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Summary y 

Forr centuries, painting has been man's visual expression of his imagination 
andd observation. Already in medieval times the oils of linseed, poppyseed, and 
walnutt were used as a pigment binding medium to achieve this. These so-called 
dryingg oils were known to form dry films when exposed to air. Although oil paint 
hass been used for centuries, there are still many questions about the properties, use 
andd curing and ageing of the oil paint system, despite all our present physical and 
chemicall  knowledge and the availability of a wide range of analytical instruments 
andd methods. 

Oncee the oil painting has been created it is not a stable system and in time 
thiss system changes as a result of processes that take place on a molecular level. 
Somee of these processes are necessary for the paint to harden, e.g. oxidation, but at 
thee same time these processes also have a negative effect on the durability of both 
thee organic and inorganic materials used to create the work of art. These changes 
aree driven by external factors such as the temperature, humidity, light intensity and 
thee presence of pollutants. Unfortunately, the processes inevitably will lead to the 
decayy of the work of art, a process that is now understood to be irreversible. The 
fatee of every oil paint will be different due to the large number of variables that 
determinee its quality and drying properties and due to the methods of paint 
modificationn and application by the painter. However, by studying the changes on 
aa molecular level in more detail, a detailed insight into the chemical condition of 
paintingss is obtained. This will help in taking measures to reduce the rate of decay 
andd it may help the conservator in deciding how to treat the work of art with a 
minimall  effect on its delicate internal chemistry to prevent further damage. 

Thiss thesis contributes to the determination and understanding of the 
internall  chemistry of oil paint systems at the different stages in their lifetime. 
Chapterr 1 gives a short introduction into the historical development of (oil) paints, 
followedd by the most relevant analytical research on (aged) oil paints that has been 
publishedd and a short overview of the chapters to come. Subsequently, in Chapter 
22 an extensive literature survey is given about the properties and chemistry of oil 
paints.. This includes (traditional) manufacturing methods of the freshly pressed 
oilss and their effects on the oil composition, the (chemical) drying of oil and oil 
paints,, and the possible interactions with organic and inorganic pigments that are 
introducedd into the oil. All this has been done with a special focus on the resulting 
chemicall  composition and the effects of ageing. The developmental stages of oil 
paintt are summarised in a theoretical model that is introduced at the end of the 
chapter.. The main idea put forward and explored further in this thesis is the 
transitionn from a cross-linked network of triacylglycerols to a metal bound 
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ionomericc network resulting from hydrolysis of the glycerol ester bonds and the 
interactionn with pigments. 

Thee work described in this thesis focuses on analytical chemical 
investigationss of oil paint systems and the information that can be obtained from 
thesee studies in relation to a model of an ageing oil paint. Different analytical 
methodss are used for the investigation of degradation products and cross-linked 
materialss formed upon processing of a number of traditionally prepared linseed 
oils.. The techniques included high performance size exclusion chromatography 
(HPSEC),, Fourier transform infrared spectroscopy (FTIR), high-performance 
liquidd chromatography - atmospheric pressure chemical ionisation - mass 
spectrometryy (HPLC-APCI-MS), direct temperature resolved mass spectrometry 
(DTMS),, matrix assisted laser desorption/ionisation time-of-flight mass 
spectrometryy (MALDI-TOF-MS) and electrospray ionisation Fourier transform ion 
cyclotronn resonance mass spectrometry (ESI-FTICR-MS. The results obtained are 
presented,, compared and evaluated in Chapter 3. The various 19th century methods 
forr preparation of the oil were found to have a great influence on the composition 
off  the oil used for the paint manufacture. Different levels of both cis-trans 
isomerisationn and oxidation could be observed. Oils that had been treated in the 
presencee of lead show incorporation of higher numbers of oxygen atoms and in 
addition,, divergent oxidation patterns were observed. Cross-linked products up to 
hexamerss were preferentially observed in the heated oils. 

Thee combination of desorption/pyrolysis and mass spectrometry for the 
fingerprintingg of linseed oil and paints derived from it, is described in Chapter 4. 
Thiss approach makes it possible to derive information on the chemical and 
physicall  properties of the dried oil paint. Direct temperature resolved mass 
spectrometryy (DTMS) of relevant reference materials, e.g. free fatty acids, metal 
soaps,, and triacylglycerols, as well as cured and aged paint is presented in the form 
off  total ion currents and 16 eV ionisation mass spectra. The applicability, 
advantagess and disadvantages of the technique are discussed in detail. It is shown 
thatt the DTMS technique not only provides information on the relatively volatile 
non-cross-linkedd fractions within a paint sample but also on the presence of non-
volatilee cross-linked material and/or metal salts. 

Apartt from cross-linked systems, low molecular weight breakdown 
productss are formed within the oil paint due to oxidative cleavage of the 
triacylglycerolss and the hydrolysis of their ester bonds. This fraction of the paint 
systemm has been characterised in more detail. A comparison of the analytical 
resultss obtained by on-column injection gas chromatographic (GC(/MS)) analysis 
afterr wet chemical work-up and by on-line Curie point pyrolysis GC/MS using in-
situsitu (trans)methylation with tetramethylammonium hydroxide (TMAH) is 
presentedd in Chapter 5. A variety of paint samples of different age, history and 
compositionss have been analysed and new compounds formed upon oxidation of 
thee unsaturated fatty acids are presented that have not been reported before. The 
secondd part of Chapter 5 describes a study on the formation of a-methylated fatty 
acids.. These compounds are by-products formed upon the use of TMAH as a 
(trans)methylationn reagent in combination with Curie-point pyrolysis GC/MS. 
Theirr formation could be related to the presence of methanol during the drying 
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step,, before the thermal dissociation of the fatty acid TMAH derivatives. A 
hypotheticall  explanation is presented to account for the differences observed 
betweenn the results when using aqueous or methanolic TMAH solutions. 

Thee hydrolysis of ester bonds of the cross-linked oil triacylglycerols within 
thee paint is addressed in Chapter 6. A two-step analytical derivatisation method has 
beenn developed suitable for the determination of the degree of hydrolysis of oil 
paintt samples. In the first step, esterified fatty acids have been converted to their 
ethyll  esters whereas in the second step both free fatty acids and metal soaps are 
trimethylsilylated.. Subsequent analysis by GC/MS using on-column injection 
showss the ratio of the two derivatives, which gives information about the % of 
acylglycerolss remaining in the paint. In this way, a general relationship is 
establishedd between the age of the oil paint and the progression of the hydrolytic 
processess on the basis of the analytical results obtained on an extended range of 
(model)) oil paint samples. The decrease in the relative amount of esterified fatty 
acidss as the oil paint ages supports the idea of an aged oil paint as an ionomeric 
structure. . 

Chapterr 7 reports two case studies in which the variety of analytical 
methodss is applied to characterise the so-called bloom on the paint surface. The 
possiblee origin and theoretical considerations in relation to this phenomenon are 
discussedd in more detail. The first case of bloom formation is studied on primed 
piecess of canvas that were in the possession of the 19th century American artist F. 
Church.. The bloom phenomenon is investigated using several mass spectrometric 
techniques,, including secondary ion mass spectrometry (SIMS), GC/MS with on-
columnn injection, and DTMS. The bloom of the paint surface is shown to be 
composedd of long-chain saturated C16 and C18 fatty acids and their lead salts. The 
degreee of hydrolysis of the unusually oil-rich upper paint layer is shown to be 85%. 
AA very substantial part of these fatty acids is not trapped in ionomeric structures, 
whichh is the main cause why fatty acid crystals appear at the surface. 

Thee second case involves a study on the exudation of whitish organic 
crystalss observed on a number of paints of the painted works of art by the 
Americann painter Frank Stella. A number of analytical techniques are used to 
identifyy the paint materials, including DTMS, GC/MS, and scanning electron 
microscopyy (SEM). The crystals are identified as saturated C16 and C18 fatty 
acids.. The composition of the different paints is complex and includes a mixture of 
alkydd paint with another oil paint. One alizarin-lake coloured paint with exuded 
fattyy acids shows a colour change that is related to an increase in internal 
alkalinity.. The degree of hydrolysis of this relatively young paint is already 40%. 
Thee absence of particles with the capability to trap (negatively charged) FAs leads 
too an excess of mobile FAs that end up on the paint surface. 

Gass chromatography, coupled with mass spectrometry is the main 
techniquee used in this thesis for the separation and identification of the low 
molecularr weight compounds present within oil paints. Different derivatisation 
methodss are used throughout the thesis and large number of compounds has been 
presented.. An atlas of the 70 eV ionisation spectra of the most important 
compoundss and their derivatives is provided as an appendix at the end of the thesis. 
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