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QQ T HE IDENTIFICATION OF PIGMENTS IN 

PAINTT CROSS-SECTIONS BY REFLECTION 
VISIBLEE LIGHT IMAGING 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 Introduction 

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 origin 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 Hardware 
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 Calibration 
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, ultramarine 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 with 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. 
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