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Chapterr 1 

Introduction n 

TheThe technical investigation of organic pigments in easel paintings is not 
withoutwithout problems. Pigments have complex chemical compositions; details of their 
manufacturingmanufacturing processes are generally unknown and dramatic transformations of 
thethe colouring properties are observed with the passing of time. Characterisation of 
thethe chemical composition is greatly complicated by the particularly small size and 
complexcomplex arrangement of the samples available for analysis. Microscopic samples 
areare preferably studied as paint cross-sections, but the finest methods of molecular 
analysisanalysis available today (chromatography and mass spectrometry) are not very 
compatiblecompatible with this sampling method. In practice, investigation of organic 
pigmentspigments in cross-sections remains often inconclusive by the lack of a suitable 
methodmethod of analysis. This dissertation explores a new approach to the analysis of 
organicorganic pigments found in easel paintings, using laser desorption mass 
spectrometryspectrometry (LDMS). LDMS makes it possible to investigate the surface of paint 
cross-sectioncross-section with a spatial-resolution down to 10 fjm utilising the analytical 
methodmethod of mass spectrometry. 

ChapterChapter I rationalizes the purpose of our study and outlines the main 
resultsresults that will  be presented. Basic information is provided on artists' organic 
pigmentspigments and the analytical methodology used today for their molecular 
investigationinvestigation in the field of the Conservation Sciences. After identification of the 
limitationslimitations of the current techniques we will  explain the new prospects offered by 
thethe utilization of LDMS. 
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ChapterChapter 1 

1.1.1.1. Introduction 

Easell  paintings represent an essential part of our cultural heritage and have 
aa major artistic and historical significance. Undoubtedly, it is imperative to best 
conservee this heritage for generations to come. In the last decades, scientific 
studiess are playing an increasing role in the conservation of works of art 16. There 
iss notably a growing interest in the characterisation of paint materials and the 
elucidationn of their ageing mechanisms. Advances in the techniques of 
investigationn are giving more insight into these complex issues and the 
developmentt of new analytical methodology is an important task of conservation 
scientistss 7"9. 

Technicall  investigations of organic colouring materials in works of art 
concernn principally their identification, the investigation of their degradation 
processess and the prevention of their further degradation. Investigation of easel 
paintingss is particularly problematical because colouring materials are present in 
veryy small quantities, thoroughly mixed with many other compounds, and because 
ageingg phenomena have often resulted in molecular degradation and fading of the 
originall  colours. In addition, samples removed for analysis are very small in size 
andd have an intricate multi-layered structure, which represents a real challenge for 
thee analytical chemist. Samples are usually prepared as thin or cross-sections to be 
investigatedd by microscopic techniques, and large collections of sectioned samples 
aree kept today in conservation laboratories. 

Severall  analytical techniques provide the conservation scientist with 
molecularr information on the organic pigments. The best information is obtained at 
thee moment with chromatography and mass spectrometry, but these techniques 
cannott be applied to the study of cross-sections, and paint samples are usually 
dissectedd prior to investigation. Microscopy and spectroscopy are the methods of 
choicee for the study of sectioned samples, but they do not provide the same degree 
off  information. In many cases, organic pigments are not present in sufficient 
quantityy for detection and strong interferences of the other paint materials can 
impairr the analysis. Therefore, the characterisation of organic pigments in easel 
paintingg samples often remains speculative or relies on circumstantial evidence 
providedd by the identification of the inorganic substrate used as a "carrier" of the 
colour.. Characterisation of very thin organically pigmented layers (in tens of 
micrometers),, which cannot be accurately dissected, and the study of the influence 
off  the different materials on each other (within or between layers) remain almost 
impossiblee to address at a molecular level. So, there is a great need for an 
analyticall  technique that could perform molecular identification of very small 
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amountss of organic pigments, present in complex mixtures of aged materials, 
preferablyy using samples in the form of thin or cross-sections. 

Thiss thesis presents research into the application of Laser Desorption Mass 
Spectrometryy (LDMS) to the study of such samples. Sections 1.2. to 1.4. outline 
thee general characteristics of the preparation and use of organic pigments in easel 
paintings,, as well as the particular deterioration issues involved. Section 1.5. gives 
aa brief overview of the different analytical methods currently in use for the study 
off  organic pigments, and rationalises the use of LDMS by describing the 
perspectivee offered by this novel method of analysis. Finally section 1.6. and 1.7. 
specifyy the experiments addressed in this thesis and outline the results obtained. 

1.2.1.2. Structure of an easel painting 

Paintingg materials studied in the framework of the MOLART project (see 
preamble)) cover the period of time ranging approximately from the 15th to the 20th 

century.. During this period, painting techniques, materials and studio practice have 
evolvedd continuously l0~15. Every artist has its own style, and it is hardly an 
exaggerationn to say that the chemical composition of each work of art is unique. 
However,, the great majority of easel paintings share common characteristics and 
sampless under investigation in this thesis present habitually a multi-layered 
arrangement.. In the sectioned view shown Figure 1.1, we give a schematic 
examplee of the structure of an easel painting to illustrate the spatial distribution of 
thee different paint materials. 

Paintt layers 

Priming g 

Animall glue 

^ A ^ A ^^ Canvas 

Figuree 1.1 Typical build-up of an easel painting (in cross-section). 

Inn this depiction, preparation layers (called ground or priming) are applied 
onn a support, for instance a canvas stretched onto a wooden frame. These layers 
makee the surface of the support less absorbent and sufficiently smooth to receive 
thee paint layers. A preparatory drawing, sketched with a piece of charcoal or a 
pencil,, is made on this ground layer. On top of these preparative layers, the various 

^ r . . 
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colouredd paint layers are found. Finally, a protective varnish layer - a natural resin, 
possiblyy pigmented - contributes to the final appearance of the painting. 

Colouredd paint layers are made from ground pigments mixed with a 
bindingg medium, commonly egg tempera or a drying oil (such as linseed oil), or a 
modernn synthetic polymer or composite. Each of these layers contains different 
components.. Paint layers are placed in a highly heterogeneous fashion on the 
surfacee of the support and their thickness typically varies from a few to hundreds 
off  micrometers. Organic colouring materials are found entangled in a complex 
arrayy of inorganic and organic paint materials. Organic lakes were particularly 
appreciatedd for their use in transparent top layers known as glazes. Such pigments 
weree added in low concentrations to the medium and applied as a relative thin 
layerr where their refractive index was matched with the organic binder. Light 
passespasses through this film and reflects from the layer beneath it, providing a unique 
effectt of transparency. 

1.3.1.3. Traditional and modern organic pigments 

Pigmentss traditionally employed in easel paintings are for the most part 
minerall  matter (such as ultramarine, azurite, ochre, sienna, umber) or the result of 
(al-)) chemical synthesis (such as lead white, lead-tin yellow, Prussian blue, 
vermilion,, smalt, verdigris). A few pigments however were organic in nature and 
weree prepared from plants or animals. The vast majority of these colouring 

Flavonoidd Anthraquinone Indigotin 

Figuree 1.2 Molecular structures of the three prevalent traditional organic 
pigments:pigments: flavonoid, anthraquinone and indigo. 

materialss belong to the chemical classes of flavonoids (yellow), anthraquinones 
(red),, and indigoids (blue), with basic molecular structures shown in Figure 1.2. 
Theirr colouring properties are known since antiquity in many civilizations. These 

Distinctionn should be rigorously made between pigments, which are insoluble discrete particles in 
suspensionn in the medium, and dyes, which are soluble in their medium of application. However, 
somee colouring materials (such as indigo) can be found both in suspension or dissolved in oil. 
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dyess are largely used for textiles 16' 17. In Table 1.1, some prevalent biological 
sourcess used in easel paintings are listed . 

Organicc reds 

Organicc yellows 

Organicc blues 

 Madder root (Rubia tinctorium L.) 
 Kermes insects {Kermes vermilio Planchon) 
 American cochineal (Dactylopius coccus 0. Costa) 
 Polish cochineal {Porphyrophora polonica L.) 
 Indian Lac (Kerria lacca Kerr) 
 Brazil wood {Caesalpinia brasiliensis L.) 
 Weld {Reseda luteola L.) 
 Persian berries (Rhamnacae species), 

e.g.. Common Buckthorn {Rhamnus catharticus L.) 
 Black oak {Quercus velutina Lam.) 
 Young fustic {Cotinus coggygria Scop.) 
 Old rustic {Chlorophora tinctoria L.) 
 Indigo {Indigofera tinctoria L.) 
 Woad (Isatis tinctoria L.) 

Tablee 1.1 Prevalent natural sources of traditional organic colouring material 
usedused in European easel paintings. 

Thee palette of artists' colours dramatically changed after the emergence of 
chemicall  synthesis in the late 191h century. First synthetic organic pigments 
appearedd with the pioneering works of Perkin, Bayer, Graebe and Liebermann 
Colouringg materials traditionally obtained from natural sources, such as indigo and 
alizarin,, were soon artificially produced in large quantities and at low costs. 
Syntheticc techniques have considerably improved over the years and have led to 
thee production of a broadening diversity of new pigments. Entirely new classes of 
moleculess have been discovered, and the spectrum of colours traditionally 
availablee was dramatically enlarged. Some principal classes of modern pigments 
usedd today in paint formulation are phthalocyanines, quinacridones, perylene and 
azoo dyes, with basic molecular structures exemplified in Figure 1.3. Exact or 
similarr synthetic equivalents to traditional colouring materials have been found, 
andd production from animal or vegetable sources has been virtually supplanted. 
Today,, synthetic organic pigments represent the largest part of the commercially 
availablee artists' colours " . 
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CII  OCH3 H3CO ci 

Figuree 1.3 Modern pigments: example of a phtalocyanine (C.I. PB15), a 
quinacridonequinacridone (C.I. PR122), and an azo dye (CI. PY83). 

1.4.1.4. Categories of pigments under investigation 

Analyticall  issues in the study of artists' organic pigments strongly depend 
onn their manufacturing methods and use. Three groups of pigments must be 
distinguishedd for technical investigations: traditional organic pigments divided in 
(1)) mordanted colouring materials and (2) non-mordanted colouring materials, and 
(3)) modern synthetic pigments. 

Firstt of all, it is necessary to make a distinction between traditional organic 
pigmentss and modern synthetic pigments. Colouring materials used to produce 
traditionall  organic pigments were obtained from plants and animals. The colouring 
compoundss were not isolated in pure form. Colours from biological sources have a 
complexx composition varying as a function of many factors such as species, 
geographicall  origin, period of crop, etc. Habitually no documentation has been 
recordedd concerning the pigments components and their manufacturing process 
andd only the guidelines of the preparation are known from documentary sources. 
Modernn synthetic pigments on the contrary are the result of controlled chemical 
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reactions.. They have a considerably higher degree of purity, although extra 
componentss might have been added to confer better chemical or physical 
propertiess to the pigments. Pigment composition is usually indicated on the paint 
tubes,, but more detailed information about the manufacturing process is 
proprietaryy and rarely available. 

Amongg the organic colouring materials obtained from biological origin, a 
furtherr distinction must be made between flavonoid and anthraquinone dyestuffs 
onn the one hand and indigo on the other hand. Flavonoid and anthraquinone 
dyestuffs,, that are soluble in water, are found in paintings in a manufactured 
insolublee form called lake ' 2 . Only indigo, does not require this way of 
preparation.. To prepare a lake, dyestuffs are first extracted in solution from the 
plants'' raw material. The colouring material in solution in this plant extract is then 
adsorbedd onto, or co-precipitated with an inert inorganic substrate, called mordant. 
Thiss operation renders the dyestuff insoluble as particles coloured with the dye. 
Thee mordanted dyestuff is collected, washed and dried as a solid coloured pigment. 
Thiss technique is commonly used in the dying of textile, where mordanting is used 
too fix the dye onto the textile fibres. Different types of substrates were used; some 
mainlyy consisted of hydrated alumina, derived from rock alum, whereas others 
weree calcareous (e.g. chalk or gypsum). The substrate could be added in excess to 
improvee the working properties of the pigment, and would serve then as extender. 
Lakess prepared by the addition of alkali and hydrated alumina (called true lakes) 
involvee a complexation between the colouring material and the metal ion produced 
byy alum. If the lake is made by adding only calcium carbonate or calcium sulphate 
andd omitting the alkali, no complexation takes place and the colouring material is 
simplyy absorbed onto the substrate. Preparation of organic lakes for artists is rarely 
documented.. Their original chemical composition in easel paintings is unknown. 
Thee preparation of the indigo pigment stands apart as it implies an oxido-reduction 
reaction.. The reduced form of indigo, indoxyl, is obtained by fermentation of plant 
material.. Indoxyl is colourless and soluble in water. Indigo is formed by oxidation 
off  indoxyl on exposure to air (dehydrogenation with atmospheric oxygen). Indigo 
iss much simpler in composition than organic lakes, but since adulteration was 
common,, the pigment can be of variable quality. 

Variouss authoritative publications listed in the reference section provide 
extensivee information concerning the history and use of artist's pigments for easel 
paintingss l l ' 16' 21' 24~28, as well as the photo-physics and photo-chemistry of 
colouringg materials 29'30. 
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1.5.1.5. Deterioration of organic pigments 

AA serious problem encountered in easel paintings is the fugitive character 
off  organic pigments. Deterioration is mainly caused by light and is noticed by the 
transformationn of pigments into discoloured products, a process called fading. In 
time,, discoloration of pigments causes fundamental changes in the appearance of 
easell  paintings 1_4 . Examples have been reported where colours have completely 
fadedd away. Madder containing glazes on lead white often suffer 39 while green 
paintss made with stable blue and unstable flavonoids may turn blue. 

Colourr stability in organic pigments is a complex matter. It is not only the 
propertyy of the colouring dyestuff, but part of a system comprising the pigment 
substratee and the other paint materials surrounding the pigment (medium and 
inorganicc pigments). For instance, it was observed that when lakes are used in 
pigmentt mixtures rather than as surface glazes, their propensity to lose their colour 
iss reduced '. The surrounding matrix with which they are mixed probably protects 
themm from photo-oxidative damage. In contrast, the use of strongly scattering white 
pigmentss is known to play a deleterious role 44. From more general literature we 
knoww that atmospheric pollutants, the nature of the paint medium, the pigment 
volumee concentration, the paint thickness, etc. might influence the chemical 
degradationn of the pigment. The rate of fading can be reduced thanks to ultra-violet 
filtration.filtration. The original appearance of faded areas in easel paintings has been 
reconstructedd recently with the aid of computers 3I. 

1.6.1.6. Investigation of organic colouring materials in conservation 
science science 

1.6.1.1.6.1. Rationale 

Theree are at least three main reasons for investigating artist's organic 
coloringg materials at a molecular level. 

1.. Understanding of the history and character of easel paintings: Authentication 
off  paint ingredients serves the attribution of the painting, the better 
understandingg of artist's techniques, the history and use of paint materials, the 
predictionn of the appearance changes over the course of time due to material 
deterioration;; and tells whether a pigment is original or was added during a 
successivee restoration. 
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2.. Selection of appropriate methods for restoration treatment: It can tell the 
restorerr whether a paint layer should be removed and determine if any 
chemicall  treatments being considered are likely to be harmful to the colorant 
identified. . 

3.. Establishment of appropriate methods for the care and preservation of easel 
paintings:paintings: The study of degradation processes can tell to what extent pigments 
mayy be sensitive to deleterious environmental conditions (light heat, gaseous 
pollutantss in the atmosphere, etc) and may help in the prevention of their 
furtherr degradation. 

1.6.2.1.6.2. Methodology 

Twoo complementary analytical approaches are commonly employed to 
investigatee artist's organic colouring materials in conservation science. 

Thee first approach concerns the investigation of simplified model systems 
preparedd in the laboratory. Models have been used extensively to study the 
degradationn behaviour of organic pigments. For this purpose, paint components are 
manufacturedd after ancient recipes. The preparation of these so-called 
reconstructionsreconstructions or mock-up samples is supported by research on documentary 
sourcess to match as closely as possible the original composition of the paint. In an 
attemptt to reproduce the natural degradation of paint materials, samples are 
artificiallyartificially  aged by subjecting them to different types of controlled environments 
(light,, temperature, relative humidity, etc.). Ageing behaviour is inferred by 
comparingg colour measurements or molecular analyses performed on fresh and 
agedd samples. 

Thee second approach concerns the investigation of easel paintings 
themselvess 45. Methods of investigation are often classified according to their 
samplee requirements. Several non-invasive methods exist that do not induce any 
damagee to the easel paintings. Nevertheless more detailed investigations are often 
necessary,, which only invasive methods of investigations can provide. For this 
purposee it must be decided to remove samples from representative areas of the 
painting.. This operation is only possible after detailed discussions with the curator 
andd the restorer. Sample removal is evidently realised with the worry to minimise 
thee damage to the painting, and only the very minimum amount of material is 
removed.. The operation is generally realised during restoration, after the varnish 
layerr has been removed giving better access to the paint layers. A chip of paint of 
microscopicc size, i.e. barely visible to the naked eye, is then carved out with the 
helpp of a scalpel under a high magnification microscope. Samples are removed 
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fromm the most inconspicuous areas, preferably from the edge of the painting or 
alongg a crack. The amount of material is generally limited to some micrograms. 

Thesee samples are usually investigated in the form of embedded cross-
sectionssections since this form of preparation gives access to the build-up of the different 
layers.. Samples are embedded in a supportive resin and the resulting blocks are 
polishedd or sectioned. Sectioned samples come in the form of a small block of 
embeddingg synthetic resin (typically a few cubic millimetres) displaying the flat-
sectionedd surface of the paint sample. This operation considerably facilitates the 
samplee manipulation. 

BulkBulk analysis is performed to provide better sensitivity, or with techniques 
unablee to characterise embedded cross-sections. Where possible, the different 
layerss of the paint sample are dissected into isolated fragments prior to analysis. In 
thiss way, it is possible to retain a certain degree of structural information (build-up 
off  the materials within the sample) and to limit the complexity of the analytical 
results.. In any case, the correlation between molecular information and physical 
structuree of the sample is somewhat approximate, especially in comparison to 
studiess of embedded cross-sections. Dissection of samples of such tiny size is 
admittedlyy a difficult operation, and it is not always possible, even to expert hands, 
too isolate one single layer. 

Differentt degrees of molecular information can be sought according to the 
quantityy and complexity of the samples available, and their method of preparation. 
AA first approximation to the identification of organic pigments requires the 
characterisationn of the chemical nature of the substance. Indirect characterization is 
oftenn based on the identification of an inorganic substrate, inferring the presence of 
ann organic pigment, or on the identification of an inorganic pigment, excluding the 
presencee of an organic pigment. Finer molecular information can determine the 
biologicall  origin of an organic pigment (e.g. whether a red organic pigment is from 
animall  or vegetable origin, and in the best case its exact biological origin). 
Characterizationn of the degradation products has been demonstrated with 
reconstructedd models 46, but has never been attained with samples removed from 
easell  paintings. 

1.6.3.1.6.3. Restriction of the analytical approach 

Inn principle, the organic pigments can be investigated with a large array of 
modernn analytic methods. Freeman 47 recently gave an overview of the prevalent 
techniquess used in the study of synthetic colorants, whereas Stoecklein 48 reviewed 
thee methods used in the field of forensic science. The particular characteristics of 
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easell  paintings samples pose however various limitations that hinder investigations 
inn various ways and considerably narrow down the alternatives. 

Firstt of all, the composition of traditional organic pigments is expectedly 
ratherr complex. Early recipes make it clear that considerable variation in the 
sourcess of the dyestuffs, in the chosen substrate and in the mode of preparation are 
possible.. Furthermore, organic pigments in easel paintings are found in complex 
mixturess of paint materials distributed in a heterogeneous way. Generally no 
informationn is available about the manufacturing of the pigment nor the original 
compositionn of paintings. Additional materials (binders, fillers, adulteration 
products)) thoroughly mixed with organic pigments in the paint layers can induce 
strongg interference and mask the signal of the organic dyestuff. Identification is 
moreoverr complicated by the low quantity of organic pigment material relative to 
thee substrate/extender and in the case of lakes by the complexation reaction. 
Finally,, degradation of the materials is assumed to induce dramatic transformations 
off  the chemical composition of paint components, while their mechanism is 
presentlyy hardly understood. 

AA second group of restrictions is due to the microscopic size of the sample. 
Minutee samples are difficult to handle and quantities of materials available are 
insufficientt for many analytical techniques. When prepared as cross-section, only 
surfacee techniques of investigation are possible. Many techniques that prove under 
otherr circumstances perfectly efficient in the study of organic pigments, fail to 
producee clear results with microgram amounts of materials, in microscopic, 
heterogeneouss and multi-layered samples, and with specimens prepared as 
embeddedd sections. This also holds for the study of mordant dyes in historical 
fabrics.. In this case the small size of the sample and very low amounts of colouring 
materiall  are often a limitation for successful analysis. 

1.6.4.1.6.4. Molecular analysis of artists' organic pigments 

AA few analytical techniques however suit the investigation of artists' 
organicc pigments. A good overview of these techniques can be found in 
monographss by Schweppe ' . 

Opticall  microscopy is generally used first for the determination of particle 
colour,, form, distribution, refractive index, oil absorption and grinding properties. 
Thee technique provides highly valuable information about inorganic pigments but 
iss far less conclusive for organic pigments. The transparent character of organic 
lakess makes them particularly difficult to detect. In glazes, layers are very small 
andd the pigment is found in very low concentration. Modern synthetic pigments 
whichh have very small grain sizes (sometimes below lum) cannot be identified. 

11 1 



ChapterChapter 1 

Chemicall  microscopy (sublimation test, staining test and solubility test) is useful to 
reveall  the presence of organic pigments, and leads only in favourable cases to 
identification.. Scanning electron microscopy with electron-induced X-ray 
microanalysiss (EDX) is ideal to study morphological features in addition to 
permittingg elemental analysis of paint fragments. EDX is a particularly sensitive 
methodd for the detection of inorganic pigments, and serves also as a tool for the 
characterizationn of the substrate of organic lakes (giving indirect evidence for the 
usee of organic materials). 

Variouss spectroscopic methods of investigation are useful in the 
identificationn of organic pigments: absorption spectroscopy (Visible, UV, IR)8'50" 

,, X-ray fluorescence spectrometry (XRF), Fluorescence spectroscopy 50'51'55"57, 
Ramann 3|,58 and FTIR spectroscopy 19, 39"67. Colour and spectral reflectance 
measurementss in the visible and near ultraviolet range provide a very accurate tool 
forr the study of colour permanence and fading. FTIR and Raman allow the 
determinationn of functional groups in an organic sample. FTIR is highly successful 
withh pure pigments and can be advantageously combined with microscopy for the 
studyy of cross-sections. However, it has limited success when applied to the 
analysiss of pigment in a binding medium, because of its low sensitivity and poor 
resolutionn 19. 3D-fluorescence 50'56,57 and photoluminescence spectrometry (PLS) 

aree useful non-destructive alternatives, but they contribute not much to a 
thoroughh molecular characterization. 

Chromatographyy and mass spectrometry (possibly hyphenated) are 
certainlyy the methods of choice for the analysis of organic pigments at a molecular 
level.. Successful results are obtained with thin layer chromatography (TLC) 70, 
HPLCC (High Performance Liquid Chromatography 71~79, GCMS (Gas 
Chromatographyy Mass Spectrometry), DTMS (Direct-Temperature resolved Mass 
Spectrometry)i9~80,, Py-GC 3881, Py-GC-MS l9'80 and SIMS 82. 

Al ll  these techniques are capable of dealing with the micrograms amounts of 
samplee available in easel painting analysis. Chromatography offers a high 
sensitivityy in the study of multicomponent samples. Mass spectrometry provides 
particularlyy detailed chemical information by determination of the molecular 
weightt and structural assignment on the basis of fragment ions. Disadvantages of 
chromatographicc and mass spectrometric techniques are found in the need for 
samplee preparation. Dissection of the paint layers and extraction 83 of the colouring 
materialss is not always possible. Derivatization prior to chromatographic analysis 
oftenn used to improve the results is also problematic with samples in very small 
quantitiess that are part of complex mixtures. The spatially-resolved analysis of the 
surfacee of a paint cross-section requires a different approach. 
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1.1.7.7. LDMS of organic colouring materials, a rationale 

Masss spectrometry is well-established for the analysis of dyes, and 
literaturee on the subject is considerable. Van Breemen 84 has reviewed the various 
ionisationn techniques. He notably stressed that none of them are suitable for the 
analysiss of all classes of dyes. In his review the successful use of FAB , ESI and 
APCII  or direct coupling with chromatography such as LCMS in the investigation 
off  the various classes of colouring materials has been described in detail. In the 
fieldfield of conservation science, traditional organic dyes have been studied with ESI 
andd APCI/ITMS 32' 46 and DTMS 37. However, all previous mass spectrometric 
studiess are destructive for the sample, and all ionisation techniques used so far are 
incompatiblee with embedded cross-sections. 

Thee potential of surface mass spectrometry for the study of complex multi-
componentt solid samples have been demonstrated with techniques such as LDMS, 
SIMSS and FAB 85. Here laser beams (LDMS) or particle beams (SIMS and FAB 8S) 
aree used to sample a solid surface with high spatial resolution. Particle beams offer 
higherr spatial resolution (about 1 um) and are particularly well suited for elemental 
analysis.. Lately, elemental imaging of surfaces is possible with commercially 
availablee TOF-SIMS instrumentation. LDMS has proved to be a valuable 
techniquee for mapping of organic macromolecules on a solid surface. Spatial 
resolutionss down to about 20 (im are currently achieved, and automated 
measurementss have been proposed . 

Feww researchers have addressed the topic of laser desorption of organic 
pigmentss and littl e is known about the behaviour of these pigments under the 
differentt desorption and ionisation conditions. Bennett 87 has used LDI for the 
analysiss of mixtures of modern synthetic organic pigments. Each mixture studied 
containedd up to four pigments that could be identified using mass spectrometry. 
Severall  laser shots were used and the resulting mass spectra were averaged to 
producee a mass spectrum with a good signal-to-noise ratio. Quantitative analysis 
wass not carried out because of differences in the ionisation efficiencies of the 
differentt dyes. Dale 88 used two-step laser desorption photo-ionisation to examine 
azo,, anthraquinone or phthalocyanine dyes. MALDI of azo dyes has been reported 
byy Sullivan89. 

LDMS,, which combines the detailed analytical information of MS and the 
possibilityy to study surfaces 87, appears therefore as an adequate technique to study 
organicc pigments in easel paintings and paint reconstructions. LDMS also could be 
ann effective way to sample and analyse dyes directly from the surface of fibres. 
Thuss far, this potential has hardly been exploited. 

FAB:: Fast Atom Bombardment, SIMS: Secondary-ion Mass Spectrometry 
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1.8.1.8. Thesis outline 

Inn this thesis, we have investigated the viability of surface LDMS for the 
studyy of organic pigments. LDMS was developed for spatially-resolved molecular 
analysiss of small surface areas (down to 10 |im). Two ionisation techniques were 
testedd for in-situ mass spectrometric analysis: laser desorption/ionisation (LDI) and 
matrixx assisted laser desorption and ionisation (MALDI) . Spatially-resolved laser 
samplingg was also used in an attempt to analyse pigments by mass spectrometry 
directlyy from the surface of sectioned samples. Attention was focussed on the study 
off  organic pigments in complex mixtures and the effect of the surface composition 
onn the mass spectrometry of paint samples and dyed fibres. This endeavour is part 
off  a more general scheme, which includes TOF-SIMS for elemental mapping as 
welll  as other novel surface analytical techniques, such as imaging-FTIR and 
imagingg reflection VIS/UV fluorescence micro-spectroscopy. Results of this 
researchh are the topic of other volumes of the MOLART series 90. 

Chapterr 2 introduces the use of lasers in combination with analytical mass 
spectrometry,, describing the options chosen in our experiments (type of laser and 
ionisationn techniques) and defining the characteristics of our spatially-resolved 
ionisationn systems (versatility, spatial resolution). It introduces the ITMS and 
TOF-MSS instruments that we have used to investigate natural and synthetic organic 
pigments,, and stresses the performance of the ITMS in MS/MS mode. The 
developmentt of a sample holder for the study of cross-sections is also discussed. 
Chapterr 3 discusses more specifically various experimental issues in order to 
establishh the optimal analytical conditions for the characterisation of organic 
colouringg materials by LDMS. 

Chapterr 4 to 7 are concerned with the analysis of four different groups of 
organicc pigments. Mordanted colouring materials are addressed in chapter 4 
(flavonoids)) and 5 (anthraquinones). In chapter 6, the investigation is focussed on 
indigoo (a non-mordanted pigment). Finally, chapter 7 deals with LDMS of various 
modernn synthetic organic pigments. In these chapters, we will also consider the 
influencee of surrounding materials on the desorption of organic pigments (matrix 
effects),, in particular lead white and aged linseed oil. Some paint samples and paint 
cross-sectionss will be discussed. Wool fibres dyed with indigo or anthraquinones 
aree interrogated by means of spatially-resolved LDMS. 

Inn Chapter 8, a new polishing procedure is presented for the preparation of 
paintt cross-sections for LDMS analysis. Results are demonstrated with FTIR-
imaging,, differential interference contrast microscopy and interference 
profilometry. . 
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1.9.1.9. Main results and implications for painting studies 

Adaptationn of the LDMS technique to the study of easel painting materials 
hass produced contrasting results. On the one hand, the technique provides a 
valuablee tool for the mass spectrometric study of artists' materials, but on the other 
handd analyses results at times in complex spectra or are simply unsuccessful. 

Forr pure reference materials direct laser desorption and ionisation (LDI) 
workss very well and abundant signal can be detected by the mass analysers. 
Comparisonn between ionisation techniques showed that the LDI of organic 
pigmentss provides detailed structural information without the use of a matrix 
(MALDI) .. The strong laser-sample interaction in the case of organic pigments 
highlyy simplifies the investigation of the surface of paint materials because no 
matrixx is necessary. A wide range of traditional and modern organic pigments 
foundd in paintings could be therefore straightforwardly analysed both with the 
TOF-MSS and the ITMS analysers. In the latter case, the abundant number of ions 
reachingg the detector makes it possible to further perform multiple-stage 
experimentss (MS") that may provide additional analytical information. This was 
illustratedd by the differentiation of three flavonoid isomers - luteolin, morin and 
kaempferoll  - on basis of their fragmentation pattern. As each isomer is 
characteristicc of a different plant, these results augured the possibility of 
identifyingg the biological origin of a pigment or a dye from the characterization of 
diagnosticc components. In an MS^-experiment it was possible to follow the 
fragmentationn route of indigotin. Interesting results were also obtained for the 
characterisationn of flavonoid glycosides through MS/MS. However these results 
hadd to be toned down by inconclusive MS/MS experiments conducted with other 
flavonoidd isomers such as quercetin and morin, or apigenin and genistein. Finally it 
appearss that, if in theory the biological origin of a pigment could be identified, this 
wouldd not be the case in all instances. 

AA further step was taken by attempting the identification of plant extracts 
andd organic pigments in the form of lakes, and of dyestuff at the surface of dyed 
fibres.. Luteolin was positively identified in a weld extract which proved that the 
techniquee is valuable in the case of plant extract. Comparison of indigo pigments 
off  synthetic and natural origins indicated that LDMS could be used for their 
differentiation.. Several colouring materials such as indigo or alum-mordanted 
flavonoidd were successfully identified by direct LDI from the surface of a fibre. 
Thesee encouraging results showed that LDI could be used for direct identification 
off  dyes on textiles in particular for the study of complex samples where current 
techniquess such as chromatography failed to produce conclusive information. 
Spectraa of madder lakes showed that the complex form could be observed. Indigo 
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wass positively analysed in mixtures with lead white and oil. Modern pigments 
weree easily identified in acrylic polymer emulsions. 

Unfortunatelyy it was not possible to reveal the complex form of a weld 
lakee by any of the LDMS approaches. This negative result limits the prospect of 
characterizingg yellow organic pigments in easel painting samples by LDMS since 
yelloww organic colouring materials were mostly used in the form of lakes. In 
addition,, analytical information provided by LDMS does not match results 
obtainedd by chromatographic techniques. Here only the major components could 
bee identified whereas chromatography has been proved to identify additionally 
minorr components. 

Inn many instances LDMS was successfully used for the investigation of the 
locall  molecular composition of the surface of paint samples. In the case of paint 
cross-sectionss however, spatially-resolved LDMS gave only limited results. 
Positivee results were shown in the case of indigo-containing mixtures and with a 
feww samples from museum collections, showing that the approach is meaningful in 
thee study of artists' materials. However, all samples investigated did not deliver 
conclusivee spectra. An explanatory hypothesis assumes that only the paint material 
revealedd at the surface can be successfully ionised and detected. More research will 
bee needed to understand these limitations and to fully capitalize upon the 
capabilitiess offered by the LDMS techniques. 
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