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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. 
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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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