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SIMSS studies on oil binding media in 
paintt cross-sections 

SecondarySecondary ion mass spectrometry (SIMS), a relatively novel 
techniquetechnique in painting research, was applied to identify and 
localiselocalise of oil binding medium constituents in paint cross-sections. 
ThisThis chapter is divided into three sections: J) the interpretation of 
thethe SIMS spectra. 2) the localisation of organic constituents of oil 
paint,paint, and 3) the enhancement of the organic ion yields. 

InIn the first section, three mass spectromelric techniques. 
SIMS,SIMS, direct temperature resolved mass spectrometry (DTMS) and 
gasgas chromatography/mass spectrometry (GC/MS), are applied for 
thethe analysis a natural and accelerated aged linseed oil paint 
reconstruction.reconstruction. The comparative study facilitated the significance 
ofof the ions produced by SIMS and demonstrates the advantages 
andand limitations of oil medium identification with SIMS. 

InIn the second section, the ratio between palmitic and 
stearicstearic acid (P/S ratio) indicative for the type of oil used in the 
paints,paints, is determined directly from the paint cross-section by 
analysisanalysis of the negative ions of palmitic and stearic acids. The P/S 
ratiosratios are determined in test samples and in various layers present 
inin paint cross-sections from 15th- to 19'h-century paintings. The 
positivepositive ion SIMS mass spectrum gives information on the specia-
tiontion of the fatty acids in free, ester-bound or metal carboxylate 
form,form, which is indicative of the drying stage of the oil. 

InIn the third section, the surface of a cross-section is coated 
withwith an ultra-thin gold layer, which improves the yields of 
secondarysecondary ions from the fatty acids and diacids. A comparative 
studystudy of a native and gold-coated surface from an aged linseed oil 
paintpaint reconstruction demonstrates the enhancement of the yields 
ofof organic ions produced by SIMS in a paint cross-section rele-
vantvant for painting studies. 
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3.11 Secondary ion mass spectrometry characterisation of tradi-
tionall oil paint: comparative studies with DTMS and GC/MS 

3.1.11 Introduction 

Bindingg medium analysis, on a paint scraping of 10-I00 ug, is traditionally 

carriedd out with well established mass spectrometric techniques, such as GC/MS and 
i- j j 

DTMS.. The disadvantage of analysing a scraping is the loss of the information 
concerningg the spatial distribution of the organic constituents in the multi-layered 

paintt systems. Secondary ion mass spectrometry (SIMS) offers the opportunity to 

overcomee this problem as it is a highly sensitive surface analytical mass spectrometry 

technique.. With this technique the oil binding medium can be identified and localised 

inn a multi-layered paint system by analysing paint cross-sections. SIMS is a rela-

tivelyy new technique in painting research and it is therefore important to compare its 

analyticall  information with that from other mass spectrometric techniques such as 

GC/MSS and DTMS. Exact attribution of the mass peaks in the SIMS spectra is 

complexx as no separation method is coupled to this mass spectrometric technique. 

Inn this chapter we focus on the oleaginous-containing binding media. Oil is a 

historicallyy important binding medium and much work has been reported on the 

compositionn and drying properties. ~ The main components of oil are triacyglyc-

erols,, which react during drying and aging of the paint film. The polyunsaturated 

moietiess in the triacylglycerols of the fresh oil form radicals, which react with oxygen 

too form a cross-linked network. As the three dimensional network ages hydrolysis of 

thee ester bonds occurs leading to free fatty acids groups, diacids and acid-rich network 

oligomers.. These acid groups are immobilised and stabilised by coordination to metals 

(suchh as lead), originating from pigment or drier, to form metal carboxylate bonds. 

Thee obtained mature aged oil paint therefore consists of polyanionic ionomer 

networks. . 

GC/MSS or DTMS studies on oil paint result in detailed identification of inl-

andd saturated, oxidised and unsaturated, mono- and di-carboxylic acids in free form, 

esterr or metal bound as well as, various oxidation products and metal present. Some 

informationn of the inorganic components of the paint film can also be obtained by 

DTMS.. A systematic SIMS study on the characterisation of mature oil paint systems 

iss not found in the literature. The few oil studies described reported focus mainly on 

thee characterisation of the fatty acid constituents of oils. Fatty acids are have been 

extensivelyy studied with SIMS in self-assembled monolayers, such as Langmuir-
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Blodgettt films. '" Furthermore, analyses on lipids e.g. phospholipids in biological 

sampless provide relevant information on the ionisation processes of fatty acids. 

Fattyy acids under SIMS conditions form quasi-molecular ions [M+H] ' in the positive 

ionn mode and [M-H] - in the negative ion mode. The main fragmentation of di- and 

monocarboxylicc acids in the positive ion mode is lost of water [M + H - H20]~ and 
20.. -J. 25 

losss of formic acid [M + H - HCOOH]+ in case of a dicarboxylic acid. Recently. 

Spooll  (2004) has postulates proposed a model or the ionisation and fragmentation 

pathwayss of carboxylic acids and corresponding esters." 

Inn this chapter, we compare the analytical data obtained from well defined 

paintt samples, by three distinct mass spectrometric techniques: SIMS, py-TMAH-

GC/MSS and DTMS. The selected samples are naturally and artificially aged tradi-

tionall  lead white oil paint reconstructions. The naturally aged oil paint sample is a 

relativee young paint whereas the artificially aged sample approaches a mature oil 

paint.. These two aging stage will be characterised with SIMS, which will be evaluated 

inn a qualitative manner by comparing with pyrolysis-tetramethylammonium hydroxide 

melhylationn gas chromatography/mass spectrometry (py-TMAH-GCVMS)and DTMS 

equivalentt spectral data. SIMS spectra of reference materials are used to assist the 

detailedd characterisation of the different oil constituents analysed. 

3.1.22 Methods and materials 

3.1.2.13.1.2.1 Analytical techniques 
3.1.2.LI3.1.2.LI SIMS 

Thee static SIMS experiments were performed on a Physical Electronics (Eden 

Prairie,, MN) TR1FT-1I time-of-flight SIMS (TOF-SIMS). The surface of the sample 

wass scanned with a 15 keV primary ion beam from an I , 5In+ liquid metal ion gun. 

Thee pulsed beam was compressed (bunched) to ~1 ns to obtain a better mass resolu-

tion,, a current of 60 pA and the spot size of- 120 nm. The primary beam was raslered 

overr a 150 x 150 uin sample area, divided into 256 x 256 pixels. The measurements in 

bothh positive and negative mode were made, each with a total primary ion dose of 1.0 

xx I012 ions/cm-, well within the static SIMS regime. The surface of the sample was 

chargee compensated with electrons pulsed in between the primary ion beam pulses. To 

preventt large variations in the extraction field over the large insulation surface area of 

thee sample a non-magnetic stainless steel plate with slits (1 mm) was placed in top of 

thee sample. 

Tinyy paint samples of the paint film ZD and ZDC taken from the Melinex 
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sheetss (see section 3.1.2.2 for further details on these samples) were attached to a 

glasss substrate and analysed. Stearic acid (Sigma-Aldrich Chemie GmbH) was pressed 

intoo a tablet using a high power KBr pellet press. Tristearin (Sigma-Aldrich Chemie 

GmbH)) was dissolved in a mixture of ethanol (Biosolve) and dichloromethane (Fluka) 

(33 : 7) and dropped onto a silicon substrate. After evaporation of the solvents the tris-

tearinn was measured with SIMS. A well homogenised mixture of chalk (Merck) with 

1%% lead stearate (kindly supplied by M. Verhoeve, University Leiden, The 

Netherlands)) was pressed into a tablet using a KBr pellet press. 

3.3. 1.2.1.2 DTMS 

Althoughh the sensitivity of the DTMS method allows analysis of smaller 

samples,, approximately 50-100 jig was scraped off the Melinex support and 

homogenisedd into ethanol {- 100 jil) , in order to ensure statistically more representa-

tivee sampling. Aliquots of 2.5 ul of the sample suspension were deposited on a 0.1 

mmm diameter, platinum/rhodium (90 : 10) filament (Drijfhout, The Netherlands) of the 

DTMSS probe. DTMS analyses were performed on a JEOL JMS-SX/SX 102A four-

sectorr instrument of B/E-B/E geometry. In the ion source of this instrument, the wire 

wass resistively heated by ramping the current at a rate of 0.5 A/min. Using this ramp 

thee temperature was linearly increased from ambient to approximately 800 °C in two 

minutes.. Desorbed and pyrolysed material was ionised by 16 eV electron ionisation. 

Thee mass spectrometer was scanned over a m/z range of 20-1000 using a I s cycle 

time. . 

DTMSS analysis of the reference materials was performed under the same 

conditions,, using \\M ethanol solutions. Similarly to previously described, aliquots of 

1-22 JAL were applied on the platinum/rhodium (90 : 10) filament. 

3.1.2.1.33.1.2.1.3 On-line TMAH (tetramethyktmmonium hydroxide) methylaiion Py-TMAH-

GC/MS GC/MS 

Thee samples were analysed by Curie point Py-TMAH-GC/MS equipped with a 

reagent-ventingg module. A small sample (50-200 |ig) was placed in a GC vial and 50 

p:LL of TMAH (2.5% w/v in H20) was added. The vial was capped and placed in the 

ultrasonicc bath for 5 minutes until a Cmc suspension was formed. About 2-5 faL of the 

paintt film suspension was applied to the rotating 610 °C Curie point wire and the 

samplee dried in vacuo. The ferromagnetic wire was inserted in a glass liner and placed 

inn the pyrolysis unit (temperature of the base of the pyrolysis unit 185 °C). Curie-

pointt pyrolysis was performed with a FOM 5-LX pyrolysis unit. The ferromagnetic 

wiree was inductively heated for 9 s in a 1 MHz RF field to its Curie-point temperature 

(6100 X ) . Methylated compounds were Hushed into the pre-column/column set-up 
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mountedd in a Carlo-Erba gas chromatograph {series 8565 HRGC MEGA 2) coupled 

directlyy to the source of a JEOL SX 102A/1U2, a double sector instrument via an 

inhousee build interface, kept at 300 °C. Pre-column: Chrompack VF-lms, length 3 m, 

idd 0.32 mm, film thickness 0.10 jum. Analytical column: Chrompack VF-5 ms, length 

300 m, internal diameter 0.32 mm, film thickness 0.50 urn. 

TMAHH is a basic reagent, known to attack the bonded phase of the column. In 

orderr to eliminate most of the unreacted TMAH, a venting module was installed 

betweenn the pre-column and the analytical column. This module is open for 10 

secondss during pyrolysis to remove the very volatile reagent while concentrating the 

samplee on the retaining pre-column. The slightly less polar bonded phase of the 

retainingg pre-column was chosen due to its higher resistance to reagent attack. Helium 

wass used as carrier gas at a How rate of approximately 2 ml/min. The initial oven 

temperaturee was 50 °C, maintained for 2 minutes then increased to 320 °C at a rale of 

88 °C/min. Ions were generated by 70 eV electron impact ionisation. The mass spec-

trometerr was scanned from m/z 40-800 with a cycle time of Is. A JEOL MS-

MP9020DD data system was used for data acquisition. The 70 eV electron spectra of 

thee eluted compounds were used for structural identification, normally insufficient in 

lake/pigmentt identification. 

3.1.2.23.1.2.2 Samples 
Thee lead white-containing linseed oil paint reconstruction (ZD) was prepared by 

Carlylee in 1999 in the course of the MOLART project at FOM-AMOLF using freshly 

pressedd linseed oil (linseeds provided by MACOS bv., Swifterbant, The Netherlands) 

mixedd with Dutch stack process lead white {loodwit Schoonhoven de Kat, in stock at 

MOLART).. The paint was applied on polyester film (Melinex) and kept under 

ambientt conditions. A three-year-old sample was taken from these paint films in 2002 

andd analysed with SIMS. Part of the ZD paint film was artificially aged for 30 days at 

500 °C and 80% RH marked as ZDC. 



3.1.33 Results 

3.1.3.13.1.3.1 SIMS of linseed oil-containing paint reconstructions 
3.1.3.1.13.1.3.1.1 SIMS of reference compounds - positive ions 

Thee spectra of reference materials relevant for the oil paint composition, such 

ass triacylglycerols (a source of ester-bound fatty acids), free and metal-bound mono-

andd dicarboxylic fatty acids are the basis for the interpretation of the SIMS spectra of 

sampless ZD and ZDC. The characteristic peaks in positive and negative ion mode will 

bee attributed; small hydrocarbon fragments (below m/z 100) are not specific enough 

andd wil l not be discussed here. 

Thee positive SIMS spectrum of tristearin, a triacylglycerol of stearic acid, 

showss main fragments at m/z 607 (diacylglycerols of palmitic stearic acids), m/z 341 

(monoacylglycerolss of palmitic stearic acid) and m/z 267 (acylium ion of palmitic 

stearicc acid) (Fig. 3.1.1a). Uncharacterised fragments of triacylglycerol are observed 

att m/z 325 and 395. The quasi-molecular ion of tristearin detected at m/z 891 is minor 

(nott shown). The main peaks in the SIMS spectrum of the free monocarboxylic fatty 

acid,, stearic acid, are the protonated molecular ion (m/z 285) and its corresponding 

acyliumm ion (m/z 267) in similar intensities (Fig. 3.1.1b). The positive ion spectrum of 

aa metal-bound monocarboxylic fatty acid, stearic acid lead soap, shows ions at m/z 

489-491.. The peaks corresponding to the protonated stearic acid and its acylium ion 

aree not detected (Fig. 3.1.1c). Other ions delected in the analysis of lead soaps are of 

leadd (m/z 206-208. 412-416), lead oxides (m/z 428-432; Pb+
20) and lead hydroxides 

(m/z(m/z 223-225. 445-449; PbOH", Pb202H~). The peak at m/z 323 is calcium stearic 

acidd soap; the calcium is derived from the chalk matrix, particular to this reference 

sample.. The spectrum of free nonanodioic acid (azelaic acid), shows a peak at m/z 

171.. the acylium ion, which is which is dominant over the peak more intense than the 

quasi-molecularr ion at m/z 189, the protonated molecular ion (not shown). The posi-

tivee ion spectrum of a metal-bound dicarboxylic fatty acid, lead azelate. shows ions at 

m/zm/z 393-395, and ions attributed to the lead-bound acylium ion at m/z 375-377 in 

equall  intensities (not shown). Neither the protonated azelaic acid (m/z 189) nor its 

acyliumm ion (m/z 171) is detected. Dominant peaks in the spectrum are lead (m/z 206-

208.. 412-416). lead oxides (m/z 428-432; Pb ': 0) and lead hydroxides (m/z 223-225. 

445-449;; pbOH . Pb202H+). 

J.. 1.3.1.2 SIMS description of sample ZD - positive ions 

Thee positive ion SIMS spectra oi' the top surface side of the lead white-

containingg linseed oil paint film sample ZD shows characteristic fragment peaks of 
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FigFig 3.1.1 The SIMS spectra (mass range m/z 235 - 615) in positive mode oj tristearin (A), stearic acid 

(B).(B). stearic acid lead soap fC). lead white-containing oil paint sample ZD natural aged (top side of 

thethe film) (D) and lead while-containing oil paint sample ZDC artificially aged (top side of the film) 

(E). (E). 
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triacylglycerolss at m/z 551, 579 and 607 (diacylglycerols of palmitic and stearic 

acids),, m/z 313 and 341 (monoacylglycerols of palmitic and stearic acid), m/z 297, 

325,, 367 and 395 (unidentified) and m/z 239 and 267 (acylium ions of palmitic and 

stearicc acid) (Fig. 3.1. Id). The secondary ion yields of the free fatty acids, palmitic 

andd stearic acid (m/z 257 and m/z 285), are low. In the lower mass range a peak at m/z 

1711 is detected which is representative for the acylium ion of azelaic acid (not 

shown).. Lead soaps of palmitic and stearic acid, characteristic for a mature oil paint, 

aree present at m/z 461-463 and m/z 489-491 in very tow intensities (Fig. 3.1.Id). 

Furthermore,, the fatty acid lead soap of the acylium ion of azelaic acid is detected at 

m/zm/z 375-377 (Fig. 3.1.Id). 

Ass SIMS is a sensitive surface technique it is possible to detect differences in 

compositionn between the top and bottom sides of the paint film. The positive SIMS 

spectrumm of the bottom side of the ZD sample is identical to the spectrum of the top 

side.. Peaks detected at m/z 265, 281, 295, 339, 369, 413, 443, 517 derived from 

siliconn contamination (poly (dimethyl siloxane)) on the surface of the sample. 

3.13.133.13.13 SIMS description of sample ZDC - positive ions 

Positivee ion SIMS analyses show that the composition of the naturally and arti-

ficiallyy aged oil paint film, sample ZD and ZDC respectively, is different. In the posi-

tivee spectrum of sample ZDC, peaks characteristic of fragments of triacylglycerols are 

mainlyy detected at m/z 313 and 341, corresponding to the monoacylglycerol fragments 

(Fig.. 3.1.1e). The diacyglycerol fragment ion peaks at m/z 551, 579 and 607, and the 

acyliumm peaks at m/z 239 and 267, are present in much lower yields compared to the 

spectrumm of ZD (Fig 3.1.Id). The secondary ion yields of free palmitic and stearic 

acidd (m/z 257 and m/z 285) are also detected in low yields. The acylium ion of azelaic 

acidd at m/z 171 is not detected (not shown). The most intense peaks in spectrum of 

ZDCC are the lead isotope peaks (m/z 206-208). Lead clusters (m/z 223-225, 414-416, 

428-432,, 445-449) and palmitic and stearic acid lead soaps (m/z 461-463 and 491-

493,, respectively) are dominant features in the spectrum, although there is no relative 

increasee of the ion yields in comparison to the sample ZD (Fig. 3.1.1 e). The peaks 

characteristicc of the lead soap of azelaic acid is are absent. 

Thee SIMS spectrum of the bottom surface of the paint film of sample ZDC is 

differentt to that of the top. The mass spectrum of the bottom side shows a relatively 

higherr yield of the diacylglycerols compared to the monoacylglycerols, indicating a 

lowerr degree of hydrolysis than the top surface of the paint film. The metal soaps of 

palmiticc and stearic acid have relative lower ion yields in the bottom of the film, and 

thee peaks representative for lead soap of the acylium ion of azelaic acid are clearly 

detectedd (not shown). This suggests inhomogeneity during drying and humidity aging 
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off  the film, as the Melinex is an impermeable support. Light, oxygen and humidity 

cann only be introduced into the paint film via the top side. 

3.1.3.1.43.1.3.1.4 SIMS of reference compounds - negative ions 

Thee negative SIMS spectrum of tristearin shows a main peak at m/z 283 repre-

sentativee attributed to deprotonated stearic acid (Fig. 3.1.2a). Aliphatic chain fragment 

ionss of fatty acids with a mass increment of 14 amu (m/z 71, 85, 99, 113, 127, 141, 

155,, 169, 183, 197, 211, 225, 239 and 253) are detected in lower yields. These nega-

tivelyy charged fragments are of the type CoH^CF^^COO. The negative SIMS spec-

trumm of free and metal-bound stearic acid contain a significant peak of deprotonated 

stearicc acid at m/z 283 (not shown). In both spectra, aliphatic chain fragment ions of 

stearicc acids are detected in lower yields (not shown). From these results it can be 

concludedd that in the negative SIMS mode free, ester- or metal-bound fatty acids all 

givee origin to deprotonated fatty acid peaks. However, the deprotonated ion yields for 

thee free fatly acid is higher than those for the ester- (in the ratio 1:2) and metal-bound 

fattyy acids (in the ratio 1 : 1.5)/ 

Thee intensity of the protonated fatty acids, their acylium ions and the ions of 

thee metal carboxylate fatty acid salt in the positive ion mode provides an indication of 

thee relative amount of free, ester- and metal-bound fatty acid in an oil paint." The 

SIMSS spectra of free and lead-bound azelaic acid reveal a deprotonated molecular ion 

peakk at m/z 187 as main peak. Aliphatic chain fragment ions of fatty acids are 

observedd at m/z 71, 85, 99, 113, 127, 141 and 169 (not shown). 

3.1.3.1.53.1.3.1.5 SIMS description of sample ZD - negative ions 

Thee negative SIMS spectrum of the top side of the paint film of sample ZD 

showss two dominant negative ions peaks at m/z 255 and 283 from deprotonated 

palmiticc and stearic acid, respectively {Fig. 3.1.2.b). The reference materials indicated 

thatt these ions are not informative about the origin of the fatty acid moiety (free, 

ester-- or metal-bound). The detected aliphatic chain fragment ions of fatty acids (m/z 

71,85,99.. 113, 127, 141, 155, 169, 183, 197, 211, 225, 239 and 253) are marked with 

ann asterisk in Fig 3.1.2b. The peaks detected at m/z 143, 157, 171 are attributed to 

deprotonatedd short chain monocarboxylic fatty acids, octanoic, nonanoic and decanoic 

acidd and the peak at m/z 187 for the dicarboxylic acid, a/elaic acid (Fig. 3.1.2b). 

Thesee short chain fatty acids and dicarboxylic acids are known oxidation and degrada-

tionn products of aged oil paint. Other negative ions observed, characteristic of oil 

paint,, are m/z 311 and 339 corresponding corresponding to monoacylglycerol esters of 

palmiticc and stearic acids. 

Thee negative SIMS spectrum of the bottom side of the ZD sample is identical 
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FigFig 3.1.2 The SIMS spectra (muss range m/z 98 - 289) in negative mo Je oftristearin (A), lead white-

containingcontaining oil paint sample ZD natural aged (lop side of the film) (B) and lead white-containing oil 

paintpaint sample IDC artificially age: top side (C) and bottom side of'the film (D). The asterisks in B-C 

areare indicative for the aliphatic chain fragment ions of fatty acids. The counts of mass peaks before 

thethe dotted line indicates that the counts of the mass peaks before the line have to be multiplied by 4. 5 

oror 10 times (value indicated in the figure I. 
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too the spectrum of the top side (not shown). 

3.1.3.3.1.3. J.6 SIMS description of sample ZDC - negative ions 

Thee deprotonated palmitic and stearic acid at m/z 255 and 283, respectively, are 

dominantt in the spectrum of the top side of the paint film of sample ZDC (Fig. 

3.1.2c),, similarly to what was observed for the sample ZD. The characteristic frag-

mentss of compounds for the first stage of drying are either present in low yields (in 

thee case of the short chain fatty acids m/z 143, 157 and 171) or not detected (diacids 

m/zm/z 187) in the top surface of the artificially aged sample ZDC (Fig. 3.1.2c). As 

observedd in the positive ion mode, the composition of the top side and bottom side of 

thee paint film ZDC is different. In the spectrum of the bottom (Fig. 3.1.2d) the small 

chainn fatty acids, as well as the diacids are present. 

Summarising,, on the top side of ZDC paint film, which is exposed to light, 

oxygenn and moisture, the more volatile degradation and oxidation products are not 

detected.. However, these products are still abundant in the environmentally shielded 

bottomm side (Fig. 3.1.2d). 

3.1.3.23.1.3.2 DTMS of linseed oil-containing paint reconstructions 
3.1.3.2.13.1.3.2.1 DTMS of reference compounds 

Detailedd interpretation of the different components found in oil paint can be 

foundd elsewhere however it is relevant to describe here the most significant features 

inn the DTMS spectra of linseed oil-containing paint reconstructions, by comparison to 

thee analysis of reference materials. 

Duringg the DTMS analytical process, the non-bonded or free components of 

thee oil (resulting from the hydrolysis process and prior to being metal coordinated) are 

volatilee and desorb early from the paint particles coated on the pyrolysis wire at lower 

temperature.. These free fatty acids ionise readily and the main peak detected is the 

molecularr ion. As an example the case of stearic acid is described here where the base 

peakk is m/z 284. Minor peaks include the chain fragments m/z 241, 185, 129, 73 and a 

Y-HH rearrangement ion at m/z 60. Free diacids also desorb at low temperatures the 

earlyy scans and the main electron ionisation generated peak is [M - 2 ^ 0 ] * " (e.g. in 

thee case of azelaic acid m/z 152). Other peaks include m/z 84, 98, 111 and 124. The 

mainn peak of the metal-coordinated monocarboxylic fatty acids is the acyiium ion, 

however,, the molecular ions can also be detected. For example in the case of lead 

stearatee m/z 267 and 489-491 are the main peaks. Metal-coordinated diacids show a 

differentt behaviour. The example of lead azelate is studied here: lead ion isotopes (m/z 

206-208)) are the main peaks. Other important peaks detected are m/z 348-350 

resultingg from decarboxvlation, as well as the molecular ions at m/z 392-394. Minor 
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fragmentt peaks include fatly acid chain fragments such as m/z 73, 87, 101 and a y-H 

rearrangementt ion at m/z 60. 

Withh respect to the ester-bound fraction, the analysis of pure triacylgly-cerols 

showss that the main ions resulting from their desorption/ionisation of these contain 

eitherr one or two fatty acid moieties. It is expected that in the case of paint samples 

wheree some of the original fatty acid moieties of the triacylglycerols have reacted and 

aree incorporated into an oil network, the main peaks would be the acylium ions and to 

aa lesser extent the mono- and diacylglycerol ions. In practice, elimination reactions 

releasingg fatty acids with M*~ are more prominent than formation of acylium ions. 

Thee inorganic components of the network or pigment particles can also be 

detectedd in some cases. Not all metals wil l go through the reduction, pyrolysis and 

ionisationn steps required for their detection. For this reason not all inorganic elements 

aree detectable by DTMS. In the cases studied here lead is the only metal present and 

iss detected in the higher scan number with its isotope pattern {m/z 206, 207, 208). 

Theree is another important fraction in the paint system for which it is difficult 

too find adequate reference materials and therefore the interpretation of the different 

peakss detected is complex. This is the highly cross-linked network fraction of the 

paintt sample. Due to the pyrolysis of this fraction it is detected as an unresolved peak 

patternn with mainly aromatic components {e.g. m/z 105, 91). 

Onn the basis of this information Table 3.1.1 was assembled and wil l be used for 

interpretationn of changes in the chemistry of the lead white-containing oil paint recon-

structionss studied. 

3.1.3.2.23.1.3.2.2 DTMS description of sample ZD. 

Thee TIC of the DTMS analysis of ZD lead white sample (Fig. 3.1.3) shows 

thatt there are four separate events in the analysis. 

Eventt A (Fig. 3.1.3a), Scans 1 - 54. The spectrum is dominated by the molec-

ularr ion of palmitic and stearic acids. The monocarboxylic acid molecular ion corre-

spondss to the desorption of the free form {m/z 256 and 284 for palmitic and stearic 

acidss respectively). The desorption profile of palmitic acid {m/z 256 in Fig. 3.1.4) 

howeverr suggests that the monocarboxylic fatty acids are not present in the free form, 

butt also in a bound form. Although m/z 256 is not present in the spectrum of pure 

tripalmitinn or lead palmitate, this ion can be formed by an elimination reaction of the 

boundd fatty acid when in a complex organic matrix. The acylium ions of palmitic and 

stearicc moieties {m/z 239, 267 respectively), the corresponding monoacylglycerols 

{m/z{m/z 313, 341) and diacylglycerols (m/z 550, 578, 606) suggest that the hydrolysis of 

thee ester bonds is not yet complete in the ZD sample. This is in agreement with the 

SIMSS data. 
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Eventt B (Fig. 3.1.3b), Scan 55 - 67. A small amount of lead can be detected in 

thiss event suggesting the presence of organic lead (lead carboxylates for example). 

Fattyy acid fragments present include m/z 60. 73, 129. 171. 185. These fragments {e.g. 

m/zm/z 129 in Fig. 3.1.4) are detected in different events suggesting that the fatty acids 

aree present in different forms. In addition, the acylium ions of the saturated monocar-

boxylicc fatty acids (e.g. m/z 239 in Fig. 3.1.4) desorb in two distinct maxima (scan 49. 

eventt A and scan 62 event B) corresponding to the ester- and metal-bound fractions 

FigFig 3.1.3 TIC and partial mass spectra of the ZD sample. (A) Scan1' I - 5-/. tBl scans 55-67. (C) scans 

6H-H0,6H-H0, (D) Scans <S7- / 30. 

55 5 



respectively.. Evidence of the presence of metal soaps of azelaic acid is given from 

ionss at m/z 348, 349, 350. The comparison of the desorption profiles of m/z 350 and 

m/zm/z 152 suggest that the azelaic acid is present in different forms: ester and metal 

boundd (Fig. 3.1.4). The desorption maximum of m/z 152 at scan 48 in event A points 

too its presence in ester-bound form. 

Eventt C (Fig. 3.1.3c) - Scans 68 - 80. The third event can be described as the 

pyrolysiss of the polymeric oil network. As can be observed in this spectrum, a fraction 

off  the monocarboxylic fatty acids and lead azelate are released in combination with 

thee pyrolysis of the network. Fig. 3.1.4 present a maximum of m/z 91 in this event, 

whichh is characteristic of the pyrolysis of the network. 

Eventt D (Fig. 3.1.3d) - Scans 81 - 130. Inorganic lead 

3.1.3.2.33.1.3.2.3 DTMS description of ZDC sample. 

Inn general the composition of the ZDC sample is qualitatively similar to that of 

ZD.. This is indicative by the similarity of the TIC. However the relative amounts of 

thee different components have changed, which elucidates the chemical processes 

involvedd in the accelerated aging under high humidity and temperature. 

Theree is a decrease in the relative intensity of the peaks corresponding to the 

glyceroll  bound moieties {m/z 550, 578, 606, 341. 313, 267 and 239). This suggests 

thatt during the high humidity and temperature aging, hydrolysis of the glycerol ester 

bondss was induced. The analysis of the thermogram of m/z 239 (acylium ion origi-

natingg from the different species of palmitic acid) shows that the intensity of the first 

eventt (max around scan 49, desorption of ester-bound compounds) decreases from ZD 

too ZDC (data only shown for ZD). 

Althoughh the molecular ions of lead palmitate and stearate are present in the 

spectraa of the corresponding reference materials, these peaks cannot be detected in 

significantt intensities in the spectra of ZD or ZDC samples. However, the presence of 

thee acylium ion at higher scan numbers (maximum at scan number 62) together with 

thee presence of a lead peak (scan number too low for inorganic lead) suggests the 

presencee of lead carboxylates of the monocarboxylic saturated fatty acids both in the 

ZDD and ZDC samples but in slightly higher amounts in the latter sample. 

Thee lead azelate peaks are detected in the second event clearly indicating their 

presence. . 

Att scan number 70 the event characteristic of the network is detected. This 

eventt is characterised by an intense unresolved spectrum, the interpretation of which 

iss not straightforward. 
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FigFig 3.1.4 Mass thermograms (MTs) ofm/z 91, 129, 152. 239, 256 and 350 derived from the DTMS 
datadata of the ZD sample. The MTs are normalised for the maximum intensity ofm/z 256. The horizontal 
lineslines illustrate the the four different events indicated in Fig. 3.1.3. 
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3.1.3.33.1.3.3 Py-TMAH-GC/MS of linseed oil-containing paint reconstructions 
Thiss technique has a number of advantages including the minimal chemical 

workupp and the simultaneous derivatisation of acids, esters, metal soaps as well as 

ethers,, amines, amides, and alcohols. Due to the sample derivatisation method Py-

TMAH-GC/MSS is not a strictly quantitative method. 

Theree is a very significant advantage, which is the separation of the different 

componentss in the GC run which makes their identification by means of their EI mass 

spectrumm unequivocal. However, since all acids, esters and metal-bound components 

aree derivatised simultaneously, it is not possible to distinguish the differences in speci-

ation.. For example tripalmitin, palmitic acid and lead palmitate will all be detected as 

methyll  palmitate. 

3.1.3.3.13.1.3.3.1 Py-TMAH-GC/MS description of samples ZD and ZDC. 

Thee chromatogram in figure 3.1.5 for m/z 74 (McLafferty rearrangement frag-

ment,, characteristic for methyl esters of fatty acids) for the ZD sample is shown. The 

mainn components of the binding media of the ZD sample, as detected by the current 

methodology,, include the methyl esters of the long chain saturated fatty acids {nr. 14, 

16,, 17, 18, 20, 22, 23), dimethyl esters of diacids (nr. 4, 6, 8, 10) and of methoxy 

substitutedd diacids (15), traces of methyl esters of short chain saturated fatty acids (nr. 

1,, 2, 3, 5, 9) as well as some unsaturated (nr. 19) and/or oxidised C18 fatty acids (nr. 

21).. This is in agreement with what had been previously observed in oil paint films. 

Otherr components include co-methoxy substituted short chain saturated fatty acids (nr. 

7).. Very small traces of oleic acid are also detected. 

Inn figure 3.1.5 the chromatogram for m/z 74 for the ZDC sample is shown. The 

mainn components of the binding media of the ZDC sample, are the same as those 

detectedd in the ZD sample. However the relative quantities present are different. In 

factt a higher percentage of diacids (nr. 8, 10, 13), short chain fatty acids in particular 

C99 (nr. 3) is detected in the aged sample. This indicates that this sample is in a more 

advancedd state of oxidation. 
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F/gg 3.1.5 Py-TMAH-GC/MS analysis of (a) ZD and (b) ZDC paint sample. Single ion chromatogram 

forfor miz 74. 

TheThe main components detected are: (I) heptanoic acid methyl ester (2) octanoic acid methyl ester (3) 

nonanoicnonanoic acid methyl ester (4) hexanedioic acid dimethyl ester (5) decanoic acid methyl ester (6) 

heptadioicheptadioic acid dimethyl ester (7) 8-melhoxyoctanoic acid methyl ester (8) oclanedioic acid dimethyl 

esterester (9) dodecanoic acid methyl ester (10) nonanedioic acid dimethyl ester' azelaic acid dimethyl 

esterester III)  (/.-methyl azelaic acid dimethyl ester (12) a-melhoxysuheric acid dimethyl ester (13) 

decanedioicdecanedioic acid dimethyl ester (14) tetradecanoic acid methyl ester (15) a-methoxydecanedioic acid 

dimethyldimethyl ester (16) pentadecanoic acid methyl ester (17) hexadecanoic acid methyl ester/palmitic 

acidacid methyl ester (1H) heptadecanoic acid methyl ester (19/ octadecenoic acid methyl ester/ oleic acid 

methylmethyl ester (20) octadecanoic acid methyl ester/ stearic acid methyl ester (21) 9(or 10)-methoxyoc-

tadeca-11tadeca-11 (or 8)-enoic acid methyl ester (22) eicosanolc acid methyl ester (23) docosanoic acid 

methylmethyl ester. 
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TableTable 3. J.J Detectable compounds relevant oil paint by SIMS, DTMS and py-TMAH-GC/MS. 
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3.1.44 Discussion 

SIMS SIMS 
Thee positive and negative SIMS speetra provide information on different fatty 

acidss (free, ester or metal bound), diacids, monoacylglycerol, diacylglycerol, metal 

andd metal clusters. The combined spectral data of the positive and negative ion mode 

describee the composition of the lead white-containing linseed oil paint ZD. The yields 

off  free and metal-bound fatty acids are relatively low in sample ZD, whereas the 

mono-- and diacylglycerols of fatty acids are relatively abundant. We conclude that 

mostt of the fatty acids present are still ester bound. This implies that the hydrolysis of 

thee paint film is not complete. In this stage, SIMS detects degradation and oxidation 

products.. After exposure to high humidity and temperature the relative amount of 

ester-boundd fatty acids (and free fatty acids) diminishes, as the peaks representative 

forr the acylium ions of fatty acids and the diacylglycerol of fatty acids decrease. The 

degradationn and oxidation products are not detected anymore in the sample possibly 

duee to evaporation. This is indicative for a higher degree of hydrolysis of the paint 

film.film.  The advantage of SIMS is that it analyses only the upper atomic layers, thus 

allowingg the detection of different aging stages inside sample ZDC. 

DTMS DTMS 
Carefull  study of the DTMS spectra of the ZD sample shows that part of the 

fattyy acids present are still bound to the glycerol units. However the presence of metal 

soapss (in particular diacid metal soaps) is clearly detected, suggesting that the metal 

coordinationn of carboxylic acid moieties occurred early in the drying/maturing stages 

off  this paint film. Further evidence of a presence of a polymeric paint film is given by 

thee pyrolysis of the network fraction. DTMS is also able to distinguish the different 

formss in which some inorganic elements are present, in this case organic lead and the 

intensee signal of intact lead white pigments. By comparison ZDC shows features 

indicativee of a higher level of hydrolysis due to the high relative humidity and temper-

aturee conditions to which this sample was exposed. 

Py-TMAH-GC/MS Py-TMAH-GC/MS 
Thee py-TMAH-GC/MS run shows very clearly the individual detectable 

componentss of the paint films including different short chain di- and monocarboxylic 

acidss in a semi-quantitative way. The results show that the degree of oxidation of the 

agedd sample (ZDC) is higher that the unaged one. They also show that the azelaic 

acidd species (this technique does not distinguish between free, ester- or metal-bound) 

iss a dominant constituent of the aged oil paint. 
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GeneralGeneral discussion 
Ann overview of the characterisation of samples ZD and ZDC with SIMS, 

DTMSS and GC/MS is given in Table 3.1.2. The characterisation of the samples ZD 

andd ZDC with the three different techniques indicates a chemical change caused by 

thee accelerated aging conditions. 

SIMSS results show that there is an increase in the degree of hydrolysis upon 

aging,, based on the relative amounts of ester-bound fatty acids. This observation is 

clearlyy supported by the DTMS results, which also show decreased yields of ester-

boundd fatty acids. Py-TMAH-GC/MS does not provide any information concerning 

thee origin of the fatty acid moieties {i.e. does not distinguish between free, ester- and 

metal-boundd fatty acids) and is therefore not informative on the degree of hydrolysis 

off  the paint film. 

Characterization n 
by; ; 

SIMS S 

D T M S S 

Py -TMAH --
GC/MS S 

Sampl ee ZD 

TopTop ciuti botitim tiffiim 
Hydrolysiss 1101 complete, 

smalll amount of short chain 
fattyy adds and diacid Cl>. 

Hydrolysiss uoi complete, amount 
off diacids and diacid metal soaps 

Semii quantitative identification 
ofof the short and long chain 

tattyy acids and diacids. <." 9 diacid 
iss the main component identified. 

Sampl ee Z D C 

T»jtT»jt <>f'film: approaching mature oi l paint. 
ButBut him iif film: 1 lydrolysis not complete. 

smalll amount of short chain 
fattyy acids and diacid C9. 

Qualitativee similar to /.I") 
Higherr degree ofhydrolysis 

Higherr degree of oxidation that the 
imagedd sample 

TabicTabic 3.1.2 Description of the dimples ZD and ZD(' hy S/MS. DTMS and py-TMAH-GC/MS. 

SIMSS detects three small chain fatty acids (C8, C9 and CIO) formed as result 

off  the aging of the oil paint, in both sides of the paint film of sample ZD. Py-TMAH-

GC/MSS data support the presence of these short chain fatty acids, delected in very 

smalll  amounts. No characteristic peaks for these compounds are prominent in the 

DTMSS spectra. After accelerated aging, SIMS does not detect the small chain fatty 

acidss in significant amounts on the top side of the paint film ZDC, whereas these 

compoundss are still detectable on the bottom side. This observation is in apparent 

disagreementt with the py-TMAH-GC/MS results, which detects a high content of the 

62 2 



smalll  chain fatty acids in the sample ZDC. This different observation can be explained 

byy the fact that SIMS is a surface technique whereas py-TMAH-GC/MS probes the 

bulk.. During aging the small chain fatty acids are formed, which is shown by py-

TMAH-GC/MS.. But in a mature paint system these compounds will have evaporated 

eventually.. This process is first observed on the surface of the paint film exposed to 

thee high humidity conditions, whereas the environmentally shielded bottom side still 

containss the small chain fatty acids. SIMS is the only technique that can show this 

subtlee chemical change. 

SIMS,, as well as DTMS, provide limited information on the free, ester- and 

metal-boundd dicarboxylic fatty acid. Py-TMAH-GC/MS shows that the azelaic acid is 

thee main component in the oil paint system, particularly after accelerating aging. This 

iss not deduced from the spectra of SIMS and DTMS (although in the DTMS spectra 

thee lead bound azelaic acid is clearly detected, but it is not dominant). It can be 

concludedd that the ionisation conditions of SIMS are not favourable for the analysis of 

dicarboxylicc fatty acids. DTMS is the only technique that provides information 

concerningg the polymeric oil network. 

Thee characteristic constituents of the oil paint detectable with SIMS, DTMS 

andd py-TMAH-GC/MS are summarised in Table 3.1.1. For illustration purposes the 

palmiticc and azelaic acid-containing oil constituents are included in this table. 

3.1.55 Conclusions 

SIMSS provides combined organic and inorganic information about the oil paint 

composition,, while preserving the speciation information of the fatty acids. Uniquely 

itt gives spatial resolved information for the upper atomic layers. The SIMS analysis 

showss characteristic oil paint constituents peaks, which are supported by DTMS 

and/orr py-TMAH-GC/MS. However, the dicarboxylic fatty acids are not detected with 

SIMSS in high yields, whereas py-TMAH-GC/MS proves these to be major compo-

nentss of the oil paint film. SIMS provides non-specific information about the poly-

mericc oil network, the presence of which is demonstrated by DTMS. Taking this into 

consideration,, it can be concluded that SIMS is a valid technique for the characterisa-

tionn of the oil binding medium in paint samples. 
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3.22 Characterisation and localisation of the oil binding medium 
inn paint cross-sections using imaging secondary ion mass 
spectrometry y 

3.2.11 Introduction 

Saturatedd monocarboxylic fatly acids - palmitic and stearic acid - arc markers 

off  oleaginous binding media in paintings since their carbon chains remain unaffected 

byy the drying and aging of the oil. Furthermore, the ratio of palmitic (CI 6) and stearic 

(CII  8) acid is, to a certain extent, characteristic of the drying oils commonly used by 

painters.. A mature oil paint can be described as an ionomeric network of metal 

carboxylatess of mono- and dicarboxylic acids. The fatty acids in the mature oil 

networkk are speciated as ester- and metal-bound or free acids. Several analytical tech-

niquess are necessary to determine the identity and the speciation of the fatty acids and 

diacidss in a paint sample. If a pure drying oil has been used the binding medium 

identificationn is possible on the basis of the ratio of the monocarboxylic fatty acids i.e. 

thee relative amounts of palmitic and stearic acid expressed in the P/S ratio. This ratio 

iss usually determined by gas chromatography-mass spectrometry (GC/MS) of paint 

scrapingss or alternatively by direct temperature resolved mass spectrometry (DTMS). 

Thee technique of imaging secondary ion mass spectrometry (SIMS) applied to 

embeddedd paint cross-sections has not only the potential to identify mono- and dicar-

boxylicc fatty acids but can also determine their spatial distribution over the individual 

paintt layers. SIMS is a highly sensitive surface analytical technique that uses a high-

energyy primary ion beam to generate secondary ions. SIMS detects organic as well as 

inorganicc compounds and as it probes the upper atomic layers it is regarded as non-

destructive.. The distribution of pigment and binding media components in paint can 

bee studied simultaneously with SIMS. By selecting a mass of interest an image can 

bee plotted illustrating the spatial distribution with a resolution of about l Jim. 

Inn this chapter we report the identification and localisation of monocarboxylic 

fattyy acids in embedded paint cross-sections and experimental model systems by 

SIMS.. SIMS is applied to paint cross-sections with lead white-containing paint layers 

fromm 15th- to 19,h-century paintings to characterise and localise the monocarboxylic 

fattyy acids, and to determine the type of binding medium using the P/S ratios in indi-

viduall  layers in the paint cross-sections. SIMS studies on the various oil paint model 

systemss elucidate the speciation of the fatty acids in free, ester-bound and metal 

carboxylatee form, the significance of the fatty acids ratios (P/S) and their unusual 

spatiall  distribution in young paint films. 
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3.2.22 Experimental and analytical approach 

3.2.2.13.2.2.1 Instrument 
Thee static SIMS experiments were performed on a Physical Electronics (Eden 

Prairie.. MN) TRIFT-II time-of-flight SIMS (TOF-SIMS). The surface of the sample 

wass scanned with a 15 KeV primary ion beam from an l i 5 In+ liquid metal ion gun. 

Thee pulsed beam was non-bunched with a pulse width of 20 ns. a current of 600 pA 

andd the spot size approximately 120 run. The primary beam was rastered over the 

samplee area, divided into 256 x 256 pixels. The surface of the sample was charge 

compensatedd with electrons pulsed in between the primary ion beam pulses. To 

preventt large variations in the extraction field over the large insulation surface area of 

thee paint cross-section a non-magnetic stainless steel plate with slits (1 mm) was 

placedd in top of the sample. 

3.2.2.23.2.2.2 Samples 
Thee oil paint reconstructions are listed in Table 3.2.1. A well-homogenised 

mixturee of chalk (Merck) with 1% palmitic, stearic and arachidic acid (added in molar 

ratioo 1 : 1 : 1) (Sigma-Aldrich Chemie GmbH) was pressed into a tablet using a KBr 

pellett press. 

Sample e 

Chalk k 
Tablet t 

ZD D 

ZDC C 

LMP P 

P P 

L L 

Compositionn and Treatment 

chalkk tablet with containing a mixture of 1 % palmitic, 
stearicc and arachidic acid (1:1:1) 

Leadd white in freshly pressed linseed oil, 
naturallynaturally aged for 3 years 

Leadd white in freshly pressed linseed oil, 
3030 days of artificially ageing at 50 °C and 80 % RH 

afterafter 3 years naturally ageing 

multi-layeredd system of linseed oil, mastic and 
poppyy seed oil, the layers are applied within 12 hours 

44 month naturally aged 

leadd white in poppy seed oil, 
44 month naturally aged 

leadd white in linseed seed oil. 
44 month naturally aged 

TabicTabic 3.2.1 List of the different lead white-containing oil paint reconstructions. 
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Thee lead white linseed oil paint reconstruction (ZD) was prepared by Carlyle in 

19999 in the course of the MOLART project at FOM-AMOLF using freshly pressed 

linseedd oil {linseeds provided by MACOS bv., Swifterbant, The Netherlands) mixed 

withh Dutch stack process lead white (loodwit Schoonhoven de Kat, in stock at 

MOLART).. The paint was applied on polyester film (Melinex) and kept under 

ambientt conditions, A three-year-old sample taken from these paint films in 2002 and 

wass analysed with SIMS. Part of the ZD paint film was artificially aged for 30 days at 

500 °C and 80% RH marked as ZDC. 

Reconstructionss of lead white paint with either poppy oil or linseed oil were 

preparedd by Carlyle in 2004. Linseed oil expressed from organically grown flax seeds 

inn 1999 (Molart stock) was used for the lower paint layer, which was applied to poly-

esterr film (Melinex). Freshly extracted oil from poppy seeds (Kremer-Pigmente stock 

2003)) used to prepare the paint used for the top layer. The lead white was prepared 

withh the traditional stack method (Seynaeve 2003). An intermediate layer of mastic 

varnishh (2 : 1 mastic to turpentine) had been allowed to dry 24 hours on the bottom 

paintt prior to the application of the top layer. 

Tablee 3.2.2 gives an overview of the SIMS analysed section, the preparation of 

thee oil paint reconstructions. The surface of the paint film is analysed by placing a 2 x 

22 mm sample of the paint film of the reconstructions on double-sided tape. The recon-

structionss listed in Table 3.2.2 as polished were embedded in Technovit® 2000LC 

(Heraeuss Kulzer, Germany) and polished with micro-mesh cloths (Scientific 

Instrumentss Services Inc., Minnesota) up to 1 micron. The reconstructions in Table 

3.2.22 tested as microtomed were also embedded in Technovit but cut with a hand 

microtomee (R. Jung, Heidelberg, Germany) in thin sections. Sample ZDC + ZD is a 

paintt cross-section prepared by embedding the two samples ZD and ZDC. 

Sample Sample 

ZD D 

ZDC C 

ZDC+ZD D 

LMP P 

P P 

L L 

AnalystsAnalysts of paint surface 

topp and bottom 

topp and bottom 

--

--

--

--

AnalysisAnalysis of paint cross-section 

polished d 

polished d 

microtomed d 

microtomed d 

2xx with and without embedded medium, 
bothh microtomed 

microtomed d 

TableTable 3.2.2 Over\'iew of the oil pain: reconstructions and their preparation analysed with SIMS. 
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Samplee P is microtomed with and without embedding medium. For practical reasons 
samplee P without embedding medium is mounted between two Teflon sheets during 
microtoming. . 
Thee paint cross-sections discussed in the paper are listed in Table 3.2.3. 

Artist t 

Rogierr van der 

Weyden n 

Jann van Eyck 

Pieterr van 

Aertsen n 

Christiaenn van 

Couwenbergh h 

Rembrandtt van 

Rijn n 

Johannes s 

Vermeer r 

Fredericc Edwin 

Church h 

Painting g 

TheThe Descent from the 

Cross Cross 

ThreeThree Maria at the Tomb 

SevenSeven Sorrows of Mary 

HeraldHerald (south-west) 

TheThe Anatomy Lesson of 

Dr.Dr. Nicoieas Tulp 

DianaDiana and her 

companions companions 

Primedd unused canvas 

Century y 

15lh h 

15lh h 

16l)' ' 

17th h 

17lh h 

17lh h 

19" " 

Paint t 

cross-section n 

number r 

A166/lb b 

A161/12 2 

A102/11 1 

HSTBB 43.3 

MH146/B39 9 

MH146/B37 7 

MH406/16 6 

Providedd by 

Prof,, van Asperen de 

Boer r 

Prof,, van Asperen de 

Boer r 

Prof,, van Asperen de 

Boer r 

L.. Speieers. Oranjezaal 

Huiss ten Bosch, The 

Hague e 

P.. Noble, Mauritshuis. 

Thee Hague 

P.. Noble, Mauritshuis, 

Thee Hague 

J.. Zucker, Olana, 

Hudson,, New York 

TableTable 3.2.3 List of the paint cross-sections from the 15 to I91" centun: 

3.2.33 Results and discussion 

3.2.3.13.2.3.1 Analysis of fatty acids by SIMS in the negative ion mode 
SIMSS produces and detects fatty acids in the negative or positive ion mode as 

deprotonatedd (M-H)" or protonated (M+H)+ molecular ions respectively. Negative ions 
off  the monocarboxylic fatty acids are especially dominant and are a marker for an 
oleaginouss binding medium in paintings. To compare the ionisation ratios of different 
monocarboxylicc fatty acids, a chalk tablet-containing palmitic (FA16), stearic (FA18) 
andd arachidic (FA20) acid in a molar ratio of 1 : 1 : 1 was prepared. Deprotonated 
negativee ions of these free fatty acids are shown in the partial SIMS spectrum in Fig. 
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FigureFigure 3.2.1 Negative ion mass spectrum (A) of Cl6. CIS and C20 in a chalk tablet (mass range m/z 

150-350).150-350). Deprotonated molecular ion peaks of palmitic, stearic acid and arachidic acid are detected 

atat m/z 255. m/z 283 and m/z 311. respectively. Positive ion mass spectrum (B) of CI 6. CI8 and C20 in 

aa chalk tablet (mass range m/z 150-350). Protonated molecular ion peak of palmitic, stearic acid and 

arachidicarachidic acid are detected at m/z 257. m/z 285 and m/z 313. respectively. Corresponding acylium 

ionsions are detected for palmitic, stearic acid and arachidic acid at m/z 239. m/z 267 and m/z 295. 

respectively. respectively. 

3.2.1a.. The ratio derived from speetra often 100 x 100 jam areas is 1.0 : 1.1 : 1.1 (

0.3)) also, which proves that the ionisation efficiency of the negative ions of monocar-

boxylicc fatty acids relevant for oil binding medium characterisation is comparable and 

correspondss to the relative concentration of these acids in an inorganic matrix. There 

mayy however be complications when the fatty acids are present in ester-bound form or 

ass metal soaps. In GC/MS, the P/S ratio is based on the peak areas of the methylated 

fattyy acids derived from free, ester- and metal-bound fatty acids collectively. In 

DTMSS the sum of the yields of free, ester- and metal-bound fatty acids detected as 

m/zm/z 256 and 284 during desorption and pyrolysis of the oil paint sample determines 

thee P/S ratio. In SIMS the negative fatty acid ions also originate from ester- and 

metal-boundd fatty acids, the ionisation of the free fatty acid is twice as efficient as that 

off  the ester-bound fatty acid and 1.5 as efficient as that of the metal-bound fatty acids. 

Assumingg that palmitic and stearic acid have the same reactivity and therefore are 
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presentt in the same relative amounts as free, ester- or metal-bound forms, the different 

ionisationn efficiencies wil l not influence the overall P/S ratio. SIMS only obtains 

informationn on the upper atomic layers of the sample surface and the data may not be 

representativee of the bulk composition. This was tested in a comparative study of a 

leadd white-containing oil paint reconstruction (sample ZD) by GC/MS, DTMS and 

SIMSS (see chapter 3.1). The P/S ratio determined by negative ion SIMS is 1.5  0.1 

whereass the values obtained by GC/MS and DTMS result in a P/S ratio of 1.9. 

3.2.3.23.2.3.2 Variation of the P/S ratio in oil paint reconstructions 
SIMSS studies on the lead white-containing oil paint reconstructions ZD and 

ZDCC (Table 3.2.1) show a difference in the P/S ratio of the surface of the paint layer 

andd the bulk of the paint film in cross-section. The P/S ratio of the surface of the paint 

fil mm ZD is 1.0  0.1 and the P/S ratio of the bulk of the film, determined in two 

differentt cross-sections is 1.5  0.1. After artificially aging (sample ZDC) the surface 

P/SS ratio is 1.3  0.2 whereas the P/S ratio in bulk is 1.8  0.4. 

Ass ZD and ZDC are derived from the same paint 111m it is remarkable that 

differentt P/S ratios are observed. We had assumed that the palmitic and stearic acid 

wouldd be homogeneously distributed over the paint layer. The different P/S ratios 

betweenn sample ZD and ZDC and the variation between the surface and bulk of the 

paintt layer show otherwise. The P/S variation within the paint sample explains the 

differentt P/S value between GC/MS, DTMS and SIMS, discussed in the section 

AnalysisAnalysis of fatty acids by SIMS in the negative ion mode. GC/MS and DTMS result in 

ann average P/S value of the whole paint sample, whereas SIMS gives specific 

localisedd information. 

3.2.3.33.2.3.3 P/S ratio of paint layers from traditional paintings 
Thee oil paint model systems illustrate the potential variation of the P/S ratio 

withinn one sample. The P/S ratio determined from cross-sections of reconstructions 

madee with linseed and poppy seed oil lead white paint is 2.0 and 3.6 respectively. 

Thesee differences are large enough to give an indication of the type of oil. A P/S ratio 

>> 5 is indicative of a poppy seed oil while a P/S < 2 indicates linseed oil in the 

bindingg medium. Intermediate ratios can be assigned to walnut, poppy seed oil or 

mixtures// Therefore, the P/S ratio determined with SIMS can be used as an indication 

forr the type of oil used in different layers in paintings. 

Thee investigated paint cross-section taken from a 15tln century panel painting 

byy van der Weyden shows P/S ratios varying from 1.3, 1.4 and 1.8, indicative of the 

presencee of linseed oil in the ultramarine and azurite paint layers. Comparison to 

SIMSS data from a cross-section with a similar layer build up from his contemporary 
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vann Eyck shows that tatty acids are absent in the ultramarine glazing top layer. 

Literaturee indeed suggests that this ultramarine glaze is made with an aqueous 

medium.. A paint cross-section from white layer partially covered by the hair of the 

Heraldd in Herald (south-west) by Christaen van Couwenbergh (1651) (Oranjezaal 

Huiss ten Bosch, The Hague) shows a P/S ratio of 3.5. This value is too high to be 

linseedd oil and is indicative for walnut or poppy oil. In a paint cross-section taken 

fromm the 17th-century painting by van Rijn (MH 146), the P/S ratio in the lead white-

containingg ground deduced from the SIMS spectra is indicative of linseed oil, 1.9, 

whereass P/S ratio of the lead white-containing layer on top, a flesh tone, is relative 

higher,, 2.2 and might be indicative of walnut oil or a mixture of oils. In a second paint 

cross-sectionn from the same painting and the same ground gives a P/S ratio of 2.0 and 

iss compatible with the first one. The P/S ratio of 3.7 in a lead-tin yellow paint in 

Vermeer'ss Diana and her Companions might be poppy seed oil, walnut or a mixture 

off  oils. A comparable indication is obtained for smalt layer in a painting by Van 

Aertsenn A102/11, which has a P/S. The paint cross-section taken from the lead 

white/chalkk ground belonging to the 19lh century painter F.E. Church has a P/S of 1.5 

indicativee for linseed oil. The P/S ratio of 1.5 determined GC/MS supports this result. 

3.2.3A3.2.3A Analysis of fatty acids by SIMS in the positive ion mode 
Thee positive SIMS ions indicative of fatty acids give information about their 

speciationn as a free, ester-bound or metal carboxylate. This information is not 

obtainedd in the negative ion mode. SIMS studies on reference compounds in a 

calciumm carbonate tablet show that a free fatty acid yields a protonated molecular ion 

andd its acylium ion (M-OH)+ (Fig. 3.2.1b) in a ratio 1.2 : 1. An ester-bound fatty acid 

leadss to an acylium ion, while the protonated fatty acid ion is absent. In the positive 

masss spectrum of a metal-bound fatty acid the molecular ion of metal carboxylate 

fattyy acid salt is observed together with a very small peak for the protonated fatty 

acid,, while the acylium ion is absent. The intensity of the protonated fatty acids and 

theirr acylium ions in the positive SIMS mass spectrum and the ions of the metal fatty 

acidd carboxylate can be used to provide an indication of the relative amount of free, 

ester-- and metal-bound fatty acid in an oil paint. 

Ass the positive ions are indicative for the coordination characteristics of fatty 

acids,, it is possible to detect a difference in composition between the surface and the 

bulkk of a paint film in cross-section. Measurements on the surface and in the bulk of 

thee paint film with relatively fresh poppy seed oil (P) show that free fatty acids, proto-

natedd palmitic and stearic acid, are only located on the surface. The bulk as well as 

thee surface of the paint film contains ester- and metal-bound fatty acids. SIMS meas-

urementss on sample ZD show the opposite, free fatty acids are more abundant in the 
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bulkk of the film. 

3.2.3.53.2.3.5 Drying characteristics of reconstructions and critical issues on 
theirtheir preparation 

AA difference in composition between reconstructed paint films is not only seen 

forr a fresh (P) and naturally aged (ZD) paint, discussed above, but also observed for a 

naturallyy aged (ZD) and artificially aged (ZDC) paint film. The SIMS information 

obtainedd from the positive and negative ion mode gives a detailed picture of the 

compositionn of the paint film. Positive ion SIMS analysis shows that the surface layer 

att the top of the mature oil paint film ZDC contains, in contrast to ZD, predominantly 

metall  soaps. The free and ester-bound fatty acids are present in higher abundance in 

samplee ZD. Characteristic fragments for the first stage of drying i.e. small chain fatty 

acids,, diacids (degradation products) are detected in the negative ion mode in sample 

ZD.. We conclude that sample ZDC is approaching a mature oil paint composition 

basedd on the fragments detected in the positive mode, whereas sample ZD is a 

youngerr paint. 

SIMSS data on top and bottom side of paint film ZDC shows metal soaps to be 

moree predominant near the top side of the paint film whereas degradation products 

andd various acylglycerolesters predominate on the bottom side. This suggests a 

heterogeneouss drying process across the paint film as well as different rates of 

humidity-inducedd aging due to an impermeable Melinex support. The preparation of a 

multi-layeredd system also requires special attention. Oil triacylglycerols migrate 

betweenn the layers in a multi-layer oil paint system when the lower layers are not 

completelyy cured. SIMS analysis of a cross-section of the multi-layered paint recon-

structionss with linseed oil, a separating mastic layer and poppy seed oil (LMP) show 

thee same P/S ratio of 3.5 for the linseed as well as for the poppy seed oil layer. The 

P/SS ratio determined from cross-sections of single layer oil paint gives 2.0 for linseed 

oill  (sample L) and 3.6 for poppy seed oil (sample P). As the layers in sample LMD 

weree applied within 12 hours, the individual layers were not cured properly and 

migrationn of oil constituents has taken place. The mastic layer in between the linseed 

andd poppy seed oil layer does not act as a barrier. This observation is also relevant for 

thee interpretation of data from paints in wet-in-wet technique used by painters in the 

19lhh century. 
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3.2.44 Conclusions 

SIMSS is able to detect and localise monocarboxylic fatty acids in paint cross-

sections.. Chalk tablet studies prove that the two main fatty acids in oil paint - palmitic 

andd stearic acid (examined in free acid form) - have a similar ion response under 

SIMSS conditions. Therefore, extrapolating to ester- and metal-bound species, it is 

accuratee to use the peak area ratio of the two fatty acids (P/S) as an indication. The 

P/SS ratio of reconstruction ZD determined with SIMS is close to the values deter-

minedd with GC/MS and DTMS. However, SIMS studies on the oil paint reconstruc-

tionss reveal an inhomogeneous distribution of the palmitic and stearic acid in the paint 

film.. The P/S ratio varies between the surface and the bulk of the paint layer as well 

ass within the paint layer. This difference cannot be shown by GC/MS and DTMS as 

thesee techniques measure the whole sample resulting in an average P/S ratio. The 

variancee of the P/S ratio within one layer is not sufficiently high to hinder the use of 

thiss parameter in oil identification. SIMS allows the detection of differences in P/S 

ratioo in the different paint layers of paint cross-sections from 15th- to 19th-century 

paintings. . 

Thee fatty acids analysed with SIMS can be attributed to the speciation of the 

fattyy acid, i.e. free, ester-bound or metal carboxylatc bound. The localisation of these 

characteristicc fragments leads to new insights in the drying process of oil paint recon-

structions.. In a fresh oil paint (P) the free fatty acids are present on the surface of the 

paintt compared to a paint film, which is naturally aged for three years (ZD). The arti-

ficiallyy aged (ZDC) approached compared to the natural aged (ZD) a mature oil paint, 

duee to the presence of metal soaps and absence of degradation products. SIMS 

analysiss on the top side and bottom side of ZDC showed that the accelerated aging of 

thee paint film is inhomogeneous. The top side reaches the mature oil paint state in 

contrastt to the bottom side, due to the impermeable support. SIMS studies on a paint 

cross-sectionn of the multi-layered reconstruction, prepared wet-in-wet, elucidate a 

migrationn of oil constituents between the layers. SIMS proved to be a suitable tech-

niquee to identify and localise oil constituents in painted works of art. 
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3.33 Enhancement of the static-SIMS secondary ion yields of 
lipidd moieties by ultrathin gold coating of aged oil paint surfaces 

3.3.11 Introduction 

Paintt layers on traditional paintings are complex mixtures of organic binding 

materiall  and inorganic components present as pigment or chemical drier. Combined 

informationn on nature and spatial distribution of organic and inorganic compounds in 

thee paint layers can be obtained with static SIMS. SIMS data are usually acquired 

fromm a paint cross-section: a paint chip embedded in a synthetic resin. We have 

recentlyy reported on the paint cross-section taken from the fifteenth century panel 

paintingg The Descent of the Cross by Rogier van der Weyden as a representative 
i i 

examplee from broader range of paint cross-sections investigated with static SIMS. It 

wass possible to determine the fatty acid signature of the three upper paint layers of 

thiss sample in imaging mode, revealing linseed oil paints with slightly different 

compositions.. The elemental image maps correlated well with the pigments observed 

inn the light microscopic and Fourier transform infrared (FTIR) images. Static SIMS is 

alsoo suitable for characterisation of paint cross-sections from modern paintings. In 

generall  however, the relative secondary ion yields from the mineral phases is much 

betterr than the ion yields for to the organic fragments of the binding medium-aged 

paintt systems. For a better characterisation and localisation of the binding medium 

withinn the paint layers it was, therefore, desirable to develop methodology to improve 

thee organic ion yields. 

Inn this chapter we explore the enhancement of the secondary ion yields from 

fattyy acids derived from aged oil paint systems after application of a thin coating of 

gold.. Metal substrates generally improve the sputter yields of the organic molecules 

byy complexation to the substrate atom. Benninghoven el ah have found that the 

yieldss of the quasimolecular ion emission enhanced significantly when a solution is 

depositedd on a metal surface (droplet preparation resulting in monolayers). A silver 

substratee is the best cationising agent to improve the secondary ion yields followed by 

Au,, Pd. Cu, Ni, Pt and Cr. This method is not practical for the system of paint cross-

sectionss that we are interested in, because only thin monolayer films can be studied in 

thiss manner. Alternatively, Linton el ai have covered polymer sample surfaces with a 

thickk layer (1500 A) of silver ions to induce cationised organic secondary ions. 

Recently,, Delcorte ei ah used a gold coating to improve the organic yields from bulk 

sampless of oligomers, high-molecular-weight polymers and polymers additives. The 

benefitt of using gold to enhance the organic yields is that gold is a noble metal and it 
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iss an electron donor and good cationisation agent. The exact mechanism of promotion 

off  the organic yields by gold is currently not clear from the literature. It is clear that 

thee thickness of the gold coating determines the secondary ion yield. The optimum 

goldd thickness for polystyrene bulk samples is 20 Angstrom. The thin gold coating is 

nott continuous but resembles gold "islands" on the surface. 

Too test whether gold coating of paint cross-sections would be a good method to 

improvee the secondary organic yield of oil paint components, a well-defined paint 

modell  system of a lead white-containing oil paint reconstructed according traditional 

recipess and naturally aged for four years was chosen for investigation. Lead white is 

onee of the most important pigments used in old master paintings and the mineral 

matterr acts as template and chemical drier for cross-linking of the polyunsaturated 

triacylglycerolss in drying oil. Static SIMS in positive and negative ion mode was 

performedd on gold coated and gold free areas. To avoid bias with respect to inho-

mogenietyy of the sample surface, a second test system was developed that consisted of 

thee surface of a chalk tablet with 1% of stearic acid that was partially covered during 

goldd deposition. This chapter demonstrates that the secondary ions yield of the rele-

vantt organic molecules is indeed enhanced by the surface covering with a thin gold 

coatingg layer. 

3.3.22 Experimental 

Thee static SIMS experiments were performed on a Physical Electronics (Eden 

Prairie,, MN) TRIFT-II time-of-flight SIMS (TOF-SIMS).*  The surface of the sample 

wass scanned with a 15 KeV primary ion beam from an , , ?In+ liquid metal ion gun. 

Thee pulsed beam was compressed (bunched) to -1 ns to obtain a better mass resolu-

tion,, a current was 600 pA and the spot size -120 nm. The primary beam was rastered 

overr a 150 x 150 um sample area, divided into 256 x 256 pixels. Measurements in 

bothh positive and negative mode were performed, each with a total primary ion dose 

off  1.0 x 1012 ions cm-2, well within the static SIMS regime. The surface of the gold 

freee sample was charge compensated with electrons pulsed in-between the primary ion 

beamm pulses. After acquiring the SIMS data on this sample, the sample was gold-

coatedd and again measured with SIMS under similar conditions using a different area 

too avoid surface damage effects. 

Thee lead white linseed oil paint (ZD) was prepared by Carlyle in 1999 in the 

coursee of the MOLART project at FOM-AMOLF using freshly pressed linseed oil 

(linseedss provided by MACOS bv., Swifterbant, The Netherlands) mixed with Dutch 

stackk process lead white (loodwit Schoonhoven de Kat, in stock at MOLART). 
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Thee paint was applied to Melinex sheets and kept under ambient conditions. A three-

year-oldd paint sample taken from these sheets in 2002 was analysed by SIMS. 

AA well homogenised mixture of chalk (Merck) with 1% stearic acid (Sigma-

Aldrichh Chemie GmbH) was pressed into a tablet using a KBr pellet press. The tablet 

wass partially covered with aluminum foil during the exposure to gold vapor. The gold 

layerr of 2 nm was deposited by thermal evaporation in vacuo (3 x 10° Pa) at a depo-

sitionn rale of 0.5 A s-1. 

3.3.33 Results 

3.3.3.13.3.3.1 Secondary ion mass spectrometry of a partially gold coated 
stearicstearic acid-containing tablet 

Fig.. 3.3. la presents SIMS negative ion image of the deprotonated stearic acid 

(m/z(m/z 283). The left side of the image was covered during gold deposition whereas the 

rightt part of the image is gold coated. The arrow in the image indicates the direction 

inn which a line scan is taken. The yields of the negative ions of gold (m/z I97; grey 

line)) and stearic acid (m/z 283; black line) of the line scan are plotted in the graph in 

Fig.. 3.3. lb. An increase of the organic signal (m/z 283) by a factor of 4.7 is observed 

inn the gold-coated area. The negative ion of stearic acid in the gold-free area (-Au) has 

ann intensity of about 4 counts per pixel whereas in Au-coated area (+Au) the intensity 

increasess to about 19 counts per pixel. The gold ion has 0 counts per pixel in the non-

coatedd area and 12 counts per pixel in the gold-coated area. These positive results 

meritedd a further exploration of a real oil paint surface. 

FigureFigure 3.3.1 SIMS image showing the spatial distribution of stearic acid (m/z 283) in a chalk tablet-

containingcontaining 1% stearic acid (A). The tablet is partially (right side) coated with 2(1.4 gold. The arrow-

indicatedindicated die direction of the line scan. The yields negative ions of gold (m/z 197; gray line) and 

stearicstearic acid (m/z 283; black line) of the linescan are plotted in the graph (B). 
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3.3.3.23.3.3.2 Secondary ion mass spectrometry of native lead white-containing 
linseedlinseed oil paint 

Thee aged model system investigated has not reached full maturity yet. A 

maturee oil paint consists of poiyanionic ionomeric network coordinated by lead or 

anotherr metal coordinating the carboxylic groups. The system investigated is a 

relativee young oil paint with organic constituents representative of fresh oil paint. 

However,, most of the organic ions characteristic for a mature oil paint can be detected 

ass well. ~ 

Thee SIMS mass spectrum of positive ions detected from lead white-containing 

linseedd oil paint (sample ZD) contains peaks characteristic for the linseed oil as well 

forr the lead white pigment. The most important positive ion peaks are assigned in 

Tablee 3.3.1. Lead (m/z 208), lead oxides (m/z 225, 432, 656) and lead hydroxides (m/z 

449,, 673, 897) (PbOrT, Pb+
vOv.,, PbvOvH; x = 1-4) are derived from the lead white 

pigment.. Pb+, Pb4
20 and Pb202H^ are observed in the positive mass spectrum in Fig. 

3.3.2.. High-mass peaks characteristic for triacylglycerols, the main constituents of the 

originall  oil paint, are also found in the positive SIMS spectrum. Smaller hydrocarbon 

fragmentss (below m/z 100) are too common and are detected in many other sample 

surfacess than oil paints. These fragments wil l not be discussed here. Fig. 3.3.2 pres-

entss several higher mass peaks molecular characteristic of oil: protonated palmitic and 

stearicc acid {m/z 257 and 285) and their acylium ions (m/z 239 and 267), monoacyl-

glyceroll  esters of palmitic and stearic acid (m/z 313 and 341) and the diacylglycerol 

esterss with these acids (m/z 551, 579 and 607). Azelaic acid is an oxidation product of 

unsaturatedd C18 fatty acids produced in aged oil paint systems. A fragment present 

inn very low yield is the acylium ion of azelaic acid (m/z 171) is visible in Fig. 3.3.2. 

Markerss for aged lead-containing oil paint are fatty acid lead soaps formed during 

chemicall  drying and aging of the oil. The two dominant fatty acid lead soaps are the 

leadd soaps of palmitic and stearic acid detected in the positive mass spectrum at m/z 

461-4633 and m/z 489-491 respectively (Fig. 3.3.2). Fatty acid lead soaps of azelaic 

acidd (m/z 393-395) and of the acylium ion from azelaic acid (m/z 375-377) are 

detectedd in lower yield. 

Thee most important ion peaks in the negative SIMS spectrum of sample ZD are 

presentedd in Table 3.3.2. Ions indicative for lead white pigments such as clusters of 

leadd and lead hydroxides are not observed in the negative ion spectrum (Fig. 3.3.3). 

Thee two main negative ions detected are the deprotonated palmitic and stearic acids 

(m/z(m/z 255 and 283 respectively), both fatty acids representative as the main fatty acid 

moietiess in oil paint. Negative ions detected in lower yields are deprotonated azelaic 

acidd (m/z 187), deprotonated octanoic, nonanoic and decanoic acid (m/z 143, 157 
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171 1 

206-208 8 
239 9 

225.432.656 6 

257 7 

267 7 

285 5 

313 3 

341 1 

375-377 7 

393-395 5 

44').. 673. 897 

4611 -463 

489-491 1 

551,579,607 7 

(Fragment)) Ion 

[IIOOCRCO]' ' 

Pb' ' 

[RCO]* * 
Pb,Ot.,':.vv = 1-4 

[RCOOH:]' ' 

[RCOf f 
(RCOOH;]' ' 

[RCOO ' 741' 

[RCO++ 74]' 

[Pbb + OCRCOO]' 

[Pbb -HOOCRCOUJ' 

Pb,0,H*;.vv = 1-4 

[Pbb + RCOO] 
[Pbb - RCOO]' 

[M-RCOO]' ' 

Assignment t 

Acyliumm ion of azelaic acid 

Lead d 

Acyliumm ion of palmitic acid 

Leadd Oxides 

Protonatedd palmitic acid 

Acyliumm ion of stearic acid 

Protonatedd stearic acid 

Monoacylglycerolesterr of palmitic acid 

Monoacylglycerolesterr of stearic acid 

acyliumm ion of lead soap from azelaic 
acid d 

Leadd soap of azelaic acid 

Leadd 1 lydroxides 

Leadd soap of palmitic acid 

Leadd soap of stearic acid 

Diacylglycerolesterr of palmitic- palmitic. 
palmitic/stearicc and stearic/stearic acid 

TableTable 3.3.! Characteristic positive secondary fragment ions of lead white-containing oil paint (ZD) 

analysedanalysed with SIMS. 
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FigureFigure 3.3.2 The SIMS spectra in positive mode of the lead white-containing oil paint (sample ZD). 
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m/z m/z 

71.85,99,, 113, 127, 141. 
155,, 169,183. 197. 21 1, 
2255 and 239 
187 7 

143 3 

157 7 

171 1 

255 5 

283 3 

269 9 

297 7 

311 1 

339 9 
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[C:H?(CH2)ACOO]" " 

[HOOC(CH;bCOO]" " 

[RCOO]' ' 

[RCOO]" " 

[RCOO]" " 

[RCOO]" " 

[RCOO]" " 

unknown n 

unknown n 

[RCOO f 72]" 

[RCOO + 72]" 

Assignment t 

Aliphaticc chain fragment ions of tatty 
acidss (.v = 1-15) 

Deprotonatedd azelaic acid 

Deprotonatedd octanoic acid 

Deprotonatedd nonanoic acid 

Deprotonatedd decanoic acid 

Deprotonatedd palmitic acid 

Deprotonatedd stearic acid 

Derivedd from tripalmitin 

Derivedd from tristearin 

Monoacylglycerolesterr of palmitic acid 

Monoacylglycerolesterr of stearic acid 

TableTable 3.3.2 Characteristic negative secondary fragment ions of lead white-containing oil paint (ZD) 
ano/vsedano/vsed with SIMS. 
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FigureFigure 3.3.3 The SIMS spectra in negative mode of the lead white-containing oil paint (sample ZD). 
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andd 171) and aliphatic chain fragment ions of fatty acids with a mass increments of 14 

amuu (m/z 239, 225,211, 197, 183, 169, 155, 141, 127, 113,99, 85 and 71). Azelaic 

acidd as well as octanoic, nonanoic and decanoic acid are oxidation and degradation 

productss of aged oil paint. Other negative ions, characteristic for oil paint, observed 

aree m/z 311 and 339 corresponding to monoacylglycerol esters of palmitic and stearic 

acids.. The observed negative ions at m/z 269 and 297 in the mass spectrum remain 

unidentified.. These fragments are also detected in the negative mass spectrum of stan-

dardd triacylglycerols (tripalmitin and tristearin respectively) (not shown), and are 

alwayss found in negative spectra of oil paint. 

3.3.3.33.3.3.3 Secondary ion mass spectrometry of gold-coated lead white-
containingcontaining linseed oil paint 

Thee positive ion mass spectrum of lead white-containing linseed oil paint 

{samplee ZD + Au) coated with a 20A thick gold layer displays the oil-derived mass 

peakss as detected in the positive mass spectrum of the non-coated ZD sample (Table 

3.3.11 and Fig. 3.3.4). It is remarkable that only the lead ions are observed and clusters 

off  lead, lead oxides or lead hydroxides are absent, perhaps due to a milder primary ion 

regime.. Additional peaks showing up in this positive mass spectrum are gold (m/z 

197)) and clusters with odd numbers of gold atoms (Au3 5 7 9; m/z 591, 985, 1379, 

17733 respectively). Peaks representing clusters with an even number of gold atoms 

havee a very low intensity and are visible in Fig. 3.3.4 at m/z 1576 (Au8) and m/z 1970 

(Au ]0).. Other types of clusters observed are gold clusters with one lead atom attached 

(m/z(m/z 403-405, 600-602, 797-799, 994-996, 1191-1193, 1388-1390, 1585-1587, 1782-

17844 and 1979-1981). New peaks detected in the mass spectrum of the ZD + Au 

samplee compared to the ZD sample were found at m/z 225, 239, 251, 253 and 255. 

Wee suspect that these ions correspond to gold cations of small fragments of hydrocar-

bonss (Au + 28 amu, Au + 42 amu, Au + 54 amu, Au + 56 amu and Au + 58 amu 

respectively)) (Fig. 3.3.4). Prominent peaks from silicones are detected at m/z 28, 73, 

147,, 207, 221, 265, 267, 279, 281, 323-329, 339, 341 and 355 pointing to contamina-

tionn of the surface of the sample with silicones adsorbed from the laboratory environ-

ment. . 

Noo fragments from the lead white pigments such as clusters of lead and lead 

hydroxidess are detected in negative mass spectrum of ZD + Au, just as in the non-

coatedd sample (Fig. 3.3.5). Ions observed in the negative mass spectrum of ZD + Au 

aree comparable with ions detected in the mass spectrum of sample ZD (Table 3.3.2 

andd Fig. 3.3.5). Additional peaks due to the gold coating are ascribed to gold (m/z 

197)) and clusters of gold (m/z 394, Au2; 591, Au3; 788, Au4; 985, Au5; 1182, Au6; 
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FigureFigure 3.3.4 The SIMS spectra in positive mode of the lead white-containing oil paint with a 2<)A gold 

coalingcoaling (sample ZD + An). 

1379,, Au7; 1576, Au8; 1773, Au9; 1970, Aum; 2167, Au,, and 2364 Au12). In general, 

thee peaks related to gold clusters with even numbers of atoms have a lower intensity 

thann clusters with odd gold atoms. A second series of peaks at 1 amu higher than the 

clusterss with even numbers of gold atoms (Au->, Au4, Au6, Au8 and Aii| 0) (m/z 395, 

789,, 1183, 1577 and 1971) is detected with the same intensity: the peaks for Auv and 

AuxHH | (v = 2 4. 6 8 and 10) o v e rl aP >n Fig- 3.3.5 due to the large mass range plotted. 

Severall  new peaks due to the gold coating show up in the negative mass spectrum. 

Twoo prominent peaks detected arc assigned to gold-anionised neutral palmitic and 

stearicc acid (CI 6H3202Au- at m/z 453 and C18H3602Au- at m/z 481) (Fig. 3.3.5). 

Deprotonedd and thus negatively charged fatty acids coordinated to a gold cluster are 

foundd at m/z 649 and m/z 671: Au2 + 255 (C,6H3,02Au2 ' ) and Au2 + 283 

(C|6H-550->Au2~),, respectively (mass range not shown). Other peaks present in nega-
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tivee spectrum, which presently remain unidentified, are detected at m/z 408, 411, 419, 

4200 and 435. We suggest that these peaks represent Au2 clusters with a small unidenti-

fiedd fragments attached (Au2 + 14 at m/z 408; ALH + 17 at m/z 411; Au2 + 25 at m/z 

419;; Au2 + 26 at m/z 420 and Au2 + 41 at m/z 435), however no pattern in these types 

off  organic fragments is evident. 

Silicones,, present as contaminant on the surface of in gold-coated sample, are 

visiblee in Fig. 3.3.5 at m/z 163, 223, 237, 297 and 313. These fragments overlap with 

oill  paint characteristics. 
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FigureFigure 3.3.5 The SIMS spectra in negative motie of the lead white-containing nil paint with a 20 A 

goldgold coating {sample ZD + Au). 
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3.3.3.43.3.3.4 Ion yield improvement 
Thee graph in Fig. 3.3.6 illustrates the enhancement of the ion yields of the ZD 

++ Au sample. The peak areas of positive ions characteristic for the oil medium (Table 

3.3.1)) and the lead white pigment (m/z 208) in samples ZD and ZD + Au are plotted 

(Fig.. 3.3.6). On the left axis the organic yields of samples ZD (circles) and ZD + Au 

(squares)) are plotted on a logarithmic scale. On the right axis the factor of improve-

mentt of the secondary ion yields due to gold-coating is plotted (triangle). This factor 

iss calculated by dividing the gold-coated sample ion yield by the ion yield of the 

correspondingg non-coated sample. All positive ions plotted from the gold-coated 

samplee result in higher yields compared to the non-coated sample. These ions do not 

increasee with a constant factor. In general, the yields of the positive ions fatty compo-

nentss and fatty acid metal soaps increase by a factor of 2 - 3. The positive ions from 

diacylglyceroll  esters (m/z 551. 579 and 607) increase by a factor of 3.5 - 4. The gold 

coatingg does not enhance significantly the yields of metals: the lead counts arc 

improvedd with a factor of 1.5. Whereas ions from lead clusters and lead hydroxides 

aree suppressed and not detected in the positive mass spectrum of sample ZD + Au. 

100000 -

 no coaling 

 Au-coating 

AA counts Au-coating/no-coating 

2000 250 300 400 0 

m/z z 

5500 600 

FigureFigure 3.3.6 The left axis represents the yields of positive secondary ions from gold-coated (circle) 
andand non-coated (square) ZD sample. The yields represent the peak area.*, of the plotted secondary 
positivepositive ions. On the right axis the factor oj improvement of the organic yields due to a gold coaling 
isis determined f triangle). This factor is calculated by dividing the gold-coated ion yields by the corre-
spondingsponding non-i oated ion yields. 
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Thee enhancement of the secondary organic ion yields in the negative ion mode 

duee to gold-coating increases with constant factor. The organic negative ions plotted 

inn Fig. 3.3.7 represent ions derived the oil paint system (Table 3.3.2 and Fig. 3.3.7). 

Thee yields of the negative ions are enhanced by approximately a factor of 3, with the 

exceptionn of two ions at m/z 143 and 187 (Fig. 3.3.7). The yields of octanoic acid (m/z 

143)) -an oxidation product of oil- increases by a factor of 5, whereas the yields of 

azelaicc acid (m/z 187) increases by a factor of 6.5. 

oo , , , , 1— 

655 115 165 215 265 315 

m/z z 

FigureFigure 3.3.7 The factor of improvement of the negative organic ion yields is estimated. This factor is 

calculatedcalculated by dividing the gold-coated ion yields by the corresponding non-coaled ion yields. 

11 Discussion 

Goldd coating improves the yields of the organic ions characteristic for aged oil 

paint.. Our test results indicate that the methodology of gold coating is suitable for 

improvementt of the organic information that can be obtained from paint cross-section 

off  traditional paintings. 

Ourr tablet study proves that the organic yields are only enhanced due to the 

presencee of a gold layer. The two areas (coated and non-coated) within the sample 

weree exposed to the same gold coating and SIMS analytical conditions. The line scan 

(Fig.. 3.3.1b) demonstrates that the organic yields increase dramatically where gold is 

present.. These data also reassured us that the surfaces of the oil paint sample ZD were 

sufficientlyy comparable to measure an effect due to gold coating, thus avoiding bias 

duee to our decision to analyse fresh (i.e. untouched by the primary beam) before and 

afterr gold coating. 
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3.3.4.13.3.4.1 Factor of improvement of the organic ion yields 
Thee absolute number increase in organic yield due to a gold coating for the 

negativee ion of stearic acid is not the same for the chalk tablet and sample ZD. The 

factorr of improvement is 4.7 for the tablet and 3 for sample ZD. This difference may 

duee to differences in surface composition of the sample. Stearic acid in the oil paint is 

presentt in a complex mixture of other organic substances and more reactive mineral 

matterr compared to the organic-free and inert chalk. 

Thee factors of improvement between the yields of the negative and positive 

ionss in sample ZD are different. The negative ion mode shows an increase of a factor 

3,, with the exception of two fragments, whereas in the positive mode this factor varies 

inn the range 2 - 4. Deprotonation of the acid group facilitates ionisation for all the 

negativee ion species observed and therefore the secondary ion yields show similar 

results.. One of the two outliers in the negative mode is a deprotonated diacid (m/z 

187)) that is quite unstable, especially compared to a mono-acid. A gold coating seems 

too be stabilised the deprotonated diacid ion resulting in much higher yield. The high 

factorr of improvement of the second outlier, a mono-acid (m/z 143), is supposed to 

causedd by overlap of an unknown peak introduced after gold coating. The type of 

group,, facilitating the charge for the positive ions species, varies between protonated 

acidd groups, metal carboxylates, acylium ions and protonated fragments of triacyl-

glycerol.. No trend is obvious in ion yields between these different groups of positive 

ions. . 

3.3.4.23.3.4.2 Effect of gold coating on organic and inorganic molecules 
Goldd coating leads to primarily to an enhancement of the ionisation and less to 

aa reduction in fragmentation of the molecules. This deduced from the graph of the 

yieldd improvement factor of the negative ions (Fig. 3.3.7), where the yields of 

aliphaticc chain fragment ions of the fatty acids are increased with the same factor as 

thee fatty acid ions. If the fragmentation is reduced due to the gold coating, factor of 

improvementt for the deprotonated fatty acid should be higher than the factor of 

aliphaticc chain fragments of the fatty acids. 

Goldd coating improves the organic ion yields, but suppresses the yields of the 

metall  ions. In the positive mode the yield of the lead ion is improved but not as 

stronglyy as the improvement of organic ion. A qualitative difference is that gold 

coatingg eliminates the formation of clusters of lead, lead oxides or lead hydroxides, 

whichh are believed to be formed in the selvedge. This might be an indication that the 

primaryy energy deposited on the surface is reduced due to the stopping power of the 

goldd coating, which results in a lower consumption of the lead white. 
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3.3.4.33.3.4.3 Gold-organic complex ions 
Differentt gold-organic complex ions are detected in the positive as well as the 

negativee SIMS spectra. In the positive mode, cations with small organic masses of 28, 

42,, 54, 56 and 58 amu are observed. The accurate mass of these ions indicates the 

presencee of a gold ion attached to a neutral Cv H 2 v ( v . 2-4) fragment (CvH2v_2 in the 

casee of 54 amu and CvH2v+2 in the case of 58 amu). In the negative ion mode, 

differentt types of gold anions are observed. Two prominent ions detected are neutral 

palmiticc and stearic acid, each attached to one gold ion. According to the literature, 

thesee types of ions are only found in the positive mode. However, the system 

describedd in our paper differs because in our case the gold is on top of the sample and 

nott underneath a thin layer of stearic acid as is the case in Ref. 14. Positively charged 

goldd ions with neutral fatty acids are not observed in our data. From our experiments 

wee would suggest that negatively charged gold ions have a higher affinity to neutral 

fattyy acid species compared to positively charged gold ions. Other anions detected in 

thee negative mass spectrum are of the type Au2 + organic anion. Two peaks present in 

thee mass spectrum are assigned to a gold cluster with a deprotonated fatty acid, i.e. 

palmiticc and stearic acid. This observation - the existence of a gold cluster with an 

organicc anion - supports the idea that the peaks observed at lower mass belong to gold 

clusterss with a small organic fragment. The accurate masses of the small organic frag-

mentss attach to the gold cluster correspond to the negative ions CH~2, OH", C2H% 

C2Hh22 and C3H5*  (14, 17, 25, 26 and 41 amu, respectively). Why only these negative 

fragmentss attach to the gold cluster is not yet clear. 

3.3.55 Conclusions 

Ann ultrathin gold coating enhances the secondary positive and negative ion 

yieldss of lipid moieties of aged oil paint. The negative organic ion yield is enhanced 

withh a factor of 3, whereas the positive organic ion yield increases by a factor of 2 - 4. 

Thee negative charge is localised on the deprotonated acid groups of oil species 

observed,, which result in a similar improvement of the secondary ion yield. The 

improvementt of the positive secondary ion yields fluctuates because the charge is 

locatedd on different chemical functional groups. Gold coating improves the ionisation 

processs of the organic molecular ions and does not effect the fragmentation of fatty 

acids.. The dissociation of the mineral matter, lead white, is reduced due to the gold 

coating. . 
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Thee methodology of gold coating is a very promising tool to improve the 
organicc yields from SIMS of paint cross-sections from paintings, thus leading to a 
moree accurate mass spectral identification and an improved localisation of the spatial 
distributionn of the organic constituents representative for the binding medium present 
inn a traditional painting. 
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