 
bindingg medium was proposed to explain this effect. 

Chapterr 5 provides an overview of the ageing processes involved in the drying of oil and 
naturallyy aged oil paint. The initial reactions in a drying oil were monitored by FTIR spectros-
copy.. A large number of naturally aged paints were analysed to evaluate the long-term influence 
off  pigments on the ageing of oil. The most significant effects of pigmentation are the accelera-
tionn of hydrolysis of ester bonds (most pronounced for paint made with minium or zinc white), 
changess in the effects of oxidation (in paint with ochre or ultramarine) and the formation of 
metall  carboxylates (in paints with lead white, zinc white, Naples yellow, or minium). 

Thee final part of this Thesis focuses on the observation and further analysis of a paint defect 
foundd in several 17th and 19th century paintings by the Dutch painters Van Rijn. Seghers and 
Bosschaert,, Cuyp, Vermeer, Hals (Chapter 6) and Van Gogh (Chapter 8) and the American painter 
Churchh (Chapter 7). These defects are visible as -100 pirn diameter homogeneous aggregates of 
aa transparent material. Isolated samples and cross-sections taken through these defects in the 
fivee 17lh century Dutch paintings were investigated by FTIR, FTIR-imaging, SEM-EDX, V1S-
imaging,, and SIMS. These studies indicated the presence of metal carboxylates in the aggre-
gatedd material. Different remineralised compounds were found in this metal carboxylate matrix, 
e.g.. minium, basic lead carbonate, and basic lead chloride (fiedlerite). Very similar defects were 
foundd in a primed but unfinished canvas that was found in the archives of Olana, the former 
homee of the 19th century American painter Frederic Church. Samples from these canvases were 
investigatedd by the techniques mentioned above as well as by GC-MS and DTMS. The results 
implyy that the defects are formed in the priming, which consists of different layers pigmented by 
chalkk and/or lead white. The material found in protrusions contains large amounts of lead car-
boxylatess of mainly saturated fatty acids, but appears to lack an ionomeric oil network fraction. 
Itt is hypothesised that protrusions arc formed upon phase separation of the mobile, saturated 
fattyy acids from the oxidised oil network and the subsequent reaction of these fatty acids to lead 
carboxylates.. This hypothesis was supported by a pilot experiment, in which lead white trans-
formedd into lead carboxylates quantitatively upon reaction with fatty acids. The unfinished can-
vasess found in Olana are also affected by efflorescence, the exudation of a material on the sur-
facee of the painting. The compounds identified in the efflorescent material are very similar to 
thosee of protrusions, and it is hypothesised that they are formed by a similar mechanism. 

Similarr protrusions were found in Falling Leaves (Les Alyscamps) by Vincent van Gogh. 
Thesee protrusions formed in a paint containing lead chromate, calcium sulphate is paint mainly 
consistt of zinc carboxylates. The carboxylic acid part of these protrusions also consists mainly 
off  saturated fatty acids, similar to the lead based protrusions. Evidence was found for the mobil-
ityy of the involved zinc components, probably induced by a higher pressure or temperature. This 
impliess that the aggregation may have occurred after formation of the zinc carboxylates. 
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Samenvatting g 

Kunstenaarss uiten zich al duizenden jaren met behulp van verf. Schilderijen vormen een 
belangrijkk deel van ons cultureel erfgoed, maar de kennis over hun chemische samenstelling, 
verouderingg en conservering is nog verre van compleet. Schilderijen zijn complexe systemen 
omm te bestuderen: ze bestaan vaak uit meerdere verflagen, die op hun beurt weer bestaan uit 
mengselss van verscheidene, niet geheel zuivere materialen. 

Veell  van de huidige analytische technieken kunnen slechts los monstermateriaal analyseren. 
Daarmeee wordt de precisie waarmee een bepaalde laag of een bepaald deeltje geanalyseerd kan 
wordenn gereduceerd tot de precisie waarmee die deelstructuur bemonsterd kan worden. De analyse 
vann kleinere structuren binnen een monster kan sterk verbeterd worden door verf dwarsdoorsneden 
tee bestuderen met plaatsoplossende technieken. Dit Proefschrift beschrijft de ontwikkeling en 
toepassingg van verschillende plaatsoplossende technieken om verf te analyseren. Hoofdstuk 1 
beschrijftt de globale opbouw van een schilderij, gevolgd door een overzicht van de meest 
gebruikelijkee technieken om schilderijen te analyseren. Het overige deel van dit Proefschrift 
bestaatt uit drie delen: ontwikkeling en evaluatie van verschillende plaatsoplossende z.g. imag-
inging technieken en methoden om monsters voor te bereiden vooreen meting (Hoofdstukken 2, 3, 
4),, de analyse van verfmonsters uit verschillende testpanelen (Hoofdstuk 5) en de analyse van 
monsterss uit diverse schilderijen met verscheidene imaging- and andere technieken (Hoofdstukken 
6,, 7, 8). 

Eenn VIS-lmaging (microscopisch zichtbaar-licht imaging) systeem is ontwikkeld, getest, en 
gebruiktt voor de analyse van verschillende verfdwarsdoorsneden (Hoofdstuk 2). Met deze techniek 
kunnenn zichtbaar licht spectra van een vlak monster opgenomen worden met een maximale 
plaatsresolutiee van ongeveer 1 (im. Zichtbaar licht spectra van verschillende traditionele and 
modernee pigmenten zijn duidelijk te onderscheiden en toe te kennen, ook wanneer directe 
identificatiee met behulp van normale microscopie vrijwel onmogelijk is. Als voorbeeld 
onderzochtenn we een aantal 1T eeuwse blauwe kleurstoffen. Smalt kon zelfs herkend worden in 
volledigg ontkleurde toestand. Analyse van verfdwarsdoorsneden met VIS-imaging is relatief 
eenvoudig,, en speciale monstervoorbereiding is normaliter niet nodig. 

Informatiee met een grotere chemische specificiteit werd verkregen met Fourier transform 
infraroodd spectroscopie (FTIR) en FTIR-imaging. Een goede monsterpreparatie voor deze 
analysetechniekk is essentieel. Daarom worden verschillende bekende en nieuw ontwikkelde 
preparatietechniekenn geëvalueerd in Hoofdstuk 3. Transmissie spectra van geïsoleerde monsters 
zijnn doorgaans kwalitatief erg goed, maar structuurelementen kleiner dan ongeveer 50 urn zijn 
nauwelijkss toegankelijk met deze methode. Kleinere details kunnen individueel geanalyseerd 
wordenn door de laagstructuur van het monster intact te laten, bijvoorbeeld door een 
dwarsdoorsnedee in te bedden in synthetische hars. De spectra, die verkregen worden door directe 
analysee van deze dwarsdoorsneden met speculair gereflecteerd licht, zijn echter niet optimaal, 
watt de mogelijkheden voor een chemische interpretatie beperkt. Andere methoden om betere 
spectraa van een ingebed monster verkrijgen zijn niet gelukt (diffuse reflectie, microscopische 
ATR,, microtomie, Raman spectroscopie). Een nieuw ontwikkelde monsterpreparatietechniek, 
diee gebruik maakt van dunne doorsneden verkregen door het polijsten van een dwarsdoorsnede 
ingebedd in KBr. leidde tot de meest geslaagde combinatie van goede spectra en een hoge 
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plaatss resolutie. 
Hoofdstukk 4 beschrijft de analyse van een verfdwarsdoorsnede van Rembrandts Portret van 

eeneen staande man (Staatlichen Gemalde Galerie Kassei, GK. 239). FTIR-imaging resultaten van 
dezee dwarsdoorsnede zijn gebruikt om verschillende materialen, zoals loodwit, calcium carbonaat, 
enn metaal carboxylaten, te identificeren en te localiseren. De resultaten verkregen met FTIR-
imagingg zijn vergeleken met SEM-EDX analyses en kunsthistorische gegevens. De meest 
interessantee eigenschap van dit monster is de gedeeltelijke ontkleuring van de verflaag. Als 
hypothesee voor deze ontkleuring werd een toegenomen porositeit van de verflaag voorgesteld, 
watt veroorzaakt kan zijn door verlies van het bindmiddel. 

Hoofdstukk 5 geeft een overzicht van de verouderingsprocessen, die optreden in drogende olie 
enn verf, die op natuurlijke wijze verouderd is. De initiële reacties in een drogende olie zijn 
gevolgdd met FTIR spectroscopie. Daarnaast zijn een groot aantal natuurlijk verouderde verven 
onderzochtt om veranderingen op lange termijn te onderzoeken, met name de invloed van 
pigmentenn op de veroudering van het bindmiddel. De belangrijkste effecten die gevonden werden 
zijnn de katalyse van de hydrolyse van esterbindingen (vooral bij verf met zinkwit of rood lood 
(loodmenie)),, veranderingen in het oxidatieproces (in verf met okers of ultramarijn) en de vorming 
vann metaalzepen (loodwit, zinkwit, Napels geel of loodmenie verf). 

Hett laatste deel van dit Proefschrift beschrijft het onderzoek naar defecten die gevonden 
werdenn in 17een 19* eeuwse schilderijen van Hollandse schilders als Van Rijn, Seghers en 
Bosschaert,, Cuyp, Vermeer, Hals (Hoofdstuk 6), Van Gogh (Hoofdstuk 8) en de I9e eeuwse 
Amerikaansee schilder Church (Hoofdstuk 7). De onderzochte defecten bestaan uit homogene 
aggregatenn van transparant materiaal met een diameter van ongeveer 100 mm). Geïsoleerde 
monsterss en dwarsdoorsneden van de vijf 1T eeuwse Hollandse schilderijen waarin dit fenomeen 
gevondenn werd, zijn geanalyseerd met FTIR, FTIR-imaging, SEM-EDX, VIS-imaging, en SIMS 
(Hoofdstukk 6). De aggregaten blijken grotendeels uit metaalcarboxylaten te bestaan met lood als 
metaalion.. In de metaalcarboxy laat matrix zijn verschillende mineralen neergeslagen, zoals 
loodmenie,, basisch loodcarbonaat, and basisch loodchloride (fiedleriet). Vergelijkbare defecten 
werdenn gevonden in een gegrondeerd, maar onvoltooid werk van de 19e eeuwse Amerikaanse 
schilderr Frederic Church (Hoofdstuk 7). Verschillende monsters van dit doek werden geanalyseerd 
mett de bovenstaande technieken aangevuld met GC-MS en DTMS. De grondering bestaat uit 
meerderee lagen die loodwit en/of kalk bevatten. Het materiaal dat in de protrusies gevonden 
werd,, bevat vooral loodcarboxylaten van verzadigde vetzuren. Een ionomere olienetwerk fractie 
lijk tt niet aanwezig te zijn. De hypothese voor het ontstaan van deze defecten, protrusies genaamd, 
iss een fasenscheiding van de mobiele, verzadigde vetzuren van het geoxideerde olienetwerk, en 
dee daaropvolgende reactie van deze vetzuren tot loodcarboxylaten. Deze hypothese werd 
ondersteundd door een experiment waarin loodwit kwantitatief tot loodzepen bleek te reageren 
mett vetzuren. De wittige uitslag of "bloom", die ook op dit onvoltooide werk gevonden werd, 
vertoondd een grote gelijkenis met de materialen in de protrusies. De huidige hypothese is dat 
beidenn door een vergelijkbaar mechanisme ontstaan. 

Vergelijkbaree protrusies werden gevonden in Vallende bladeren (Les Alyscamps), geschilderd 
doorr Vincent van Gogh (Hoofdstuk 8). In dit geval hebben de defecten zich gevormd in een verf 
vann loodchromaat, calciumsulfaat, barium sulfaat en zeer waarschijnlijk zinkwit. De protrusies 
inn deze verf bestaan uit zinkcarboxylaten, waarvan het organische deel ook in dit geval 
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Ikk kan mij nog heel goed herinneren hoe ik zo'n 4l/2 jaar geleden voor het eerst achter de FTIR 
zat,, en met een stapeltje artikelen probeerde uit te zoeken wat ik nu eigenlijk ging doen. En nu 
ineenss ligt daar een boekje met in het groot mijn naam voorop. Tussendoor is er heel wat gebeurd 
enn ben ik op vele momenten geholpen en bijgestuurd. AI die personen die daarin bijgedragen 
hebbenn ben ik dankbaar. Ze hebben mijn tijd op AMOLF tot een nuttige en goede tijd gemaakt. 

Ron.. jouw grondig fysisch inzicht is regelmatig gebruikt om onverklaarbare dingen duidelijk 
tee maken. Ik heb veel geleerd over het gemak waarmee verschillende apparaten uit elkaar te 
halenn of aan elkaar te knopen zijn; iets wat nog regelmatig van pas komt. Bovenal, je uitbundige 
enthousiasmee waarmee mijn soms wat sarcastische kijk op tegenvallende resultaten weer in het 
juistee perspectief gezet werd, bleek op een aantal momenten hard nodig. Helaas snap ik nog 
steedss niet waarom je rondjes draait als je maar aan één kant van een kano peddelt. 

Jaap,, de kritische blik op verkregen resultaten, het vermogen al die verschillende technieken 
naastt elkaar te leggen en daar de relevante info uit te halen zijn een voorbeeld geweest. Wat me 
bovenall  bij zal blijven is je tomeloze inzet in de laatste periode. De laatste sessies, tot diep in de 
nacht,, waren vruchtbaar. Ik reken het tot één van mijn betere resultaten datje nu veel positiever 
overr IR denkt dan een jaar of vier terug. 

Eenn ander groots resultaat is het computergebruik van mijn gewaardeerde co-promotor, Prof. 
Vann Asperen de Boer. Het grootste deel van onze samenwerking was gericht op de IRR. Deze 
experimenten,, en laat ik de daarbijbehorende uitjes naar musea en kerken niet vergeten, verenigden 
hett nuttige zeer goed met het aangename. Daarnaast wil ik u hartelijk bedanken voor de lessen 
overr schilderijen, verf, lagenopbouw en onderzoekstechnieken. 

Dee collega's die als vraagbaak gediend hebben, hebben mij voor veel wankele interpretaties 
behoed.. Ik denk vooral aan Jorrit van den Berg, die al vee! langer en beter in de chemie van 
drogendee olie thuis was. Vaak ben ik bij hem binnengelopen: 'LJorrit, ik zie A, kan dat B 
betekenen?".. En steevast was het antwoord: vtEhh, dat ligt niet zo gemakkelijk, want dat kan 
inderdaadd B zijn, maar vergeet ook C en D niet. En ik moet E en F nog even nakijken". Zo 
langzamerhandd ben ik op die manier toch ingewijd in de moeilijke olie-chemie. Ook de enorme 
mogelijkhedenn van data-analyse die Gert Eijkel uit een computer kan trekken hebben me enorm 
geholpen.. Het is jouw verdienste dat ik de matrix-bestanden en berekeningen nu redelijk doorzie, 
enn kan gebruiken. Het kost wel eens wat moeite om een probleem zo interessant te formuleren 
datt je er daadwerkelijk energie in stopt. Maar vervolgens zijn Fourier-transformaties toch ook 
minstenss zo interessant als borrels.... 

Inn de loop der jaren heb ik verschillende mensen ingewerkt op 'mijn' FTIR. De nuttige kant 
daarvann is dat er een discussie over de interpretatie op gang komt. Vooral Muriel en Annelies 
hebbenn zich vol overgave op de spectroscopie gestort. Beiden hebben mij ook flink wat over 
microscopiee en pigmenten bijgebracht, waarvoor hartelijk dank. 

Enn dan natuurlijk de vele andere collega's die mijn verblijf hier verder opgefleurd hebben. Ik 
denkk dan aan Georgiana Languri, Oscar van den Brink, Sander Koster, Petra Novotna, Gisela 
vann der Doelen. Olga Katsibiri, Stefan Luxembourg, Lidwien Speleers. Jerre van der Horst, 
Maree Duursma, Marieke van Veen, Theo van Diepen, Frank Hoogland, Beatrice Marino, Tania 
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Oudemans,, Dominique Scalarone, Annebeth Kerkhoff, Sander Piersma, Romulus Mihalca. 
Nicolass Wyplosz, Achmed al Khalili, Xinghua Guo, Liam McDonnell, Todd Mize, Liz Minor, 
Klaas-Jann van den Berg, Wim Muizebelt en Vincent Klap. 

Eenn speciaal woord van dank is toch wel weggelegd voor Katrien Keune, die in de loop van 
dee tijd met mateloos enthousiasme en inzet de groep een stuk gezelliger maakte. Ik heb genoten 
vann de discussies waarin we 'even' de wereld verklaarden. Moeilijk om je een betere kamergenoot 
voorr te stellen. 

Dee technische ondersteuning binnen AMOLF krijget vele complimenten. En dat is terecht. Ik 
hebb regelmatig ondervonden dat deze mensen werken met enorme toewijding, kennis van zaken, 
enn snelheid. Vooral bij Ad de Snaijer, Wim Barsingerhorn en Frans Giskes ben ik vaak 
binnengelopenn met vragen. Maar ook andere collega's binnen de tekenkamer, E&I, en werkplaats 
hebb ik regelmatig mogen lastigvallen. Dank voor julli e hulp. 

Enn dan al die mensen van buiten AMOLF, die met hun inzet en samenwerking de meest 
interessantee schilderijen, monsters en analysetechnieken beschikbaar maakten. Mijn dank gaat 
uitt naar Hans Brammer, Petria Noble, Jorgen Wadum, Maartje Witlox, Joyce Zucker, Luuk van 
derr Loeff, Suzanne Stangier, Arie Wallert, Margriet van Eikema Hommes. Karin Groen, Thea 
vann Oosten, Peter van den Brink, René Hoppenbrouwers en Ingrid van Rooyen. Ook wil ik 
Marcoo van de Weert en Mieke Wolters-Arts bedanken voor de mogelijkheid uitstapjes te maken 
naarr andere onderzoeksgebieden. De lay-out van dit proefschrift is met precisie, geduld en 
slaaptekortenn verzorgd door Ton Schreuders, waarvoor mijn hartelijk dank. 

Sindss ik Lmet schilderijen werk', worden alle relevante televisieprogramma's en 
krantenartikelenn nauwkeurig gevolgd, bewaard en doorgegeven door mijn ouders. Dank julli e 
well  voor die belangstelling voor mijn werk, en voor al de mogelijkheden en kansen die julli e mij 
gebodenn hebben om dit te bereiken. 

Jaapp Boon heeft zich op een aantal momenten serieus afgevraagd hoe mijn Engels zich zo 
snell  kon ontwikkelen. Dat had zeker te maken met de begeleiding die ik thuis op een iets minder 
formelee basis ontving. (En JaapB beoordeelde zeker niet altijd mijn beheersing van het Engels....) 
Louise,, ik ben echt trots op je. Je bent niet alleen de trouwe steun en toeverlaat, maar ook nog 
eenss een uiterst kritische lezer. Je hebt regelmatig met mijn teksten gestoeid, en vele suggesties 
zijnn direct doorgevoerd. Het is heel speciaal om te leven met iemand die op zo'n manier zowel 
trouwee vriendin als goede collega is. 

Jaap p 
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Fig.Fig. 2.5. VIS-imaging data of paint cross-section HTBS 3/2. taken from the painting Vijf Muzen (1650) by Jan 
Lievens.Lievens. (a) Optical microscopic image, (b-d) false colour score plots showing the localisation of'azurite, ultramarine 
andand indigo respectively, and(e) averaged reflection VIS-spei tra from the highlighted regions in Fig. 2.5, -d. 
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Fig.Fig. 2.6. VIS-imaging data of cross-
sectionsection AI02/II, taken from the 
discoloureddiscoloured robe of Mary Magdalene 
InIn The Seven Sorrows of Mary 
(c.1554)(c.1554) by Pieter Aertsen (1509-
1575).1575). (a) Optical microscopic linage 
showingshowing a partly discoloured blue 
particle,particle, (b) false colour image of the 
intensityintensity of the light reflected at 550 
run,run, (c-d) false colour score plots 
outlineoutline the contours of the 
discoloureddiscoloured rim and the coloured 
core,core, and (e) averaged spectra from 
thethe highlighted regions in Fig. 2.6c 
andand d. 
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Fig.Fig. 2.7. VIS-imaging data of cross-section HTBS 19/7 taken from Frederik Hendrik ontvangt de survivantie voor 
Willemm II I presumably 1650) by Gonzales Coques. (a) Optical microscopic image, (b-c) false colour score plots 
outlineoutline the distribution of the transparent particles and the azurite particles on the right, and (d) averaged spectra 
formform the highlighted regions in Fig. 2.7b and c. 
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Fig.Fig. 2.8. VIS-imaging data of cross-section T07112-C2 taken from Patrick Caulfield's 11936) Interior with a Picture 
(1985-6).(1985-6). (a) optical microscopic image, (b) averaged spet tra oj the three red layers. The insert displays the n on s 
ojoj these layers as a RGB-plot. Red represents the score for layer I. green for laser 4 and blue /"'• layer 6. 
(c)(c) Averaged spectra q) the two yellow lasers. The insert displays the scares oj these lasers as a RG-plot. Red 
representsrepresents the sane for laser 3 and %reen for laser 5. 



Fig.Fig. 3.4. Optical microscopic image* of the different anal) led paint cross-set turns, (a) Paint cross-set Hon prepared 
inin a modern nun <b> Cross-section prepared after tqueezing in a diamond anvil cell (c) Thin section of a cross-
sectionsection embedded in KBr. The numbering oj the layers in die different images is consistent. Elemental analysis 
(SEM-EDX)(SEM-EDX) is presented in Table 3.1. 



Fig.Fig. 4.2. Portrait of a standing Man. panned by Rembrandt van Rijn in 1639. 'Staal luhe Museen Kassei, 

GemaldegalerieGemaldegalerie der Alien Meister, GK 239). A < ross-section is taken from the shadow region Inlaw the man's right 
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Fig.Fig. 4.3. Microscopic images of 'the cross-section laken from the painting shown in Fig. 4.2. (a) Visible microscopic 
image,image, (b)'fluorescence image after UV illumination, (c) a map to localise the different lasers, and (d) displays it 
darkfielddarkfield microscopit image qfa small section ofthis cross-section, indicated by a grey box in Fig, 4.3c. Tins image 
emphasisesemphasises the pale upper part of the dark paint laser I arrow). 
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Ffe.. 4.4. The images on the left are false colour plots displaying the intensity oj the absorbance peaks at (a) 1774 
cmcm . lb) lb) 1650 cm . (e) 1430 cm . (d) 1522 cm . and(e) and(e) 1034 cm Fig. if) facilitates the correlation oj the FTIK 
falsefalse colour plots to the microscopic data in Fig. 4. J. The IR-spectra on the right are obtained from the highlighted 
partpart (indicated by *) m the false colour plots, respectively the (a) varnish laver (b) upper part of the dark paint 

layer,layer, Ic) dark paint layer. Id) white ground, and (e) red ground. 



Fig.Fig. 6.1. Microscopic and microspet troscopic analytical investigations of a paint cross section from The anatomy 
lessonn of Dr Nicolaes Tulp. by Rembrandt van Rijn <MH 146/1). Dotted white line indicates the protrusion. Solid 
blackblack line outlines the area of study in the cross section, (a) SEM image ••how 5 a protrusion as a homogeneous area 
inin a around layer, (b) Visible light microscopy shows the protrusion as a transparent mass, (c) Part of the protrusion 
slumsslums strong fluorescence under UV illumination, (d) A FTIR image at 1724 1 m outlines the embedding material. 
TheThe colour map scale ranges from high (red) via medium {yellow-green) to low (blue) absorption, (e)-(f) I I IK 
imagesimages at 1510 and 2925 cm show the presence of aliphatic metal carhowlates localised in the protrusion, (g) 
FTIRFTIR at 1406 cm mages carbonates that are mainly present in the paint layer as lead white. <h) FTIR reflection 
spectrumspectrum of a point in the protrusion (indicated * in figure le). The observed bands are characteristic for metal 
carboxycarboxy kites, (i)-(l) SIMS images the distribution of lead. CI 6:0 fatty acid, lead salt and chlorine inside the protrusion. 



Fig.Fig. 6.2. Microscopic and microspectroscopit analytical investigations of across section from Garland of flowers 
aroundd an image of the Madonna by Seghers and Bosschaert (MH 256/5). Dotted white line indicates the protrusion. 

SolidSolid black line outlines the area of study in the <n>w section, (a) SIM image showing a homogeneous protrusion, 

inin which a small square particle is observed. Remaining granular paint matrix is present on the sides, (b) visible 

lightlight microscopic image. The whitish protrusion contains some orange particles i see arrow), (c) U\ -fluorescein c 
imageimage shows fluorescence in most oj tins cross-section, (d) FTIR at 1724 cm images the outline of the embedding 
material,material, (e)-(g) FTIR images showing the presence oj CH-nunctics (2928 i in '), carboxylases (1508 < m i ami 
carbonatescarbonates (1403 cm ') in the protrusions, fh)-(i) FUR images ,u 1534 and 1648cm highlight the brownish part 
onon the right sale oj the protrusion I see Fig. 6.2b). A spectrum oj the highlighted part is displayed in figure 21. (j) 
ReflectionReflection FTIR spectrum oj a point in the protrusion (indicated ' in Fig. 6.2f). <k) Transmission FUR spectrum of 
aa protrusion isolated manually. The higher quality of this spet trum compared to the reflection spectrum in Fig 6.2) 
allowallow s identifi, ation of the mineral basic lead i (irhonaie (specific absorptions indicated by arrows). (I) Reflection 
FTIRFTIR spectrum oj tin brownish part tred highlighted in Figs. 6.2h and6.2i) show s the presence of protein, probably 
introducedintroduced in the painting during re lining. 
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Fig.Fig. 6.3. Visible lighi spectroscopy af two lead pigments and orange particles in the paintings studied The spectra 
fromfrom the reference materials minium tPbOj and litharge (PbO) are indicated by the fat orange and yellow curves, 
respectively.respectively. Spectral curves direclh recorded from orange particles in various pain cross-sections show a sharp 
kneeknee around 560 tun which identifies these particles as minium. 



Fig.Fig. 6.4. Microscopic and microspectwscopic analytical investigation of a cross section from Vermeer s Diana and 
herr companions (MH 406/16). Doited white line indicates the protrusion. Solid black line outlines the area of study 
inin the cross section, (a) The SEM image shows 3 more or less separated protrusions (numbered 1-3) that are 
homogeneoushomogeneous and without granular pigments, (b) Visual light microscopy reveals presence of mam orange particles 
inin this cross section, especially in a cluster on the left side of the protrusion. The bright paint layer contains lead 
andand tin fEDX data), (c) The UV- fluorescence image shows the beginning of a craquelurc m the top-paint layer 
ll white arrow). Some red particles are visible around the fluorescing protrusions, (d) FTIRat 1725 cm images the 
outlineoutline of embedding material, (e) The FT1R image at 1064 cm ' localises silicates. This is probably due to smalt. 
asas EDX confirms the presence of cobalt in this layer, (f)-(h) FTIR images at 2928. 1516 and 1401 cm ' indicate that 
carboxylatescarboxylates are present in the protrusions, but they are not so strictly localised in the protruding masses and also 
presentpresent in other parts of the paint layer, (i) Reflection FTIR spectrum of a point in the protrusion (indicated * in Fig. 
6.4g).6.4g). Peaks marked S are indicative for a smearing layer of embedding material. 



Fig.Fig. 6.5. Man is, opic andmicrospectroscopic analytical investigations of a cross sectionfrom Cuyp'sGal with the 
peachess IMH 829/1). Dolled white line indicates the protrusion. Solid black line outlines the area «I Study in the 
crosscross section, (a) SEMimage shows that the paint layer characterised by a very detailed pigment particle distribution 

isis completely replaced by the protrusion with a dramatically different granulometry. (b) Visual light microscopy oj 
thisthis yellow paint layer reveals that the protrusion is not completely homogeneous. l.DX identities only lead in the 
protrusion,protrusion, while leail and calcium were found in small remnants of the ground laser, (c) UV-jluoresience microsco/n 
showshow s the similarity between fluorescence of the small varnish layer on top of the paint laser ami the top part q) the 
protrusion,protrusion, (el) I I IK at 1726 tin images the outline of embedding material, (e) FT1R image at 1393 cm localises 
thethe carbonates in the intact paint layer, (f)-lg) FTIR images at 1515 ami 2927 cm show that < iirhoyylates 11515 
cmcm ) and C H moieties are found mainly in the protrusion. The C-H stretch vibration is also observed in the intact 
paintpaint laser (h) The image at INI) cm show s a small region in which silicates are lound. Similar results were 
obtainedobtained at II HI) cm li) Reflection FTIR spectrum of a point in the protrusion I indicated *  in Fig. 6Sf). 



Fig.Fig. 6.6. Microscopic and microspectroscopic analytical investigations oj a cross section from Hals's Portrait oi a 
mann IMH 928/2). Dotted white line indicates the protrusion. Solid black line outlines the area of Study in the , ross 

section,section, (a) SEM image shows a layered Structure in the bottom of the mainly transparent protrusion. Particle size 

distributiondistribution in the protrusion is completely different from the distribution in the intact paint layer, lb) Visible light 

mi,mi, roSCOpk image of the same cross Section. The protrusion is indicated by a white dotted line. <c) The protrusion 

andand varnish lasers fluorescence in UV light, id) FUR at 1723 cm images 'he outline of embedding material (black 

Unci.Unci. The thick varnish laser shows a small amount of absorption (see arrow), (e) FTIR image at 1519 cm clearly 

highlightshighlights the protrusion, where lead carbowlates are localised, (f) FTIR image at 1397 cm shows high absorption 

ojoj carbonates in the paint laser. Varnish lasers are not highlighted, (g) Reflection FTIR yx > trum of a point in the 
protrusionprotrusion (indicated * in Fig. 6.6e). 



Fig.Fig. 7.1. Macrophoto of the paint surface "l OLI984.I22. 

Fig.Fig. 7.2. Optical microscopy of embedded paint cross section OLI9H4.122/3. 



Fig.Fig. 8.1. Falling Leaves (Les Alyscamps) by Vincent vein Gogh, 1888 (Museum Kröller-Müller, Otterlo, the 
Netherlands,Netherlands, lm: Km224, F486). 

1 1 

Fig.Fig. 8.2. Macro-photograph of a detail in the orange paint surface oj Falling Leaves (Les Alyscamps). 



Fig.Fig. 8.3. Microscopic images of cross-section KM224/2a, taken from KM224. (A) Visual light microscopy. The 
numbersnumbers in this image indicate the positions where single point EDX spectra have heen recorded. (H) Fluorescence 
microscopymicroscopy of this cross-section. 
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Fig.Fig. 8.7. Microscopy and transmission FTIR spectra of a manually separated, inhomogeneous sample KM224/4). 
(A)(A) Visual tight microscopic image of the sample after squeezing in the diamond cell. (B) Fluorescence image of the 
samesame sample. (C) Infrared Spectra of the regions 1-3 indicated in A. 

Right-handRight-hand image: Fig. H.5. Imaging FTIR of KM224/2a. The spectra in the FTIR data-set were clustered by the 
projectionprojection algorithm on the basis of their high similarity I See Chapter 2 of this Thesis). The locations of the clusters 
areare highlighted in the score-plots. (A) Score plots of three different clusters showing the paint layer (red), the 
groundground layer (green) and the embedding medium (blue). (B) Score plots of three different clusters showing the paint 
layerlayer | red), sulphate-rich parts in the paint layer (green) and the ciggregrale (blue). (C) Mean spectra of each of the 
clustersclusters shown in A and B. 
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Fig.Fig. 8.8. Imaging-FTIR of KM224/4 {same sample as Fig. 8.7). The vpectrain the FTIR data-set were clustered by 

thethe projection algorithm on the basis of their high similarity I.see Chapter 2 oj this Thesis). The locations of the 

ClustersClusters are highlighted in the score-plots. (A) Score plots of three different clusters showing the areas I. 2. and 3 

|| w ( Fig. 8.7a) as red. green and blue respectively. (B) Score plot oj the dusters showing the upper and lower part 

ofof area 3 (See Fig. 8.7a). (C) Averaged spectra of the dusters shown in Figs. 8.8A and B. 
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