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Chapterr 6 

Ann LDMS investigation of traditional colouring 
materialss - Part III : Indigoid dyes 

LDMSLDMS is used for the investigation of indigo, a blue natural organic 
colouringcolouring material used traditionally as artist's pigment and textile dye. 
FundamentalFundamental studies of synthetic indigotin and natural indigo samples performed 
withwith TOF-MS and ITMS address the ion formation during the LDI process. 
AnalysisAnalysis of complex paint mixtures explores the influence of lead white and linseed 
oiloil  on the LDI process of indigoids. The spatial resolution provided by a spot 
analysisanalysis with an ultraviolet laser beam makes it possible to directly identify indigo 
fromfrom the surface of wool fibres or from specific paint layers in cross-sections from 
paintingpainting reconstructions. 
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6.1.6.1. Introduction 

6.1.1.6.1.1. Materials and practice 

Indigo,, one of the oldest natural dyestuffs, was known to ancient 

civilisationss in Asia, Egypt, Greece, Rome, Britain, and Peru16'28. Indigo has been 

usedd to prepare traditional artist's pigments and textile dyes ' . 

Accordingly,, the Color Index of the Society of Dyers and Colorists147 classifies 

indigoo both as a pigment (CI Natural Blue 1) and as a vat dye for textile (CI Vat 

bluee 1). The blue colouring material indigo - indigotin - is the molecular species 

C16H10N2O22 with a structural formula shown in Figure 6.1. 

Figuree 6.1 Indigotin (MW 262Da, Cl6H,oN202, C.I. vat blue 1; CI. 73000) 

alsoalso commonly called indigo or indigo blue, is a blue colouring 

materialmaterial traditionally prepared from plants extracts. The pigment is 

usedused as such and does not need a mordant. 

Indigoidd dyestuffs, commonly named indigo, were traditionally obtained 

fromm plants. The main indigo-producing plants and their geographical distribution 

havee been recently surveyed by Balfour-Paul15 . The indigo-plant Indigofera 

tinctoriatinctoria L. grown in India and the woad Isatis tinctoria L. grown in Europe have 

beenn the most widely exploited biological sources. Synthetic indigo - indigotin -

wass among the very first synthetic pigments. It was produced as early as 1883 by 

Adolff  von Baeyer and within only a few decades it almost completely replaced 

indigoo of natural origin153. Today synthetic indigo is produced on a large industrial 

scalee and has obtained a worldwide popularity in Denim garments. 

Thee manufacturing procedure of indigo dyestuff from woad and the indigo-

plantt implies a redox reaction. In a first step, fermentation of plant material yields 

thee reduced form of indigo, leuco-indigo (leucos = white bright) (Figure 6.2). In 

**  Indigoid dyestuffs are commonly referred to as indigo. Synthetic indigotin as well. 
**  Classification of indigo among vat dyes evokes the vats where fermenting was taking place. 
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thee indigo-plant the precursor of the reduced form is indican (indoxyl-6-D-
glucoside)) whereas in woad it is also isatan B (indoxyl-5-ketogluconate). 
Enzymaticc hydrolysis during fermentation breaks the glucoside or ester bonds 
yieldingg the indoxyl precursor molecule. Indigo is subsequently formed by 
oxidationn on exposure to air (dehydrogenation with atmospheric oxygen) 
producingg the blue colour. 

Naturall  indigo was habitually traded in the form of lumps to be ground for 
usee as pigment, or reduced again in an alkaline solution to obtain a dyeing bath. 
Thee dyeing procedure consists in steeping pieces of fabric in this leuco indigotin 
solutionn and to let them dry. Oxidation on air exposure fixes the colouring matter 
byy absorption of the dyestuff onto the fibres. Note that this procedure does not 
implyy the use of a mordant, as it is the case for yellow flavonoids and red 
anthraquinoness (see Chapter 4 and 5). 

Inn addition to variations inherent to the type of indigo-producing plants, 
theirr growth conditions and cultivation, the manufacturing process of the colouring 
materiall  itself plays an important role in the quality of the artist's pigment. The 
indigo-plantt produces indigo of higher purity than woad, but on the whole natural 
indigoo always contains impurities originating from the plant material itself. 
Adulterationn was common practice and pigments retailed under the label 'pure 

Leuco-indigo o 

Isatann B 
Indigotin n 

Figuree 6.2 Indoxyl released by fermentation from indican or isatan B oxidises 
toto indigotin. 
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indigo'' were in fact often mixed with impurities of various kinds, such as ashes, 
sand,, soot, resin, etc 49. In the pure form, natural indigo is a dark blackish blue 
powder.. The colour of natural indigo can have a more coppery, reddish or violet 
tonee depending on the biological origin and the manufacturing process. 

6.1.2.6.1.2. Technical investigation of indigo in Conservation Sciences 

Technicall  investigation of indigo in museum artefacts concern essentially 
ancientt textiles and paintings, where indigo was used as early as the 15 century 
andd probably even earlier. 

Identificationn of indigo in paintings is very problematic since the pigment 
iss generally found in very small amounts mixed with various other paint 
compoundss and samples removed for technical investigation are often of 
microscopicc size. Extraction and derivatization of indigo from dyed fibres for 
analysiss 74' l41 is problematic because the indigo is only (partly) soluble in a small 
rangee of organic solvents. To compound the problem, indigo is a fugitive dyestuff 
thatt dramatically deteriorates with the passing of time. The blue colouring 
materialss alters - mainly under the effect of light - into colourless products, a 
processs called fading 31"35. Littl e is known about degradation products of indigo 
andd fading mechanisms in complex systems such as paintings . The role of the 
manufacturingg process, the preparation of the pigment-oil mixture, and the role of 
thee media and additives on the degradation of indigo are still very poorly 
understood.. Studies are underway to investigate the degradation of indigo by 
FTIR,, mass spectrometry (DTMS and ESI-MS) and HPLC-MS 82',56. 

Variouss analytical techniques that have been successfully used for the 
investigationn of indigo in museum objects were reviewed in a monograph by 
Schweppee 49. Non-destructive techniques such as Raman spectroscopy 
infraredd spectroscopy 67, or UVYVIS spectroscopy 158 can be used with negligible 
damagee to museum artefacts. Unfortunately, these techniques often fail to ascertain 
thee presence of indigo in complex samples, and cannot unravel complex molecular 
degradationn processes. More detailed analytical information can be obtained when 
sampless are removed for technical investigation. Sufficient material is rarely 
availableavailable to perform X-ray analysis, but chromatographic methods - such as TLC 
andd HPLC 75' 76 - and mass spectrometry have been proved to be adequate 
techniques. . 

Masss spectrometry of indigo has been discussed earlier in the literature by 
differentt authors, notably by Mc Govern 159 who has shown successful results with 
electronn impact, and Gibbs 158 who has identified indigo from ancient paper using 
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FABB after derivatization of the dyestuff. More recently, Van den Brink et al. 42 

havee addressed discoloration of indigo in the paint matrix with DTMS. 

6.1.3.6.1.3. LDMS of indigo and indigo-containing samples 

Investigationn of indigo presented in this chapter is part of a 
multidisciplinaryy project that aims at a better understanding of artists' use of indigo 
ass well as the discoloration of the pigment in paintings 160. Here we will explore 
laserr desorption mass spectrometry (LDMS) as an analytical tool for investigation 
off  indigo in museum artefacts and paint reconstructions. Spatially-resolved LDMS 
iss employed with the aim to develop in-situ mass spectrometric analysis of indigo 
att the surface of complex samples. More particularly we are interested in the 
analysiss of indigo in individual layers of paint cross-sections, and in the direct 
identificationn from the surface of individual dyed fibres 138 without the need of 
extractionn or derivatization. 

Firstly,, we have investigated the desorption and ionisation behaviour of 
indigoo with LDMS using a nitrogen laser (337nm). Analyses concern indigo as 
puree reference compound and indigo in mixtures, i.e. in the presence of other 
inorganicc pigments (lead white) and/or a binding medium (oil). Careful 
comparisonn between different natural and synthetic indigos examines the 
possibilityy to identify the nature or biological origin of the pigment. Particular 
attentionn will be given to the role of additional compounds in the LDI process. 
Depositionn of matrix at the surface of indigo samples has been tested to determine 
whetherr the procedure can assist the LDI process and improves the analytical 
information.. The ITMS analyser equipped with a Nd:YAG laser (355nm) was used 
too provide MS" analysis (up to the fourth) in order to get a better insight into the 
fragmentationn pattern of indigo in LDMS. The applicability of spatially-resolved 
LDMSS is demonstrated for in-situ analysis of indigo at the surface of paint cross-
sectionss and dyed fibres. 

6.2.6.2. Experimental 

6.2.1.6.2.1. Samples 

Referencee materials include synthetic indigo (Fluka), and natural indigo 
sampless acquired from different manufacturers - namely Kremer, De Kat, and De 
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Spoell  - all of which are declared to be manufactured from indigo plant Indigofera 
tinctohatinctoha L. Indigo is delivered in the form of a thin powder with differing grain 
sizess depending on the manufacturer. 

"Mixedd samples" include synthetic and natural indigo mixed with lead 
whitee (Kremer), linseed oil or both lead white and linseed oil. Lead white is basic 
leadd carbonate 2PbC03.Pb(OH)2, a white inorganic pigment that was commonly 
mixedd with indigo to obtain lighter shades of the blue colour. The first set of 
samplee was prepared in the laboratory. Indigo was mixed to lead white in different 
ratioss (1/64 w/w, 1/32, 1/16, 1/8 and 1/4) and these mixtures were thoroughly 
groundd in a mortar to obtain an homogeneous blend. Indigo and indigo/lead white 
mixturess were also blended in a droplet (a few microliters) of linseed oil and 
analysedd immediately. The second set of samples was obtained from the collection 
off  Ms. van Eikema-Hommes. These samples belong to a series of reconstruction 
experiments**  that were undertaken to investigate variations induced in time by 
differentt parameters, such as the type of raw materials and their preparation, paint 
application,, conservation and restoration treatments, light ageing, etc , . 

Thee textile samples consist of two sets of dyed fibres: (1) wool fibres dyed 
withh synthetic indigo in the laboratory (supplied by A. Quye, Edinburgh) and (2) 
woolwool fibres dyed with natural indigo from ancient Peruvian civilisation (supplied 
byy A. Wallert, Rijksmuseum)68. The first set of samples is part of a study 
conductedd on the fading of fibres dyed with natural colouring materials. 

6.2.2.6.2.2. Instrumental set-ups 

Twoo instrumental set-ups were employed to perform LDMS studies of 
paintt materials and paint cross-sections, one with a TOF-MS analyser and one with 
ann ITMS analyser. For a detailed description of both instruments we refer to 
chapterr 2. 

Analysiss were performed at two different wavelengths in the ultraviolet 
range:: at 355 nm (Q-switched Nd:YAG laser) on the ITMS set-up and at 337 nm 

Thee complete collection of reconstructed samples includes various types of indigo 

(syntheticc and natural) mixed in different proportions with different media (various types of oils, 

eggg tempera, water, etc) and different types of additives (lead white, chalk, verdigris, smalt, etc). 

Sampless were prepared in duplicate by application of the mixture on a cardboard with different 

layerr thickness. Each sample was artificially aged under controlled conditions, a copy being saved 

ass reference. These experimental specimens have been studied in parallel with case studies of 

seventeenthh century Dutch paintings, notably concerning the use of indigo by Frans Hals. 
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(N22 laser) on the TOF-MS set-up. Desorption and ionisation was performed 
directlyy (LDI) or with the assistance of a matrix (MALDI) . Measurements were 
performedd either in positive or in negative mode. 

Comparativee measurements were also performed with Direct Temperature 
Masss Spectrometry (DTMS) on a sector instrument Jeol SX102-102A (BEBE) to 
obtainn better insight into the effects of ionisation and fragmentation processes. 
Sampless are deposited at the tip of a direct insertion probe fitted with a resistively 
heatablee platinum/rhodium (9/1) filament (100 urn diameter). The probe filament 
wass temperature programmed to heat at a rate of 0.5 A min "' (approximately 8°C 
s')) to a final temperature of about 800°C. Ions were generated by electron impact 
ionisationn (EI). 

6.2.3.6.2.3. Sample preparation 

Indigoo samples were either analysed as thin particles absorbed at the 
surfacee of a stainless steel probe, or in-situ that is by direct LDI of the surface of 
thee sample (cross-sections and fibres). 

Too absorb particles of indigo on the surface of the probe, a suspension of 
indigoo in water was prepared and a few microliters were deposited with a pipette. 
Subsequentt evaporation of the water vehicle left the particles adsorbed at the 
surfacee of the probe. Indigo/lead white mixtures are deposited onto the surface of 
thee probe in a similar manner. Suspensions of pigment in (wet) uncured oil were 
depositedd as a thin film on the probe. Surface tension keeps the fluid mixture in 
positionn during measurement (the surface of the probe is positioned vertically in 
thee TOF-MS configuration). By accurate positioning of the probe under the laser 
beamm individual particles of indigo (typically 10-50 micrometers) were easily 
targeted. . 

Thee other samples were analysed in-situ. For indigo-containing mixtures 
paintedd on a cardboard, touch-dry pieces of the paint film were cut out from the 
cardboard.. The piece was then fixed to the surface of the probe with a droplet of 
Technovitt (a light curing resin) to perform surface analysis. Alternatively the 
samplee was embedded and sectioned to investigate as cross-sections clamped in 
thee cavity of the probe. Wool fibres dyed with indigo were clamped at their two 
endss in the probe cavity. Individual fibres can be fastened in close contact with the 
metallicc substrate provided that the two ends are correctly secured (see Chapter 4). 

DHBB (dihydroxybenzoic acid) was used as a matrix to perform MALDI 
experiments.. With thin films of indigo on a probe, a solution of DHB in ethanol 
wass deposited on top of the layer of indigo and left to dry. In this fashion, thorough 
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andd homogeneous blending of the matrix with the sample is not obtained, but the 
proceduree is presumed to match closely the conditions of matrix deposition in the 
casee of MALDI of paint cross-sections. For cross-sectioned samples, matrix (20ul 
off  a 0.1M DHB solution in water) was deposited on the surface of the sample by 
meanss of a home-build nitrogen driven pneumatic spray system. 

6.2.4.6.2.4. Mass calibration 

AA mass calibration for TOF-MS measurements was realised before each 
seriess of measurements to obtain optimal mass accuracy, especially in the presence 
off  lead white. Two samples of polyethylene glycol (PEG) with a molecular weight 
distributionn of averaging m/z 400 and 1000 respectively served as calibrant. 
MALD II  measurements were performed with a mixture of a ImM ethanol solution 
off  PEG and a 1M ethanol solution of DHB. The mixture was deposited at the 
surfacee of the probe and the ethanol vehicle was left to evaporate. Calibration was 
realisedd with peaks from the DHB and the PEG at regular intervals in the m/z 
rangee [0-1500]. 

6.3.6.3. Analysis of synthetic indigo 

6.3.1.6.3.1. LDI-TOF-MS 

Syntheticc indigo (Fluka) was analysed at low laser power density with the 
TOF-MS.. A high degree of analytical reproducibility was observed. Figure 6.3 
showss a characteristic LDI-TOF-MS experiment at low laser power density with 
spectrall  data averaged over 10 shots. This spectrum illustrates clearly that synthetic 
indigoo desorbs and ionises satisfactorily at a UV wavelength of 337nm. Different 
typess of ions are observed that correspond to different ionisation mechanisms. A 
firstt group of dominant peaks is assigned to the radical cation M*+ at m/z 262, the 
protonatedd molecule [M+H]+ at m/z 263, the sodium adduct [M+Na]+ at m/z 285 
andd the potassium adduct [M+K] + at m/z 301. At higher mass range we observe the 
sodiatedd dimer [2M+Na]+ at m/z 547. The presence of these different types of 
indigoo ions is evidence for simultaneous ionisation processes. M ,+ is the result of 
multi-photonn ionisation (MPI)*  '61. For protonated molecules, we propose that 

Ionisationn potential of indigo has been measured in the gas phase to 7,31 eV (Bauer et al.) 
indicatingg that photon ionization requires at least two photons at UV wavelength of 337nm 
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Figuree 6.3 (A and B) LDI-TOF-MS in the positive mode of synthetic indigotin 
atat low laser power; (C) LDI-TOF-MS in the negative mode. 

indigoo acts as its own proton donor. Lability of the hydrogen atoms in the indigo 
moleculee is explained by the formation of an intramolecular oxygen-hydrogen 
bond,, between -CO and -NH groups of the two heterocyclic rings (Figure 6.4). In 
alll  likelihood, stability of this structure is provided by the combined planar nature 
off  the indigo molecule and its excited electronic state. The sodium and potassium 

(3,68eV)) and 355nm (3,49eV). Desorption and ionisation of indigo in the condensed phase most 
likelyy necessitates more than two photons. 

119 9 



ChapterChapter 6 

adductss are explained by cationization with Na and K from salt contaminants in the 
samplee or on the probe surface. This is supported by peaks at m/z 23 and 39 
assignedd to Na+ and K+. Peaks at m/z 284 and 300 are assigned to the species [M-
H]Na*++ and [M-H]K* +. 

Formationn of these ions is explained by formation of excited species [M-
H]**  followed by alkali addition '". Supportive evidence is provided by the 
negativee ion spectrum shown in Figure 6.3.C. Intense peaks at m/z 262 and 261 are 
assignedd to the radical anion M*" and to the deprotonated molecule [M-H] \ 
Formationn of [M-H]" results by electron capture from the intermediate species [M-
H*] .. The great simplicity of the negative ion spectrum suggests that this mode is to 
bee preferred for rapid identification. 

Ann additional group of peaks in the positive mode at m/z 306, 322 and 338, , 
iss assigned to the species [M-2H+2Na]'+, [M-2H+K+Na]*+ and [M-2H+2K] ,+. We 
proposee here a cation exchange during the ablation process (Figure 6.4). In this 
unusuall  ion formation mechanism, the two labile hydrogen atoms of the radical 
cationn are exchanged for alkali cations present in the solid phase. The resulting 
ablatedd species are in all probability di-salts where the alkali is attached through an 
ionicc bond. 

Ann as-yet-unidentified peak in Figure 6.3.A is observed at m/z 360. In a 
higherr mass range, related ions are observed at m/z 378 (360+H2O), 382 (360-
H+Na),, 398 (360-H+K), 400 (360+H2O-H+Na), 416 (360+H2O-H+K). The 
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B B 

c c 
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/// \  N^ ^ 

\\ / / 
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Figuree 6.4 Cation exchange under laser MPI conditions leads to the 
substitutionsubstitution of hydrogen with sodium, potassium or lead atoms 
duringduring the LDMS experiment. 
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relativee abundance of these ions increases with a higher laser power. The presence 
off  these adducts suggests that m/z 360 is the radical cation of an impurity in the 
indigoo sample. Enhanced desorption and ionisation of this component by REMPI 
(resonance-enhancedd multi-photon ionisation) at the particular wavelength used in 
thee experiment is proposed to account for the high intensities. This hypothesis is 
supportedd by low voltage DTMS spectra, where a compound with a molecular 
weightt of 360 is absent. 

LDI-TOF-MSS spectra obtained at low laser power do not display numerous 
characteristicc fragment ions, as for instance in DTMS analyses. Synthetic indigo 
wass therefore analysed at the maximum laser power density of the nitrogen laser 
(ca.. 70uJ/pulse) in an attempt to induce fragmentation (spectra not shown). 
Predictably,, the spectrum obtained under this condition shows a significant 
increasee of the relative intensities in the range m/z [360-500]. In the mass range [0-
300]]  however, no fragment ions could be detected with a relative intensity above 
1%,, giving evidence for a particularly soft ionisation mechanism. 

DD Potassiated 
(300,, 301, 302) 

 Sodiated 
(284,, 285, 286) 

BM-+and[M+H]+ + 

(262,, 263, 264) 

Figuree 6.5 Relative ion abundance in sequential bunches of 50 laser shots 
duringduring LDI-TOF-MS of synthetic indigotin. 

LDI-TOF-MSS of synthetic indigo was conducted for the duration of 300 
laserr shots at a fixed position of the probe surface. Spectra were averaged for 
cycless of 50 successive laser shots. Comparison of the mass spectra shows that the 
spectrall  information is quite reproducible in time. The ratio between the three 
principall  peaks [M+H]+/[M+Na]+/[M+K] + stays approximately the same. In the 
coursee of the measurements the number of ions per shot (total ion current) 
decreasess substantially. This is illustrated in Figure 6.5 by plotting the evolution in 
timee of three prevalent groups of ions: M*+ and [M+H](wit h their corresponding 
isotopes')) for m/z 262, 263 and 264; [M-H']Na+ and [M+Na]+ for m/z 284, 285 
andd 286; and [M-H*]K + and [M+K] + for m/z 300, 301 and 302. Figure 6.5 shows 

'' The peaks at 264, 286 and 302 correspond to the isotopic distribution of indigo, essentially due to 
thee presence of the carbon isotope 13C. I2C and 13C are in a 100:1.1 ratio. 
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thatt the absolute intensity of these three groups of characteristic ions decreases 
withh successive bunches of 50 shots. The total ion current of the different series of 
ionss decreases proportionally with each other, and only moderate variations of the 
ratioratio between relative intensities are observed (<10%). The total ion current evens 
outt at 1500 Da after 200 shots and sufficient signal is still observed after 500 shots. 

Similarr measurements signal averaged in smaller bunches of laser shots (1, 
55 and 10 shots) confirm the initial downward slope of the curve. More than 40% of 
thee ions are produced in the first 10 shots of a bunch of 50 laser shots. The 
decreasee of the total ion current can be justified by sample consumption, but we 
believee that the modification of the surface condition of the sample also contributes 
significantlyy to this phenomenon. From these experiments we come to the 
conclusionn that best analytical information is recorded during the initial laser shots. 
Whenn sufficient density of material is present at the surface of the probe, it is 
possiblee to move the sample to offset the diminution of relative intensity. This 
alternativee is however not conceivable in the case of spatially-resolved analysis of 
heterogeneouss materials where moving the sample often implies a different analyte 
composition. . 

6.3.2.6.3.2. MALDI-TOF-MS 

Ass expected, peaks dominating the LDI spectra are also observed in the 
MALD II  spectra (Figure 6.6): m/z 262, 263, 264 for the radical cation and 
protonatedd molecule; m/z 284, 285, 286 for the sodiated species; m/z 300, 301, 302 
forr the potassiated species. The ions at m/z 360, 361, m/z 378, 382, 398, 400 and 
4166 remain unidentified. The relative ratio between radical cations and protonated 
moleculess is comparable to the LDI spectra. This is evidence supporting the 

Figuree 6.6 MALDI-TOF-MS of synthetic indigotin. 
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ionisationn mechanism proposed for LDI with dominant proton transfer from indigo 
itselff  (indigo acting as its own matrix). The absolute intensity in MALDI is only 
moderatelyy higher than in LDI. Typically the factor of amplification of the signal 
goess from 1,5 to 5. This difference is attributed to the fashion in which the matrix 
mixess with the analyte after surface deposition. The ratio of the sodium and 
potassiumm adduct to the protonated indigo was found to be roughly similar. Thus, 
thee use of a MALDI matrix does not significantly improve the analytical 
information.. On the contrary it introduces peaks characteristic of the matrix, which 
mayy complicate the interpretation of the spectra in unknown samples. 

6.3.3.6.3.3. Multiple-stage LDI-ITMS 

Syntheticc indigo was further investigated by multiple-stage mass 
spectrometryy (MS") with the ITMS in order to get a better insight into the 
fragmentationn pattern. In the ITMS experiment, the sample was desorbed and 
ionisedd with a Nd:YAG laser working at 355 nm. At low laser power, indigo 
desorbss satisfactorily, supporting the observation that the molecule is a good 
chromophoree in this ultraviolet range. Figure 6.7 shows the LDI-ITM S spectrum of 
indigoo at low laser power. The spectrum displays dominant peaks for the 
protonatedd molecules [M+H]+ at m/z 263 and the radical cation M*+ at m/z 262. 

150 0 175 5 200 0 225 5 250 0 275 5 300 0 325 5 3500 Mas s [u ] 

Figuree 6.7 LDI-ITMS of synthetic indigotin at low laser power 

Fragmentt ions were assigned as follows: [M+H-CO]+ at m/z 235 and [M-
CO]++ at m/z 234, [M-2CO]+ at m/z 206 and [M-H-2CO]+ at m/z 205. Assignment 
off  the peak at m/z 219, which corresponds to a loss of 43 Da, is not straightforward 
(seee below). Peaks at m/z 165, 180 and 190 remain unidentified. 
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Ann MS" experiment was performed by first isolating protonated molecules 

att m/z 263, followed by collision-induced dissociation (CID) . Figure 6.8 shows 

thee result of a MS" experiment conducted in four stages. CID of the protonated 

moleculee in Figure 6.8.A yields [M-CO]+ at m/z 234, [M-2CO]+ at m/z 206, and 

[M-CO-COH]++ at m/z 205. The peak at m/z 246 is not identified. The presence of a 

peakk at m/z 219 confirms this ion as a fragmentation product of indigo and is not 

ann impurity. We propose a loss of [CHNO] from the molecular ion, but this cannot 

bee verified with current experiments. CID of the isolated fragments at m/z 234 and 

2355 in Figure 6.8.B yields [M-CO-COH]+ at m/z 205 and [M-2CO]+ at m/z 206. 

CIDD of fragment ions m/z 205 and 206 in Figure 6.8.C yields fragment ions at m/z 

1788 with an assigned elemental composition C B H 8 N . The peaks at m/z 169 and 

1966 remain unidentified. 
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Figuree 6.8 Multiple-stage LDI-ITMS of synthetic indigotin (Fluka): (A) MS2 of 

thethe protonated ions at m/z 263, (B) M y of the fragment ions of m/z 

263263 at m/z 234, and (C) MS4 of the fragment ions of m/z 234 at m/z 

205. 205. 

Thee isolation capabilities of the ITMS in this experiment have a mass range of approximately 
11 ODa, which means that the protonated molecule is not isolated from the radical cation. Spectra of 
thee isolated species revealed however a minor contribution of the radical cation. In the CID 
experimentt only protonated molecules at m/z 263 are excited and fragmented. 
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6.3.4.6.3.4. LD-E1 with the ITMS 

Whenn post-EI ionisation (25eV) is used, the spectrum of synthetic indigo 
(Figuree 6.9.A) displays four major peaks at m/z 178, 205, 234 and 262. Additional 
peakss are observed at 115 and 138, 165. These results are in good agreement with 
EII  proposed by Gibbs et a/.158 and DTMS(/MS) with 16eV EI ionisation (Figure 
6.9.BB and C). 

6.3.5.6.3.5. Conclusion 

Inn this series of experiments, LDMS proves to be a successful technique for 
thee investigation of synthetic indigo. An UV laser beam employed at a low power 
densityy produces soft ionisation that affords positive identification of the molecular 
species.. LDI-TOF-MS spectra display intense peaks for protonated, sodiated and 
potassiatedd species. Negative ion spectra are simpler in appearance, with only one 
peakk for indigo. Use of a DHB matrix did not improve the analytical information. 
Fragmentationn is negligible under the TOF-MS conditions but is observed in ITMS 
experimentss where the analyte is subjected to higher internal energy deposition 
conditions.. The use of multiple-stage MS in the ITMS made it possible to follow 
thee fragmentation route in a MS4 experiment. 

6.4.6.4. Analysis of natural indigos 

Naturall  indigo is the manufactured product obtained from the 
transformationn of plant materials. According to the biological source and the 
manufacturingg process various additional compounds may be present in the 
resultingg pigment. In the following experiments, a series of three natural indigo 
pigmentss obtained from different suppliers were analysed by LDMS under the 
samee conditions. The three pigments are reportedly obtained from the same 
biologicall  source (indigo-plant Indigofera tinctoria L.), but details of their 
manufacturingg process have not been disclosed to us. 

Figuree 6.10.A displays the LDI-TOF-MS spectrum of natural indigo (de 
Kat)) measured at low laser power density. In comparison with synthetic indigo, 
onlyy a negligible contribution of sodium and potassium adducts (respectively at 
m/zz 285 and 301) is observed indicating that lower concentrations of these alkali 
aree present in the sample. The unidentified peak at m/z 360 detected earlier in 
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Figuree 6.10 (A) LD1-TOF-MS and (B) MALDI-TOF-MS of natural indigo (de 
Kat). Kat). 

syntheticc indigo has here much smaller ion intensity. Natural indigo displays a 
dominantt peak at m/z 232 that remains unidentified. Since this ion is also observed 
inn DTMS experiments, we strongly suspect the presence of an additional 
compound.. Presence of a peak at m/z 232 in MALDI spectra (Figure 6.10.B), 
wheree the formation of fragments ions is not likely, strongly supports this 
assumption.. As is the case for synthetic indigo, MALDI spectra closely match the 
LDII  spectra. Sodium and potassium adducts (m/z 285 and 301) as well as species 
observedd in the range [450-500] have a higher intensity. The negative mode spectra 
reveall  peaks at m/z 261 and 262 for the deprotonated molecule and radical anion. 

Onn the basis of LDI and MALDI-TOF-MS analyses, no molecular 
signaturee could be identified in natural indigo that would identify the different 
manufacturerss (De Spoel and Kremer). It is supposed that the unidentified m/z 232 
ionss is not the product of indigo fragmentation but rather an additional compound 
whichh production is enhanced in LDI. It may therefore possibly serve as marker for 
indigoss of natural origin. 
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6.5.6.5. LDMS of indigo at the surface of dyed fibres 

Inn fibres dyed with indigo, the colouring material is fixed to the fibre by 
oxidationn in air, and no mordant is used. Since LDMS of indigo is relatively 
straightforward,, we have investigated whether indigo present at the surface of a 
fibrefibre can be desorbed and ionised in an LDI experiment. 

TwoTwo sets of dyed fibres were analysed in a spatially-resolved experiment: 
(1)) wool fibres dyed in the laboratory with indigo (unspecified origin) and (2) wool 
fibresfibres dyed with natural indigo (uncertain biological origin) from an ancient 
Peruviann civilisation68. Accurate aiming of the laser made it possible to interrogate 
onee single fibre (10-30um). 
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Figuree 6.11 LDI-TOF-MS of (A) wool fibres dyed in the laboratory with indigo 
(B)(B) wool fibres dyed with natural indigo from ancient Peruvian 
civilisationcivilisation (sample provided by A. Wallert). 

AA bunch of wool fibres dyed in the laboratory with indigo were analysed by 
samplingg one single spot and averaging the mass spectral information over 25 
shots.. Characteristic spectra were obtained near the LDI density threshold, but LDI 
att slightly higher power densities visibly improve the signal-to-noise ratio. The 
LDII  spectrum (Figure 6.11 .A) displays a particularly clear distribution of peaks 
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withh characteristic ions readily attributed to natural indigo (m/z 232, 263, 285 and 
524).. A mass shift (up to ca. 1 mass unit) was observed in certain positions of the 
sample,, and that required internal calibration after analysis. The poor mass 
accuracyy was attributed to the position of the fibre on the probe. The part of the 
fibrefibre sampled during LDMS might significantly bulge out of the probe cavity, 
inducingg a shift in the time of flight (see section 3.2.). Experiments were also 
conductedd with one single fibre clamped on the probe. Results are identical, 
althoughh the relative intensity of the ions is strongly diminished, which makes the 
identificationn of the dyestuff less certain. 

LDMSS of wool fibres dyed with natural indigo from ancient Peruvian 
civilisationn were successful as well. Figure 6.1 l.B shows the LDI-TOF-MS of 
indigoo samples directly from the surface of one single fibre. Characteristic peaks 
aree found at 262 [M]' +, 263 [M+H]+, 284 [M-H']Na+, 285 [M+Na]+, 300 [M-
H*]K +,, 301 [M+K] +, 360. The spectrum is very clear and no degradation product 
couldd be identified here. The absence of a peak at m/z 232 combined with the 
presencee of a peak at m/z 360 questions the authenticity of the natural origin of the 
indigo. . 

Inn conclusion, LDMS appears to be a suitable technique for rapid in-situ 
identificationn of indigo at the surface of dyed fibres. The procedure does not 
necessitatee any preparation of the analyte. The analytical method is non-
destructive,, and does not necessitate prior extraction or derivatization of the 
dyestuff.. At low laser power, indigo desorbs preferentially and spectra positively 
attestt the presence of indigo. No interference is observed from the fibre material. 
Althoughh analysis of an individual fibre is possible, analyses will be preferentially 
performedd with multiple fibres. Positioning in the sample holder is much easier 
thann for an individual fibre, and aiming of the laser is simplified because of the 
largerr surface of material exposed. 

6.6.6.6. LDMS of indigo in oil paint 

Inn paintings, indigo is rarely used as a pure substance but occurs in 
mixturess with other painting materials. Because the presence of the additional paint 
materialss might influence the LDI behaviour of the blue organic pigment, we 
exploredd LDMS of indigo in the presence of (1) lead white (basic lead carbonate), 
ann inorganic pigment and drier of oil paint, and (2) linseed oil, a prevalent medium 
usedd in easel painting. Samples consist of indigo mixed with either lead white or 
withh oil, and with both lead white and oil. Reconstructions were made on artists' 
boardd painted with thin films of such mixtures. 
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Figuree 6.12 LDI-TOF-MS of a 1:8 (w/w) indigo/lead white mixture. In the first 

shotsshots indigo is predominantly observed with peaks corresponding to 

protonatedprotonated (m/z 263), sodiated (m/z 285), andpotassiated (m/z 301) 

species.species. Later, indigo is observed as indigo-lead salts (m/z 468, 490 

andand 506). 

Thesee complex samples were investigated by LDI and MALDI-TOF-M S in 

differentt forms: (1) no preparation; (2) paint material removed from its support 

(carvedd out with a scalpel), ground, and prepared as a suspension in water; (3) 

paintt material removed from its support, embedded in a supportive resin and cross-

sectioned.. Reference spectra of pure lead white were acquired in LDI and MALDI -

TOF-MSS for comparison (data not shown). 

6.6.1.6.6.1. LDMS of indigo/lead white mixtures 

Thee first LDI-TOF-MS experiment concerns a 1:8 (w/w) synthetic 

indigo/leadd white mixture. Analysis was conducted at low laser power density with 

multiplee laser shots in close succession (frequency of ca. 2Hz) on one fixed 

positionn in the sample. A series of spectra were registered averaging mass spectral 

130 0 



Indigo Indigo 

Intens. . 

5000 " 

4000 -

3000 -

2000 -

> > 

O O 
.o o 
Q_ _ 

/vA^^A^y WW ^ 

o o 
XI I 

O O 

o o 
O) ) 

XI I 

1 1 
o o 
.O O 
0--

o o 
XI I 

\\ M \ A A 

KfMjKfMj VA/A^I ^VyV WxAT7 U , 

260 0 261 1 262 2 263 3 264 4 2655 m/ z 

Figuree 6.13 LDI-TOF-MS of a 1:8 indigo/lead white mixture in the mass range 
m/zm/z [260-265], showing the isotopic distribution of PbOK* and 
indigo. indigo. 

informationn for every 5 laser shots. From this set of spectra (Figure 6.12), different 
characteristicc features of LDMS of indigo/lead white mixtures can be pointed out. 

Att low laser density, desorption and ionisation is intense showing a good 
responsee at the UV laser wavelength (337nm). Surprisingly, the spectral 
informationn significantly varies in time. In the first spectrum averaging the initial 
fivefive laser shots, the molecule of indigo can be readily identified. Characteristic 
peakss at m/z 262, 263 and 264 can be assigned to the radical cation and protonated 
molecule;; m/z 284, 285 and 286 are assigned to sodiated species; m/z 300, 301 and 
3022 are assigned to potassiated species. We also observe the unidentified species at 
3600 and 361, 382 (360-H+Na) and 398 (360-H+K). At this stage, characteristic 
peakss for lead white are observed with very low relative intensity. 

Inn the following shots with the same power density, the absolute intensity 
off  the diagnostic ions of indigo decreases significantly, whereas the intensity of the 
leadd white derived ions increases. Notice in Figure 6.13 that TOF-MS provides the 
necessaryy resolution to separate [PbOK]+ from indigo, which shows up in the same 
masss range with a theoretical difference of only 0.14 m/z (Table 6.2). The LDI of 
leadd white itself produces a broad set of characteristic ions assigned to the lead ion 
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species s 

Pb+ + 

(PbO)Pb+ + 

2PbO+ + 

(PbO)2Pb+ + 

m/z* * 

208 8 

430 0 

446 6 

654 4 

species s 

(PbO)/ / 

(PbO)4Na+ + 

(PbO)4KT T 

(PbO)5
+ + 

m/z z 

894 4 

917 7 

933 3 

1116 6 

species s 

(PbO)5K
+ + 

(PbO)6
+ + 

{PbO)4Pb2(V V 

m/z z 

1155 5 

1340 0 

1356 6 

Tablee 6.1 Dominant lead white derived ions detected in a LDI-TOF-MS 
analysisanalysis of a 1:8 indigo/lead white mixture (* m/z of the most 
abundantabundant isotopic peak is indicated). 

Isotope e 

M M 

M+l l 

M+2 2 

Indigo o 

Da a 

262.07 7 

263.07 7 

264.07 7 

relativee int. 

83 3 

15 5 

2 2 

PbOK K 

Da a 

260.93 3 

261.93 3 

262.93 3 

relativee int. 

22 2 

20 0 

50 0 

Tablee 6.2 Theoretical isotopic distribution of indigotin C1M10N2O2, and 
PbOK. PbOK. 

(m/zz 207) and various lead oxides (see Table 6.1). The presence of lead in these 
compoundss is easily identified because of the characteristic isotopic distribution of 
thee lead atom*. We speculate that the great variety of lead related species is the 
resultt of laser induced chemical reactions in the ablation region. The presence of 
Pb++ points to redox processes. The appearance of elemental Pb on the surface has 
beenn proposed in a study of the reduction mechanism induced by an IR laser by 
Poulii  et al. 162. It is also known that PbO is formed when lead white is heated at 
loww temperature and that higher temperature converts PbO to Pbj04 . We 
suggestt that lead white decomposes after repeated exposure of the lead white to the 
UVV laser into PbO and PbC03 by releasing water and CO2. Clusters of PbO are 
indeedd seen in the spectra (see Table 6.1). It is unclear whether Pb+ is produced 
directlyy from Pb2+ or indirectly from metallic lead. Further evidence for changes in 
thee surface composition is deduced from the presence of sodiated and potassiated 
leadd oxide clusters. 

'' Abundance for isotopic peaks of lead is as follow: 204Pb (1,4%) 206Pb (24,1%) 207Pb (22,1%) 208Pb 
(52,4%). . 

132 2 



Indigo Indigo 

Withh the increase of the number of laser shots the ions indicative of salt 
[M-H*]Pb++ become more prominent in the spectra with a multiplet of peaks 
rangingg from m/z 467 to 471 (m/z 469 is the highest peak). Peaks at m/z 491 and 
m/zz 507 correspond to a mass difference of 22 and 38 Da respectively. These peaks 
aree attributed to the ions [M-2H+Pb+Na]+ and m/z 506 [M-2H+Pb+K]+. Similarly, 
aa peak at m/z 674 is assigned to [M-2H+2Pb]+. The isotopic distributions of these 
ionss closely match the theoretical distribution (Figure 6.14). Formation of these 
ionss is in good agreement with the mechanism proposed earlier (section 6.3.1.) in 
whichh indigo form bridges with metal ions. [M-H*]Pb+ is formed by addition of 
leadd to the species [M-H*] . Other indigo containing ions are explained by the 
cationn exchange mechanism proposed above (Figure 6.4), which results in the 
substitutionn of one or two labile hydrogen atoms. Whereas the abundance of 
sodiumm and potassium substituted species decreases with the succession of laser 
shots,, the abundance of mono and di-lead substituted species increases. 

Intens ..  . 

1500 " 

1255 " 
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755 -

500 " 

6700 67 5 68 0 68 5 m/ z 

Figuree 6.14 LDI-TOF-MS of a 1:8 indigo/lead white mixture in the range m/z 
[665-690].[665-690]. Isotopic distribution of the series of peaks around m/z 
675675 matches the theoretical distribution of [C16H10N2O2-
2H+2Pb]°*2H+2Pb]°*  shown in inset. 

Evolutionn in time of the mass spectral signal for the 1:8 indigo/lead white 
mixturee is illustrated in Figure 6.15, which shows the total ion current (TIC) for 
twoo groups of pseudo-molecular ions of indigo: sodium adduct species (m/z 284-
286),, and lead adduct species (m/z 466-469). The summed TIC of the Na adducts 
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decreasess over the successive laser shots, whereas the lead adducts increase. This 

iss evidence for a preferential desorption of the indigo molecule in the first laser 

shots,, followed by the appearance of newly formed lead complexes. This delay in 

detectionn supports the assumption that formation of lead species results from laser-

matterr interaction in the condensed-phase during experiments with multiple laser 

shotss in close succession. We suspect that this interaction depends on the energy 

depositionn during the LDI process. In the following experiments the sample was 

thereforee investigated at different laser power densities averaging a fixed number 

off  shots. 

[284-286] ] 

[466-469] ] 

11 1 1 1 1 1 1 

100 15 20 25 30 35 40 

Numbe rr  of laser shot s 

Figuree 6.15 LDI-TOFMS of a 1:8 indigo/lead white mixture: total ion current of 

indigoindigo pseudo-molecular ions: sodiated species (284-286) and lead 

speciesspecies (466-469). 

6.6.2.6.6.2. Effect of laser power density 

Thee desorption and ionisation process for an indigo/lead white mixture 

(1:16)) was investigated in a LDI-TOF-MS experiment at different laser power 

density,, as illustrated in Figure 6.16. The relative contribution of ions derived from 

thee lead white increases with higher laser power density. Absolute intensities of 

sodiatedd indigo species decrease whereas absolute intensities of lead-adduct indigo 

speciess increase. The species with lead and sodium (at m/z 490) and lead and 

potassiumm (at m/z 506) maximise at attenuation 29 with no increase after 

attenuationn 20. This feature is explained by a higher laser-matter interaction at high 

energy.. The stronger increase in relative intensity of Pb+ in comparison with Na+ 

andd K+ gives statistically more probability of a lead substitution. 
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Figuree 6.16 Effect of the laser power density on the formation of Na and Pb 

adductadduct and substituted species: sodiated species decrease with 

increasingincreasing laser power density, whereas lead species increase 

dramaticallydramatically (the detector saturates at attn 20). 

6.6.3.6.6.3. Influence of the ratio of lead white to indigo 

AA set of samples with natural indigo (de Kat) and lead white in different 

ratioss was analysed by LDI-TOF-MS as shown in Figure 6.17. The set includes 

naturall  indigo and pure lead white, plus mixtures of the two compounds in ratio of 

indigoo to lead white 1:4, 1:8, 1:16, 1:32 and 1:64 (w/w). A low amount of lead 

white,, e.g. 1 to 4 (indigo/lead white) does not affect the mass spectrum of indigo 

veryy much. Since natural indigo is used we see the m/z 232 as a major peak (see 

sectionn 6.4). Indigo become less obvious to identify in the spectrum of the sample 

withh the ratio 1:32. The spectrum of pure lead white shows lead, lead oxide and 

leadd oxide clusters with sodium and potassium. These same ions begin to appear in 

thee spectrum of a mixture with a 1:8 ratio of indigo to lead white. Evidence for 

indigoo lead [M-H*]Pb+ at m/z 469 is recognizable in the mixtures with the ratios 

1:44 to 1:32. 
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Figuree 6.17 Semi-quantitative analysis of natural indigo and lead white (LW) 

mixtures. mixtures. 

6.6.4.6.6.4. LDMS of aged indigo/linseed oil mixtures 

Twoo reconstructed films of indigo in oil were investigated by LDMS. The 

firstfirst sample (supplied by M. Eikema) was prepared with lg of synthetic indigo 

mixedd in 1.5 ml cold pressed linseed oil, painted on artist's board, and artificially 

aged.. The second sample is a reconstructed mixture of synthetic indigo in cold 

pressedd linseed oil (originating from the Von Imhoff collection kept at the 
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Canadiann Conservation Institute, Ottawa) that has undergone a natural ageing of 25 
yearss old. In both cases, a chip of the paint layer was carved out of the support and 
eitherr analysed as such (in-situ) or was finely grounded in a mortar and deposited 
onn the surface of the probe as a suspension in water. 
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Figuree 6.18 LD1-TOF-MS of synthetic indigotin mixed in oil: sample artificially 
agedaged (A) and sample naturally aged for 25 years (B). 

Thee LDI-TOF-MS spectrum of the first sample by averaging on 10 laser 
shotss is shown in Figure 6.18.A. It displays a series of peaks that can be readily 
attributedd to indigo and afford its positive identification. Characteristic ions are 
foundd at m/z 262, 263, 284, 285, 300, 301, 334, 360, 378, and 398. Noo molecular 
signaturee relating to ageing could be identified. The spectrum is particularly clear, 
displayingg no fragment ions or dimers. In the negative mode an intense peak at m/z 
2622 supports this identification. MALDI of the cardboard after spraying with DHB 
alsoo leads to positive identification thanks to peaks at m/z 263, 284, 301, 360, but 
noo additional structural information was identified. 

Thee LDI-TOF-MS spectrum of the second sample is shown in Figure 
6.18.B.. Again, indigo is readily identified with peaks at m/z 262, 263, 284, 285, 
300,, 301, 306, 322, 360. When the sample is ground and deposited as a suspension, 
thee absolute intensity of the signal is threefold higher. Peaks at m/z 232 and 248 
suggestt the presence of degradation products. Tryptantrin (m/z 248), a degradation 
productt of indigo, has been identified by DTMS and HPLC in aged indigo . The 
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presencee of m/z 232 suggests at this stage that the ion could be a degradation 
productt of indigo. 

6.6.5.6.6.5. LDMS of an indigo/linseed oil/lead white mixture 

Twoo types of reconstructed samples of indigo/lead white/oil mixtures were 
investigatedd by LDMS analysis. 

Thee first sample was prepared in the laboratory by mixing indigo and lead 
whitee (1:16 w/w) and then adding a droplet of linseed oil to this mixture. This 
mixturee made with uncured oil was directly deposited on the probe for LDI-TOF-
MS.. The spectrum was recorded for a period of 60 laser shots (60s) averaging the 
masss spectral data for every 5 shots. In the first spectrum corresponding to the 
initiall  5 laser shots, indigo can be identified as main component with peaks at m/z 
263,, 285, 301 and 360. This observation is supported by the mass spectrum in the 
negativee mode with a peak observed at m/z 262. In the subsequent spectra 
however,, no characteristic ions of indigo are observed anymore and only lead-
relatedd peaks are present. The absolute intensity of the lead peak Pb+ increases as 
shownn in Figure 6.19. Delay in the formation of Pb+ can be justified by the 
necessaryy thermal effect of repeated laser shots in close succession. In this case no 
leadd adducts of indigo were observed. This result demonstrates that indigo desorbs 
preferentiallyy in the first laser shots, but soon leaves way to lead related species. 
Wee propose that after surface ablation in the first shots, no more indigo is present 
att the surface. In addition we suspect a surface curing effect of the UV laser on the 
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Figuree 6.19 Evolution of the absolute intensity of the peak Pb' in an indigo-lead 
white-linseedwhite-linseed oil mixture during an LD1-TOF-MS analysis. Data 
averagedaveraged every 5 laser shots. 
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linseedd oil. Polymerisation of the oil at the surface would seal off the surface and 
preventt further indigo to being ablated in the successive laser shots. 

Thee second sample was prepared with synthetic indigo and lead white 1:16 
blendedd in cold pressed linseed oil. This mixture was painted on an artists' board 
withh a paint layer thickness of ca. 30 p.m and the layer was sampled when touch-
dry.. LDI-TOF-MS was performed by directly targeting the surface of the 
cardboardd with the laser. A spectrum representing 50 shots averaged, shown in 
Figuree 6.20, displays characteristic peaks for indigo at m/z 263, 285, 301, 360, 
378,, 382, 399 and 469. The lead adduct of indigo is detected at m/z 469, with its 
characteristicc isotopic distribution. Lead related species, namely PbO, PbONa, 
Pb(PbO)KK are also identified. 
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Figuree 6.20 LDI-TOF-MS of an indigo and lead white mixture (1:16) blended to 
coldcold pressed linseed oil. 

6.6.6.6.6.6. Conclusion 

Inn this series of LDMS experiments, we have shown that indigo could be 
identifiedd when thoroughly mixed with the pigment lead white, as well as at the 
surfacee of a sample of linseed oil paint that contains lead white. We have observed 
thatt preferential desorption of indigo is realised in the first laser shots whereas lead 
substitutedd indigo and lead white related peaks are produced at a later stage. At low 
laserr power only negligible fragmentation is observed. We assume that laser-matter 
interactionn at the surface of the sample is responsible for chemical modification in 
thee condensed-phase. This accounts for the increase in time of lead-related species 
duringg multiple shot analyses, including notably the formation of lead adducts of 
indigo.. Experiments conducted with increasing laser power density have shown the 
rolee of the energy deposition within this process. 
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Figuree 6.21 Spatially-resolved laser desorption of an embedded paint cross-

sectionsection containing a mixture of indigo and lead white in linseed oil. 

ImageImage obtained with the CCD camera (A); detail showing the 

indigoindigo layer painted on the cardboard paper (B). 

6.6.7.7. Spatially-resolved LDMS of cross-sections 

LDM SS has given very promising results when the surface of samples and 

indigo-containingg mixtures are examined. Because samples removed from easel 

paintingss are usually available in the form of embedded cross-sections, it was 

necessaryy to investigate if the methodology of LDM S would work with sectioned 

samples.. Two samples investigated in section 6.6., i.e. thin films painted on artist's 

board,, were therefore further investigated as sectioned samples. Figure 6.21 shows 

thee surface of a cross-sectioned sample as observed with the viewing system of the 

LDMS.. Particular attention was given to the polishing procedure because the 

smoothnesss of the surface is crucial to the success of the analysis. In a second 

seriess of experiments, a thin film of matrix was deposited by pneumatic spraying 

Absencee of residua] embedding material on the surface of the sample must be ensured. 
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onn the surface of the sectioned samples to investigate if this procedure could 
enhancee the analytical information when MALDI would be performed. 

Thee first sample is a mixture of indigo in oil painted on a cardboard paper 
ass already described in section 6.6.4. The indigo/oil layer was investigated in a 
spatially-resolvedd experiment, and mass spectral information was averaged over 
1000 laser shots. Indigo is identified with peaks at m/z 262, 263, 284, 285, 300, 301, 
360,, 378. In the negative mode peaks are observed at m/z 261 and 262. The signal-
to-noisee ratio is much smaller compared to direct analysis on the cardboard. The 
absolutee intensity is approximately twofold smaller for 10 times the same number 
off  laser shots. We assume that this phenomenon can be explained by the smaller 
amountt of material available at the surface of the sample. Only indigo present at 
thee surface is detected. As a matter of fact, deposition of matrix at the surface of 
thee sample did not improve the analytical information. 

Thee second sample is a mixture of indigo and lead white in oil painted on a 
cardboardd paper, already described in section 6.6.5. The cross-section was 
analysedd by LDI-TOF-MS in the positive and negative mode, the spectra are 
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Figuree 6.22 Spatially-resolved LDMS of the surface of the cross-section of an 
indigo/leadindigo/lead white/oil reconstruction shown in Figure 6.23. Positive 
ionion mode, 10 shots on indigo layer (A); negative mode, 19 shots on 
indigoindigo layer (B). 
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shownn in Figure 6.22. Indigo is identified thanks to peaks at m/z 262, 263, 284, 
285,, 301 and 360. Lead white is identified with a series of peaks (assigned to Pb+, 
PbOFf,, PbONa+, PbOK+, Pb2

+, Pb(PbO)+, (PbO)2
+, Pb(PbO)K~, Pb(PbO)2

+, 
(PbO)3H\\ Pb(PbO)3

+, (PbO)/. It is apparent in Figure 6.22 that the TOF-MS 
providess sufficient resolution to separate PbOK from indigo. LDI-TOF-MS in the 
negativee mode positively identifies indigo with its parent ion [M-H]~ at m/z 261. 
Heree no overlapping exists with lead related peaks. Formation of indigo ions was 
nott always successful. We assume that indigo is only detected, where particles are 
presentt at the surface of the cross-section. It might be possible that indigo at the 
surfacee suffers from the grinding and polishing process. 

Inn conclusion, we have shown that indigo can be identified in a thin layer 
(15(im)) of a complex mixture directly at the surface of a paint cross-section. This 
experimentt demonstrates that LDMS should be a feasible approach to the 
investigationn of easel painting samples prepared as thin cross-sections. With soft 
materialss as indigo it seems wise to keep the sample preparation as mild as 
possiblee to avoid surface scouring. 

Unfortunatelyy indigo could not be detected so far in samples obtained from 
17thh century paintings. One explanatory hypothesis assumes that only indigo 
presentt at the surface of the cross-section could be detected. This would mean that 
inn the samples investigated no indigo was present at the surface. Further 
investigationn will be needed to confirm this assumption. 

6.8.6.8. Conclusion 

Thiss chapter demonstrates the successful use of LDMS as method of 
investigationn of indigo. First, we have shown that indigo is readily amenable to 
characterisationn by LDMS as a pure compound. Different ionisation mechanisms 
weree identified that lead to the formation of intact molecular species. Spectra are 
simplee in appearance although additional unidentified compounds are observed. 
Spectraa recorded in the negative mode are in good agreement, and are not 
complicatedd by peaks related to lead compounds. Indigo of natural origin was also 
successfullyy investigated with LDMS. Again, additional components were detected 
butt those could not be identified. No distinctive molecular signature could be 
identifiedd that relates to indigo of different manufacturers. Natural and synthetic 
indigoo were differentiated but the mass spectrometric signature, however, cannot 
bee assigned to specific structures yet. The multiple MS capability of the ITMS was 
employedd to interrogate the fragmentation pattern of indigo molecular ions. 
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Indigoo has been identified in painted films in the presence of oil or lead 
white.. When mixed with lead white a strong contribution of the lead related 
speciess was observed. Lead adducts of indigo were detected in a multiple laser shot 
experimentss with increasing intensity as a function of time. We suspect that 
significantt induced surface modifications are induced in the condensed phase 
underr the action of the UV laser. 

Spatiall  resolution provided by the UV laser beam was proved to allow the 
directt authentication of indigo from the surface of wool fibres and of cross-
sectionedd paint samples. In sectioned samples, a large attenuation in the signal 
intensityy was observed in comparison to "bulk" analysis. Irregular production of 
thee ions from the surface of sectioned samples emphasises the importance of the 
surfacee preparation . Use of a thin film of matrix deposited at the surface of the 
sectionn did not improve the results, which suggests that indigo might not be present 
att the surface anymore due to surface scouring. 

Thee non-success of LDMS for the analysis of cross-sections with 17th 

centuryy paintings questions whether the technique can be used at all for the 
analysiss of museum samples. Analysis of paint cross-sections was however 
demonstratedd for indigo with reconstructed samples. Therefore the low 
concentrationss and uneven distribution of the pigment at the surface of the samples 
lookss the most likely explanation. The next chapter will discuss further attempts in 
thee surface analysis of museum samples with modern materials. 

**  A homogenous distribution of photon flux across the laser beam is another crucial factor. 
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