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Chapterr 4 

Ann LDMS investigation of traditional colouring 
materialss - Part I: Flavonoids * 

InIn this chapter LDMS experiments on flavonoid compounds are reported. 

SuccessfulSuccessful LDI and MALDI analyses performed with the ITMS and TOF-MS 

analysersanalysers demonstrate the applicability of LDMS techniques to the analysis of 

organicorganic yellows. Results are shown on a series of reference flavonoid compounds, 

plantplant extracts and lake reconstructions. Multiple-stage mass spectrometry is 

employedemployed to identify different flavonoid aglycone isomers and investigate 

flavonoid-O-glycosflavonoid-O-glycos ides. Desorption and ionisation with an UV laser (337nm and 

355nm)355nm) is a feasible approach for in-situ sampling from a complex surface with a 

spatial-resolutionspatial-resolution down to 10 micrometers. Spatially-resolved LDMS results the 

characterizationcharacterization of flavonoids on single dyed fibres are demonstrated. 

Thiss chapter is based on the publication: Wyplosz, N., Heeren, R.M.A., van Rooij, G. and Boon, 
J.J.:: Analsysis of Natural Organic Pigments by Laser Desorption Mass Spectrometry: A 
Preliminaryy Study to Spatially Resolved Mass Spectrometry, Dyes in History and Archaeology 
16/177 (2002), 187-198, Archetype Publications. 
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4.1.4.1. Introduction: 

Flavonoidss are yellow organic colouring materials traditionally used to 
preparee artists' pigments and textile dyes '' 2' 5' 16' 22' 27' 28' 69' 128. Their poor 
lightfastnesss has been known for a long time and the visible degradation of their 
colourr in museum objects with age is a serious concern for conservation scientists 
jj  i-33, 35, 39 ^ gr eat n u mb e r 0f publications are available on the occurrence, 
medicinall  importance or structural determination of flavonoids !29' '30, and a range 
off  chromatographic and mass spectrometric techniques are routinely used for their 
analysiss 87*  I3M38. In the field of conservation science, however, only few 
techniquess have been proved successful for the investigation of flavonoid yellows 
23,, 32, 37, 46, 51, 59, 67, 76, 77, 79, 139 

Identificationn of organic pigments in paintings remains particularly 
problematicc since colouring materials are generally present in very small 
quantities,, mixed with a medium and entangled in a complex layered structure. In 
addition,, original colours have often dramatically faded away and pigments are 
hardlyy observable anymore. The nature of the flavonoid/substrate/medium systems 
inn easel paintings is still incompletely understood and their complex degradation 
mechanismss have been hardly addressed at all. 

Resultss presented in the literature concern the study of flavonoid reference 
compoundss 39, 128, dyes extracted from fibres 37, and paint samples. 
Chromatographyy and mass spectrometry provide sufficiently detailed information 
forr positive characterisation of flavonoids and the investigation of their 
degradationn mechanisms 46' 140. Unfortunately, analytical procedures used so far 
necessitatee to first dissect the coloured layers, or to extract and derivatize the 
colouringg material. As a result, investigation of museum objects often fails by lack 
off  sufficient amounts of material, and analyses are not possible with embedded 
paintt cross-sections . For this reason, the presence of yellow pigments in paint 
sampless is commonly inferred from circumstantial evidence provided by 
identificationn of materials traditionally used as a substrate for the flavonoids. 

Inn this chapter we examine the applicability of LDMS for the identification 
off  flavonoid dyestuffs traditionally used in easel paintings. LDMS investigation is 
performedd with LDI and MALDI on ITMS and TOF-MS analysers. Analysis will 
focuss first on a series of flavonoid aglycones present in plants used to prepare the 
organicc yellow pigments. The molecular structures of these flavonoids are shown 
inn (Figure 4.1). Positive identification of structural isomers is particularly 
problematicc in mass spectrometry since molecules have the same elemental 
compositionn hence the same molecular mass. The use of multiple-stage mass 
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spectrometryy (MS") performed with the ITMS will be demonstrated in the case of 
luteolin,, kaempferol and fisetin, three flavonoid compounds with the same 
molecularr mass that only differ by the position of one of their four hydroxyl groups 
(Figuree 4.1). This analytical approach will be also applied to the characterization of 
thee aglycone moiety of a flavonoid-O-glycoside as well as a flavonoid lake 
manufacturedd in the laboratory after traditional recipes. Spatially-resolved LD is 
demonstratedd with the in-situ investigation of dyed textile fibres. This 
straightforwardd procedure eliminates the use of extraction and derivatization of the 
colouringg materials prior to fibre analysis. 

OHH O OH O OH O / \ 
HOO OH 

Morinn (5) Quercetin (6) Quercitrin (7) 

Figuree 4.1 Molecular structure of flavonoid compounds studied by LDMS, with 
theirtheir corresponding molecular masses: kaempferol (286 Da), 
luteolinluteolin (286 Da) and fisetin (286 Da); apigenin (270 Da) and 
genisteingenistein (270 Da); mor in (302 Da) and quercetin (302 Da); and 
quercitrinquercitrin a quercetin rhamnoside (448 Da). Note the different 
positionspositions of the hydroxyl groups in (1), (2) and (3), and of the B 
ringring in (4) and (5). 
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4.2.4.2. Flavonoidpigments 

4.2.1.4.2.1. Materials and practice 

Yelloww organic colouring materials are known since the antiquity and have 
beenn used both as dyes for textiles and pigment for paintings. The principal sources 
off  organic yellows are plants containing colouring materials belonging to the 
chemicall  class of flavonoids (from the Latin flavus: yellow). Flavonoids are 
extremelyy widespread in the vegetable reign and can be extracted from a vast 
numberr of plants. Only a few biological sources, however, contain colouring 
materialss that were considered sufficiently light fast for use in the preparation of 
artists'' pigments. Some of the most widespread traditional sources for artists' 
pigmentss were: weld {Reseda luteola L.), buckthorn berries (of the genus 
Rhamnus),Rhamnus), dyer's broom {Genista tinctoria L.), young fustic {Cotinus coggygria 
Scop.),, old fustic {Chlorophora tinctoria L.), and black oak {Quercus velutina 
Lamk.)) in use since the end of the 18' century. 

Colouringg materials present in these plants belong essentially to the three 
flavonoidd groups of flavones, flavonols and isoflavones. Figure 4.2 shows the basic 
molecularr structures and labelling system of these flavonoid groups. Molecular 
structuress are all based on a phenyl group (ring marked B) attached to a 4H-1-
benzopyran-4-onee (rings marked A and C). When the phenyl group is bound in 
positionn 2 the flavonoid belongs to the group of flavone, and when it is bound in 
positionn 3 the flavonoid belongs to the group of isoflavone. When the C-ring of a 
flavonee molecule is oxygenated in position 3, it belongs then to the group of 
flavonols.flavonols. Additional oxygenation of the A- and B-rings does not alter the 
flavonoidd type nomenclature. 

Flavonee Flavonol Isoflavone 

Figuree 4.2 Basic molecular structure and nomenclature of flavones, flavonols 
andand isoflavones. 
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Inn the plant sources considered in this study, flavonoid molecules possess 
variouss types of substitutions, notably hydroxylation, methoxylation, and 
glycosylation.. The type and position of the substituents confer specific 
chromophoricc properties to the molecule. Flavonoids, in which one or more of the 
hydroxyll  groups are bound to one or more sugars are called flavonoid-O-
glycosides,glycosides, whereas flavonoids without attached sugars are called aglycones. Plant 
extractss used in the production of yellow lakes may contain flavonoids of different 
typess - either in the form of aglycones or in the form of glycosides - and in 
differentt concentrations. The presence of each of these various compounds 
influencess the colour characteristics of the pigment. If the lake manufacturing 
processs involves hydrolysis of the plant extract, glycosidic bonds are broken in the 
process,, which yields the corresponding aglycone moiety . 

4.2.2.4.2.2. Molecular analysis of flavonoids and flavonoid pigments 

Flavonoidss constitute a considerable group of naturally occurring phenols 
withh more than 5000 different structures already identified. Flavonoids receive 
increasingg interest due to their medicinal properties. They possess antioxidant 
activityy and exhibit anti-tumour, antibacterial, and antiviral effects. Identification 
off  flavonoids and their glycosides are a growing topic in analytical chemistry and 
thee literature on the subject is quite extensive. Instrumental analysis of flavonoids 
iss quite wide-ranging and includes notably chromatographic methods such as 
HPLCC or GC, spectroscopic methods such as UV, IR, NMR and MS and the 
combinationn of them, for instance HPLC/UV, HPLC/MS, MS/MS, etc. 

Inn the last decade, investigation of flavonoids with mass spectrometric 
techniquess has received considerable attention since it provides detailed structural 
informationn with only micrograms amounts of samples. Ionisation techniques used 
inn mass spectrometry of colouring materials have been reviewed by Van Breemen 
84.. Gas-phase ionisation techniques such as electron impact (EI) and chemical 
ionisationn (CI) exclusively used until the 1980's are still very common today (for 
instancee with APCI). Various desorption ionisation and ion evaporation methods 
weree introduced later and eliminated the need for derivatization: field desorption, 
plasmaa desorption, fast atom bombardment (FAB) or liquid secondary ion mass 
spectrometryy (liquid SIMS), thermospray, ion spray, electrospray (ESI) and laser 
desorptionn (LD). 

Literaturee concerning the investigation of flavonoid compounds in 
Conservationn Science is nevertheless particularly scarce. Analyses of flavonoid 

**  In the case of dyed fibres, analytical procedures involving the use of alkali to extract the colouring 
materiall  can break the glycosidic bond and yield the corresponding aglycone. 
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fabricc dyes were reported with UV-VIS spectroscopy 141 and non-destructive 
analysess of yellow lake have been presented using photo-luminescence 
spectrometryy (spectro-fluorometry) 128' 142. Deterioration of flavonoids in 
laboratoryy models has been investigated with colour measurements 39. Mass 
spectrometryy (DTMS37, ESI and APCI-ITMS 46), and photodiode array HPLC 3776 

whichh combines the advantage of simultaneous separation and quantification have 
shownn very promising results. Unfortunately, none of these techniques enable the 
structurall  analysis of flavonoids directly from the surface of the sample. The 
objectivee of this chapter is therefore to explore LDMS for the investigation of 
flavonoidss directly from complex surfaces such as thin films and dyed fibres. 

4.3.4.3. Experimental 

4.3.1.4.3.1. Instrumental set-ups 

Analysess were performed at two different wavelengths in the ultraviolet 
range:: at 355 nm (Q-switched Nd:YAG laser) on the ITMS and at 337 nm (N2 
laser)) on the TOF-MS. Desorption and ionisation was performed directly (LDI) or 
withh the assistance of a matrix (M ALDI) . Measurements were performed either in 
positivee or in negative mode. Note that LDMS investigations were evenly divided 
betweenn the TOF-MS and the ITMS analysers, and unless otherwise stated -
notablyy in MS" experiments - the choice of the analyser was determined by the 
availabilityy of the instrumentation. For a detailed description of both instruments 
wee refer the reader to Chapter 2. 

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 \\m diameter). The probe filament 
wass temperature programmed to heat at a rate of 0.5 A min _1 (approximately 8°C 
s"1)) to a final temperature of about 800°C. Ions were generated by electron impact 
ionisationn (EI). 
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4.3,2.4.3,2. Flavonoid samples 

Referencee flavonoid compounds include apigenin, genistein, fisetin, 
kaempferol,, luteolin, morin, quercetin and its glycoside quercitrin. Their molecular 
structuree is shown in Figure 4.1. All these flavonoid compounds are found in 
plantss traditionally used to prepare organic yellow pigments 28. 

-- Kaempferol, found in the weld plant {Reseda luteola L.) in the form of 
kaempferol-3-glucosid-7-rhamnosid,, and in the common buckthorn (Rhamnus 
catharticuscatharticus L.) in the form of kaempferol-7-methylether (rhamnocitrin). 

-- Fisetin, a major compound of the young fustic (Cotinus coggygria Scop.). 

-- Luteolin, a major compound of the weld plant (Reseda luteola L.) and 
foundd as glycoside in the dyer's broom (Genista tinctoria L.). 

-- Apigenin, a major compound of the weld plant (Reseda luteola L.). 

-- Genistein, found in the dyer's broom (Genista tinctoria L.). 

-- Morin, a major compound of the old fustic (Chlorophora tinctoria L.). 

-- Quercetin and its glycoside quercitrin, two major compounds of the black 
oakk (Quercus velutina Lamk.). 

Apigeninn and luteolin are flavones, genistein is an iso-flavone, and fisetin, 
kaempferol,, morin, quercetin and quercitrin belong to the flavonols (hydroxyl 
groupp in position 3). Reference samples were obtained from Sigma and Fluka and 
weree used without further purification. 

Yelloww lakes studied in this chapter were manufactured by A. Wallert 
(Rijksmuseum,, Amsterdam) according to traditional recipes found in documentary 
sources.. Colouring material is extracted with an alkaline aqueous solution of 
K2C033 from the appropriate dried parts of the plant (traditionally the alkaline 
solutionn was a lye made from wood ash or stale urine). Aluminium hydrate in the 
formm of alum (AIK(SC<4)2.12H20) is added to induce the formation of an Al(OH)3 

substratee that precipitates with the colouring material fixed onto it. Aluminium 
formss a complex with the colouring materials. In the process of textile dyeing, the 
coordinationn of the complex anchors the colouring material to the fabric. Al(OH)3 

formedd in excess in the process might also serve as substrate by absorption of 
colouringg materials. The precipitate is eventually washed and dried leading to the 
solidd coloured pigment. 

Usingg traditional recipes, alum-mordanted wool was dyed with quercetin at 
thee National Museum of Scotland, and the samples were kindly supplied by Ester 
Ferreira.. At first, mordanted wool was prepared with alum (potassium aluminium 
sulphatee KA1(S04)2) and potassium hydrogen tartrate. The wool was then died 
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withh a 1 uM bath of quercetin. The experimental methods have been described 
moree fully in the literature 19' '43. 

4.3.3.4.3.3. Sample preparation 

Sampless in Laser Desorption and Ionisation (LDI) experiments were 
depositedd as a thin or thick film on a stainless steel probe. For thin films, a few 
microgramss of the sample were mixed with ethanol (the molarity does not matter 
here).. Generally, the analyte powder incompletely dissolved and the suspension 
wass homogenised using a vortex mixer. About 5 microliters of this solution or 
suspensionn were deposited onto the probe with a pipette and dried in vacuum. 
Evaporationn of the ethanol vehicle leaves the particle adsorbed at the surface of the 
probe.. For thick films a few micrograms of pigment were deposited directly on the 
surface.. A few microliters of ethanol were deposited to disperse and adsorb the 
samplee at the surface of the probe. The MALDI experiments were exclusively 
performedd using 2,5-dihydroxybenzoic acid (DHB) as a matrix. DHB serves as a 
protonn donor and produces [M+H]+ ions of the analyte. DHB itself produces ions 
inn the low molecular mass range that can be easily identified. A thin layer of the 
samplee is first absorbed on the surface of the probe as for LDI experiments. 
Subsequently,, a thin matrix layer is deposited on top of the sample. This approach 
wass chosen to mimic as much as possible the way in which a matrix would be 
appliedd when analysing a paint cross-section. 

Flavonoidss on wool fibres were analysed in-situ, the sample fibres being 
clampedd at their two ends in the probe cavity. Individual fibres can be fastened in 
closee contact with the metallic substrate provided that the two ends are correctly 
secured.. In the case of a bunch of fibres all the threads cannot possibly be 
positionedd in contact with the substrate. Fibres are therefore not all in the same 
plane,, and some might even be loose at one end. When strands of millimetric 
thicknesss are studied, the surface of the sample bulges out of the sample cavity. A 
singlee fibre of ca 10-30 micrometers in thickness can be easily localised under 
microscopicc magnification and positioned in the laser beam thanks to the XY 
manipulationn system of the probe. The diameter of the laser beam corresponds 
approximatelyy to the thickness of the individual fibres. 

4.3.4.4.3.4. Mass calibration 

AA mass calibration for TOF-MS measurements was realised before each 
seriess of measurements to obtain optimal mass accuracy. Two samples of 
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polyethylenee glycol (PEG) with a molecular weight distribution of averaging m/z 
4000 and 1000 respectively served as calibrant. MALDI measurements were 
performedd with a mixture of a ImM ethanol solution of PEG and a 1M ethanol 
solutionn of DHB. The mixture was deposited on the surface of the probe and the 
ethanoll  vehicle was left to evaporate. Calibration was realised with peaks from the 
DHBB and the PEG at regular intervals in the m/z range [0-1500]. 

MM -> M*+ + e" 

M'++MM -> (M-H)* + [M+H]+ 

MM + e - > M " 

MM + Na+->[M+Na]+ 

(M-H)'' + e" -  [M-H] 

2M** -> [M-H]- + [M+H]+ 

(Eq.. 1) 

(Eq.. 2) 

(Eq.. 3) 

(Eq.. 4) 

(Eq.. 5) 

(Eq.. 6) 

Tablee 4.1 Activation and ionisation mechanisms. 

4.4.4.4. Characterization offlavonoid aglycones with LDMS 

AA first series of experiments was conducted to assess the potential of 
LDMSS in the investigation of flavonoid aglycones. Samples include kaempferol, 
fisetin,fisetin, luteolin, apigenin, genistein, morin and quercetin. Analytes were analysed 
inn LDI and MALDI experiments with the two mass analysers - TOF-MS and 
ITMSS - and for different laser power density ranges. Multiple-stage mass 
spectrometryy (MS") was performed on the ITMS to provide additional structural 
information.. DTMS analyses with the sector instrument in MS and MS/MS mode 
weree performed additionally to confirm the results obtained with LDMS. 

Particularr attention is given to the mass spectral information as a function 
off  the flavonoid group since previous MS studies have shown that aglycones 
withinn a same group have similar fragmentation patterns ' '' . Flavonoid 
aglyconess analysed include two ftavones (apigenin and luteolin), four flavonols 
(fisetin,, kaempferol, morin, and quercetin) and one isoflavone (genistein). The 
possibilityy to distinguish between flavonoid structural isomers (molecule of 

73 3 



ChapterChapter 4 

Tablee 4.2 Principal characteristic ions of investigated flavonoids in LDI and 
MALDI-TOF-MS. MALDI-TOF-MS. 
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identicall  mass but different structures) was researched, as this information would 
makee it possible to trace the biological origin of a natural organic yellow pigment. 
Flavonoidd aglycones under investigation here include isomers belonging either to 
thee same flavonoid group or to different groups: kaempferol, fisetin and luteolin at 
m/zz 286; apigenin and genistein at m/z 270, morin and quercetin at m/z 302 
(Figuree 4.1). 

4.4.14.4.1 Laser Desorption and Ionization (LDI) 

Sampless were all prepared and measured under the same experimental 
conditions.. Photoionisation spectra were obtained for each sample working at low 
laserr power density. High intensity of the signal gives evidence for good response 
off  the flavonoid at both 337nm (nitrogen laser in TOF-MS experiments) and 
355nmm (Nd:YAG laser in ITMS experiments). This is explained by the highly 
conjugatedd structure of the flavonoid compounds and their strong absorption in the 
UVV range (one of their biological functions). LDMS spectra obtained for the 
differentt flavonoids present many similarities (Table 4.1). Kaempferol is presented 
ass a representative case. 

LD1-TOF-MS LD1-TOF-MS 

AA typical photoionisation spectrum of kaempferol obtained with LDI-TOF-
MSS is shown in Figure 4.3.A. Three different regions can be distinguished, which 
correspondd to different ionisation mechanisms. A series of peaks in the range of 
thee molecular mass (m/z 286 and above) represent the bulk of the signal observed 
inn this spectrum. In the lower mass range [m/z 0-286] a few fragment ions are 
observedd at m/z 143, 165, 229 and 271 as well as sodium and potassium ions. Only 
feww ions with very low abundances corresponding to dimeric species are observed 
inn the mass region from m/z 600-650. Such a spectral distribution - with prevalent 
detectionn of intact-molecules - is evidence for a soft ionisation process. In the 
masss spectrum, we can identify different ionisation processes. 

Inn the range of the molecular mass, the radical cation M*+ is observed at 
m/zz 286 with only a negligible abundance. Dominant peaks at m/z 287, 309 and 
3255 are assigned to the protonated molecule [M+H]+ at m/z 287, the sodiated 
moleculee [M+Na]+ and a water adduct [M+H+H20]+. The simultaneous formation 
off  the radical cation, protonated and sodiated ions indicates that different ionisation 
processess take place at the same time during LDI. 

Thee negligible proportion of ions detected at m/z 286 corresponds to direct 
ionisationn to the radical cation M*+. Energy of one single photon (3,68eV) emitted 
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byy the nitrogen laser at 337nm is not sufficient to ionise the flavonoid compounds . 

Thee radical cation must result from a multi-photon ionisation (MPI) process (Table 

4.1). . 

Figur ee 4.3 Direct LDI-TOFMS of pure kaempferol with a UV laser emitting at 

337nm:337nm: just above the desorption threshold (A) and with a higher 

laserlaser power (B). In both cases, 150 shots were accumulated and 

averagedaveraged to improve the signal to noise ratio. Note that at high 

laserlaser power the detector reaches saturation around iOOOOu. 

Too explain the formation of protonated molecules, we propose that 
kaempferoll  acts as its own proton donor ' " ' " . The conjugated structure of the 

flavonoidd molecule combined with the various hydroxyl substituents makes the 

moleculee a good proton donor. Supportive evidence is provided by the negative ion 

spectrum,, where intense peaks at m/z 285 (base peak) and 286 (50% relative 

Thee ionisation potential (IP) of kaempferol in the gas phase is estimated - through comparison 
withh molecules of similar structures to be in the order of 7-8eV. Photon ionization at UV 
wavelengthh of 337nm (3,68eV) and 355nm (3,49eV) requires therefore at least two photons. In the 
condensedd phase, it is more likely that LD1 of kaempferol requires more than two photons. 
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intensity)) are assigned to the radical anion M*" and to the deprotonated molecule 
[M-H]~.. We speculate that the formation of [M-H]" results from electron capture 
fromfrom the intermediate species (M-H)* . The great simplicity of the negative ion 
spectrumm suggests that this mode could be preferred for rapid identification. 

Cationizationn by alkali ions is common in LDMS experiments and 
formationn of sodium and potassium adducts is explained by the presence of sodium 
andd potassium in the sample. This is supported by intense peaks at m/z 23 and 39 
assignedd to Na+ and K+. Formation of sodium and potassium adducts most 
probablyy corresponds to alkali ion attachment to neutrals in the ablation region, or 
desorptionn of pre-formed salts from the condensed-phase. 

Att higher laser power densities (Figure 4.3.B) the desorption and ionisation 
processs becomes more energetic and new features can be observed in the spectra. 
Ionn intensities increase significantly and the general profile of the spectra becomes 
moree complicated as numerous additional ions are detected. 

Groupss of ions are observed in the mass spectral region where dimers and 
trimerss are expected. All ions assigned in these regions have a sodium or 
potassiumm ion incorporated. We assume that this condition is necessary for the 
stabilityy of the dimeric species. Peaks at m/z 595 and 611 are assigned to the 
sodiatedd and potassiated adduct of the dimer [2M+Na]+ and [2M+K]+. A majority 
off  the additional peaks can be assigned to species containing more than one alkali 
ion.. For instance a peak at m/z 617 is assigned to the ions [(M-H)Na(M)]Na+. This 
complexx dimeric species is the result of sodium ion attachment on a salt molecule 
composedd of deprotonated molecules and a sodium ion. The relative abundance of 
thesee ions significantly increases when higher laser power densities are employed. 

Additionall  dimeric species with multiple alkali atoms are assigned at m/z 
6333 to [(M-H)K(M)]Na +, at m/z 649 to [(M-H)K(M)]K +, at m/z 655 to [(M-
H)Na(M-H)K]Na+,, at m/z 671 to [(M-H)K(M-H)K]Na +. With high laser power 
density,, the same phenomenon is observed in the mass range corresponding to 
trimericc species. Ions are assigned at m/z 903 to [(M-H)Na(M)(M)]Na+, at m/z 919 
too [(M-H)K(M)(M)]Na +, at m/z 935 to [(M-H)K(M)(M)]K +, at m/z 957 to [(M-
H)K(M-H)K(M)]Na +. . 

Wee propose that formation of such ions is the result of laser-solid 
interactionn in the condensed-phase during LDMS analysis with laser shots in close 
successionn (typically 2Hz in this series of TOF-MS experiments). Formation of 
thesee ions is explained by pre-formation in the ablation region of excited species 
[M-H* ]]  followed by subsequent dimerisation and alkali attachment. 

Identicall  formation of dimeric and trimeric species with multiple alkali ions 
wass also observed for the two isomers of kaempferol, i.e. luteolin and fisetin, as 
welll  as for the other flavonoid species. 
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LDI-ITMS LDI-ITMS 

Kaempferoll  was deposited on the probe in an identical fashion as for TOF-
MSS experiments and analysed with the ITMS slightly above the desorption 
ionisationn threshold. Figure 4.4.A demonstrates that the pure reference compound 
iss successfully desorbed and ionised with a Nd:YAG laser operating at 355nm 
yieldingg the same protonated molecule as in the LDI-TOF-MS spectra. In the 
thresholdd spectrum, a strong preponderance of protonated molecules, negligible 
radicall  cation and fragment ions is evidence for a soft desorption and ionisation 
mechanismm in good agreement with the LDI-TOF-MS results. Characteristic 
fragmentt ions (not visible in Figure 4.4.A), are detected at m/z 121, 153, 165, 213, 
2599 and 271 with a relative abundance <1%. 

una.. -
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2 0 : : 

i oo : : 
s o : : 
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Na]* * 
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Figuree 4.4 LDI-ITMS of kaempferol (A), fisetin (B) and luteolin (C). 

Inn the higher m/z range, the sodiated dimer [2M+Na]+ is detected at m/z 
595.. This further supports the hypothesis of Na+ ion incorporation in the clusters. 
Additionall  ions at m/z 580, 564 and 548 are presently unidentified. The stability of 
thee sodiated dimer was demonstrated in an MS/MS experiment where 
fragmentationn of the dimeric species (m/z 595) yielded fragment ions assigned to 
thee loss of one and two carbonyls. 
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Figuree 4.5 MALDI-TOF of pure Kaempferol in a 2,5-DHB matrix. 150 shots 

werewere accumulated to obtain this spectrum at similar laser power 

densitiesdensities used to obtain Figure 4.4. The peaks marked with "~" are 

matrixmatrix peaks that were also found in the blank matrix experiments. 

Inn conclusion, LDI-ITM S and LDI-TOF-MS experiments performed at 

loww laser power density provide similar structural information. Mass spectra 

displayy essentially protonated molecular ions [M+H] + with littl e additional 

diagnosticc fragment ions. As a result, LDI spectra do not provide sufficient 

structurall  information to positively distinguish between different structural 

isomers.. In order to increase the structural information in LDI experiments, the 

MS/MSS capabilities of the ITMS were therefore employed (Section 4.5). For this 

purpose,, a series of additional MS experiments were first performed in order to 

selectt optimal LDI experimental conditions (pressure, laser power density, etc) to 

optimisee the production of precursor [M+H] + ions for MS/MS experiments. 

4.4.24.4.2 Matrix Assisted Laser Desorption Ionisation (MALDI) 

MALDI-TOF-M SS and MALDI-ITM S experiments - with DHB as a 

matrixx - were conducted with the same series of flavonoid samples and results 

weree compared with LDI data. A representative MALDI-TOF-M S spectrum at low 
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laserr power density, illustrated with kaempferol (Figure 4.5), shows the flavonoid 

aglyconee to be almost exclusively detected as the protonated molecule. Similar to 

thee LDI experiments both water and sodium adducts are found (Table 4.1). An 

abundancee of matrix-related peaks is detected that can be readily assigned through 

comparisonn with a matrix blank experiment. In contrast to the LDI experiments, 

oligomericc clusters are not observed. This supports our earlier assumption that 

thesee species are formed by laser-solid interaction in multiple shot analyses. 

Absorptionn of the photon energy by the DHB matrix prevents these phenomena. In 

MALDI-ITMS ,, the soft nature of the MALD I process is confirmed since 
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Figur ee 4.6 Low-energy CID spectra of the protonated molecular ion of the 

threethree structural isomers kaempferol, luteolin and fisetin in an 

MS/MSMS/MS experiment with the ITMS. Diagnostic fragment ions 

markedmarked with an arrow make it possible to distinguish the three 

isomers. isomers. 
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kaempferoll  shows up exclusively as protonated and sodiated molecular ions, 
whereass fragment ions are almost totally absent. The matrix (DHB) is essentially 
observedd by a peak at m/z 137, whereas in MALDI-TOF-MS the distribution of 
matrixx ions is much broader. 

4.5.4.5. Structural analysis of flavonoid aglycones with multiple-
stagestage LDI-ITMS 

LDMSS data presented above are not informative enough to conclusively 
differentiatee flavonoid of the same elemental composition in samples with an 
unknownn composition. The isolation and dissociation capabilities of the ITMS 
weree therefore employed for structural examination of flavonoid isomers. A 
standardd multiple-stage mass spectromerric strategy described in Chapter 2, 
involvingg sequential ionisation, purification, dissociation and product ion 
detection,, was employed in these LDI-ITM S experiments. Tuning the laser power 
densityy slightly above the desorption threshold allows for minimal internal energy 
depositionn in the analyte molecules and limited sample consumption. Multiple-
stagee DTMS experiments with a sector instrument were additionally performed to 
betterr understand the formation of ions in LDMS experiments. 

4.5.14.5.1 Multiple-stage LDI-ITMS of kaempferol 

Protonatedd molecules of kaempferol (m/z 287) were isolated in the ITMS 
celll  and fragmented using collisional induced dissociation (CID). Spectra of the 
isolatedd species were recorded to confirm that the parent ion was correctly isolated. 
Selectionn of the ion in the trap was achieved within a standard range of 
Am/z=10Da.. The base peak after isolation is the protonated molecule, but a minor 
contributionn of the radical cation cannot be avoided . 

Figuree 4.6. A shows the MS/MS spectrum of kaempferol at low energy CID 
averagedd over several laser shots with optimised conditions (resonance excitation 
voltagee and low mass cut-off). Results obtained at low-energy CID are found to be 
inn good agreement with fragmentation of the molecular ion obtained by FAB 
tandemm mass spectrometry reported by Ma et al. I35. 

Thee isolation capabilities of the ITMS in this experiment have a mass range of approximately 
lODa,, which means that the protonated molecule is not isolated from the radical cation. In the CID 
experimentt only the protonated molecules at m/z 287 are excited and fragmented however. 
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Fragmentt ions are labelled according to the nomenclature proposed by 

thesee authors (Figure 4.7). The 'JA+ and 'JB+ labels indicate fragment ions 

containingg intact A and B rings, respectively. The superscripts i and j indicate the 

positionn of the C-ring bonds that have been broken. The additional loss of small 

neutrall  molecules such a CO from 'jA + is simply noted 0-2A+-CO. For simplicity, 

thee ions formed by the direct loss of radicals or small neutral molecules (e.g. a 

carbonyl)) from the radical cation [M+H] +, are not indicated with special labels. 

Figur ee 4.7 Nomenclature (according to Ma): cleavage of the C ring in 1/3 

yieldyield l,3A+ (fragment with intact A ring) and ' B+ (fragment with 

intactintact B ring). 

Thee low-energy CID spectrum of [M+H] + of kaempferol is illustrated in 

Figuree 4.6.A. Main characteristic fragment ions are listed in Table 4.3. Ions 

correspondingg to the (combined) loss of H2O and CO from the protonated 

moleculee [M+H] + were assigned to the following fragment ions: [M+H-H 20]T at 

m/zz 269, [M+H-COf at m/z 259, [M+H-H 20-CO]+ at m/z 241, [M+H-2CO]+ at 

m/z2311 and[M+H-H20-2CO]+atm/z213. 

Thee presence of an intense peak at m/z 258 can be explained in different 

ways.. This ion can simply be the result of the loss of a carbonyl from radical 

cationss that have not been discarded from the trap during the isolation step. Since 

thee population of radical cations was low in the MS spectrum after isolation, we 

ratherr assume that the loss of carbonyl from the protonated molecule is 

accompaniedd by the loss of a proton. Experiments were performed with DTMS to 

supportt this assumption (see below). 
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Thee remaining fragment ions can be explained by two different 
fragmentationss of the C-ring, namely cleavage in 1/3 and cleavage in 0/2. The 
fragmentationn pathway with the 1/3 cleavage corresponds to a retro Diels-Alder 
fragmentationn (Figure 4.8). Fragment ions resulting from this cleavage are 
identifiedd as '3A + at m/z 153, (UB+-2H) at m/z 133 and (uA+-C2H20) at m/z 137. 
Fragmentt ions resulting from the 0/2 cleavage are identified as 0,2A+ at m/z 165, 
(°'2A+-CO)) at m/z 137 and 02B+ at m/z 121. Ma et a/.135 have proposed a 
fragmentationn pathway, involving the protonation at the C-3 and C-2 position 

, . 3 B , , 

Figuree 4.8 Comparison of the retro Diels-Alder fragmentation of protonated 
fisetin,fisetin, kaempferol and luteolin showing the similarity and 
dissimilaritydissimilarity of the resulting '3A+ and l3B+fragment ions. 
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followedd by cleavage of bonds 0 and 2 in the C-ring. This mechanism would be 
characteristicc of flavones. 

Advantageously,, these diagnostic ions contain intact A and B rings that 
providee us with information concerning the oxygenation pattern in the parent ions. 
Inn this case, structural information is sufficient to positively identify kaempferol. 

4.5.24.5.2 Multiple-stage LDI-ITMS ofluteolin andfisetin 

MS/MSS experiments were conducted under identical conditions with fisetin 
andd luteolin, two structural isomers of kaempferol (Figure 4.1). Fisetin belongs like 
kaempferoll  to the group of flavonols, whereas luteolin is a flavone. 

[M+H-H20]+ + 

[M+H-CO]+ + 

[M+H-C2H20]+ + 

[M+H-H20-COr r 
[M+H-2COf f 
[Iv1+H-C2H20-C2H2]

+ + 

[M+H-H20-2COf f 
[M-C2H20-C2H20]+ + 

b:b: W W 
u''A+-CO O 
1-3A+ + 

i : iA+-C2H20 0 
U,4B+ + 

U4B+-H20 0 
u., B + + 

1,3B + + 

^ B
+ - 2H H 

Kaempferol l 
269 9 
259 9 

241 1 
231 1 

213 3 

165 5 
137 7 
153 3 
111 1 

121 1 

133 3 

Fisetin n 
269 9 
259 9 
245 5 
241 1 
231 1 

213 3 

149 9 
121 1 
137 7 

137 7 

149 9 

Luteolin n 
269 9 
259 9 
245 5 
241 1 

219 9 

203 3 

153 3 

179 9 
161 1 
137 7 
135 5 

Tablee 4.3 Attribution of the fragment ions in the CID spectra of luteolin, 
fisetinfisetin and kaempferol (labelling according to the nomenclature 
proposedproposed by Ma et al.). 

Thee low-energy CID spectra of (pseudo)-molecular ions of the three 
structurall  isomers are illustrated in Figure 4.8, and a comparative overview of main 
characteristicc fragment ions is given in Table 4.3. It is apparent that the multiple-
stagee MS spectra of the three isomers are sufficiently different for positive 
discrimination.. Diagnostic fragment ions used to distinguish the three isomers are 
markedd in Figure 4.8 with a grey arrow. 
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Fisetinn presents a fragmentation pattern characteristic of flavonols and a 
parallell  can be directly established with kaempferol to assign the different 
characteristicc fragment ions. On basis of their MS/MS spectra, the two molecules 
cann be unequivocally distinguished. The number of hydroxyl group substituents 
presentt on the A-ring for the two isomers is immediately revealed through 
cleavagee of the C-ring. For instance, kaempferol, that is doubly oxygenated on 
positionss 5 and 7, yields °'2A+ fragment ions at m/z 165, whereas fisetin, that is 
onlyy oxygenated on position 7 yields °'2A+ fragment ions at m/z 149. 

Luteolinn has a different fragmentation pattern specific for the flavone group 
(Figuree 4.7). A third fragmentation route involving cleavage of two C-C bonds at 
positionn 0/4 of the C ring is additionally observed. This pathway corresponds, like 
thee cleavage in 1/3, to a retro Diels-Alder fragmentation. The peak observed at m/z 

Figuree 4.9 DTMS of kaempferol performed at 16eV electron impact ionisation 
withwith a JEOL SX102A double focusing mass spectrometer with B/E 
geometry.geometry. Total Ion Current (A) and mass spectrum (B). 
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161,, corresponding to ( * B+-H20) fragment ions is distinctive of luteolin and is not 
observedd in the spectrum of the two other isomers. A second characteristic 
differencee for molecules belonging to the flavone group concerns the absence of a 
hydroxyll  group in position 3. A loss of 42 Da (C2H20), explained by protonation at 
C-33 and subsequent cleavage of two C-C bonds at position 2/4 I35, results in 
fragmentt ions at m/z 245 [M+H-C2H20]+. This 2/4 cleavage does not occur for 
flavonolss where the C-3 is oxygenated. Additional characteristic fragment ions 
correspondingg to the extra loss of C2H20 or C2H2 are observed at m/z 203 for 
[M+H-2C2H20]++ and 219 for [M+H-C2H20-C2H2]

+ respectively. 

4.5.34.5.3 DTMS andDTMS/MS ofkaempferol 

Low-energyy CID spectra of kaempferol, fisetin and luteolin shows the 
presencee of two peaks at m/z 258 and 259. The peak at m/z 258 has a higher 
relativee intensity in the case of kaempferol. DTMS/MS analyses were performed 
onn a sector instrument to obtain a better insight into the fragmentation pattern of 
kaempferol.. Figure 4.9 shows the DTMS spectrum for kaempferol (IE=16eV). The 
electronn ionisation yields the radical molecular ions M*+ at m/z 286 and the 
deprotonatedd molecule [M-H"] + at m/z 285. Isolation and fragmentation of these 
ionss in an MS/MS experiments (collision energy of 8KV) shown in Figure 4.10 
yieldss in both cases fragments assigned to the losses of CO (M-28) and CO+H (M-
29)) observed respectively at 258/257 and 257/256. In the light of this, we have 
goodd reasons to believe that the two peaks at m/z 259 and 258 in the LDI-
ITMS/MSS of [M+H]+ correspond to the losses of CO and CO+H respectively. It is 
likelyy that that the proximity of two hydroxyl groups (in position 3 and 5) around 
thee carbonyl (in position 4) enhances the probability of a CO+H loss in the case of 
kaempferol.. This probability is smaller in the case of luteolin and fisetin, which 
onlyy have one hydroxyl group in the vicinity of the carbonyl (in position 5 and 3 
respectively). . 

4.5.44.5.4 Multiple-stage LDI-ITMS ofquercetin and morin, apigenin and genistein 

MS/MSS experiments were conducted under identical conditions with two 
supplementaryy sets of flavonoid isomers: (1) morin and quercetin and (2) apigenin 
andd genistein. The two flavonols morin and quercetin differ in the position of a 
singlee hydroxyl group, situated on the C-ring in position 2' and 3' respectively. 
Apigeninn and genistein, a flavone and isoflavone respectively, differ in the position 
off  the phenyl group (B-ring) on the benzopyran-4-one (C-ring), in 2 and 3 
respectively. . 
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Underr similar CID conditions, morin and quercetin (two flavonols) yields 
',iB++ fragment ions that are stereo-isomers of each other and can therefore not be 
discriminated.. Unfortunately, fragmentation is not sufficiently structurally 
informativee to infer the exact position of the two hydroxyl groups on the C-ring. 

Althoughh apigenin and genistein belong to different flavonoid groups, no 
diagnosticc difference could be detected that would lead to a clear distinction 
betweenn the two stereo isomers. Structurally informative fragmentation obtained in 
identicall  MS/MS experiments is not specific enough to determine the exact 
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Figuree 4.10 DTMS/MS of kaempferol performed at 16eV electron impact 
ionisationionisation with a JEOL SX 102A double focusing mass 
spectrometerspectrometer with B/E geometry. Fragmentation at 285 Da (A) and 
atat 286 Da (B). 
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positionn of the phenyl group on the C-ring. It is therefore impossible to distinguish 

betweenn the two isomeric precursors. In these two cases, the MS/MS methodology 

successfullyy employed in the previous section did not provide the means to 

distinguishh between the structural isomers. This is problematic for diagnostic 

reasonss because it would not be possible to make a distinction between apigenin 

fromm Reseda luteola L. and genistein from Genista tinctoria L. 

4.5.54.5.5 Influence of the collisional energy on structural information in MS/MS 

experiments experiments 

Sincee no structure specific ions could be obtained in the previous low 

collisionall  energy conditions, we investigated the effect of higher collisional 

energyy on the spectral information. In the following experiment quercetin was 

investigatedd in MS/MS experiments at different excitation voltages. 

Figuree 4.11 shows three low-energy CID spectra at excitation voltages 1.6, 
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Figuree 4.11 Low energy CID spectra at different excitation energies of the 

isolatedisolated pseudo-molecular ion of quercetin (m/z 303). 
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1.77 and 1.8 V, with the three spectra plotted on the same vertical scale to facilitate 
thee comparison of peak intensities. In this figure we can clearly see distinct internal 
energyy ranges. Figure 4.11.A at 1.6 V shows that the protonated molecule stays 
mostlyy intact and only few fragment ions are found. Increasing the collision energy 
improvess the signal to noise ratio of the fragment peaks and provides optimal 
MS/MSS conditions (Figure 4.11.B). Increasing the excitation amplitude even 
furtherr to 1.8 V results in a decrease in precursor ions but does not enhance the 
formationn of diagnostic fragment ions (Figure 4.1 l.C). 

Thiss experiment shows that the excitation amplitude has to be optimised for 
eachh multiple-stage MS experiment in the ion trap. Tuning of the collisional energy 
makess it possible to obtain an optimal ratio between dissociation products and 
precursorr ions. The energies that were probed revealed no additional specific ions, 
butt the quantitative differences observed with ITMS/MS could be linked to 
structurall  features in the analyte. If the energy regime in the ITMS could be 
calibratedd accurately we think that it would be possible to obtain characteristic 
informationn about the different stereo-isomers of the same group. 

4.6.4.6. Characterisation offlavonoid-O-glycosides 

Flavonoidss are often present as glycosides in plant extracts used for the 
preparationn of dyes and pigments. A typical example is the case of black oak 
whosee dyeing properties were discovered at the end of the 18 century. Quercitrin, 
aa major compound of black oak is the quercetin-3-L-rhamnoside, which is a 
glycosidee of quercetin. Interestingly, both quercetin and quercitrin are used to dye 
wooll  since the glycoside quercitrin and its aglycone quercetin do not have the same 
colouringg characteristics (tint and lightfastness). On basis of data presented for the 
aglyconee moiety quercetin, we explore in this section the LDMS characterization 
off  flavonol-O-glycosides. 

4.6.14.6.1 LDI 

Figuree 4.12. A is the LDI-ITM S spectrum of quercitrin at low laser power. 
Sodiatedd [M+Na]+ and potassiated [M+K] + molecular ions are observed at m/z 470 
andd 486 respectively. No radical cations or protonated molecules are detected. The 
basee peak is observed for the aglycone moiety (quercetin) with peaks at m/z 303 
correspondingg to the protonated ion and at m/z 325 for its sodium adduct. A few 
characteristicc fragment ions of the aglycone moiety are also observed with very 
loww intensity: cleavage of the C-ring in 1/3 leads to m/z 111 ( ' A+-C2H20); and in 

89 9 



ChapterChapter 4 

Masss [u] 

Figur ee 4.12 LDI-ITMS of quercitrin: the MS spectrum (A) displays both 

characteristiccharacteristic peaks for the glucoside and the aglycone moiety. The 

aglyconeaglycone moiety at m/z 303 was further isolated and fragmented by 

CIDCID in a MS/MS experiment (B). LDI-ITMS/MS of quercetin (C): 

isolationisolation and fragmentation of the molecular ion at m/z 303. 
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0/22 to m/z 165 (02A+) and 137(°'2A+-CO, or 02B+). Additional ions 
correspondingg to the loss of H2O and CO are assigned as follows: [M+H-H20]+ at 
m/zz 285, [M+H-COH]+ at m/z 274, [M+H-H20-CO]+ at m/z 257, [M+H-2CO]+ at 
m/zz 247 and [M+H-H20-2CO]+ at m/z 229. In summary, the fragmentation pattern 
off  the glycoside is in perfect agreement with the fragmentation pattern of the 
aglycone. . 

4.6.24.6.2 MS/MS 

Multiple-stagee mass spectrometry was employed for the controlled 
fragmentationn of the ions at m/z 303. CID of the isolated ions leads to the spectrum 
depictedd in Figure 4.12.B. MS/MS of the precursor ions at m/z 303 closely 
matchess the CID of the isolated molecular ion of quercetin shown in Figure 4.12.C. 
Thee signal-to-noise ratio for the diagnostic fragment ions of the aglycone is 
increasedd by roughly a factor of three in the MS/MS spectrum. This experiment 
demonstratess that the aglycone moiety of a glycoside has the same fragmentation 

00 100 200 300 400 500 600 m/z 

Figuree 4.13 LDI-ITMS (A) and LDI-TOF-MS (B) of a Reseda luteola L. extract. 
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patternn as the reference aglycone. This experiment demonstrates the value of 

LDM SS in the authentication of flavonoid-O-glycoside. 

4.4.7.7. Analysis of complex samples 

Inn this section we study the applicability of our LDMS approach to the 

analysiss of complex samples such as flavonoid plant-extracts, mordanted pigments 

(colouringg material fixed on a substrate) and paint reconstructions. Extracts of 

flavonoidd plants and their lakes were prepared after traditional recipes. 

4.7.14.7.1 Weld extracts 

Ann extract of Reseda luteola L. was analysed in a LDI-ITM S experiment. 

Thee principal component of Reseda luteola L. is luteolin, in the form of aglycone, 

mono-- and di-glycoside. Figure 4.13 shows the LDI-ITM S spectrum of a weld 

extract.. The dominant peak is assigned to the protonated molecule of luteolin. 

Additionall  peaks in the mass range [100-300] are assigned to fragment ions of this 

protonatedd luteolin (153, 179, 213, 258, 271). The peak at m/z 369 is attributed to 

[(M+2Na++K+)-2H+] .. In the higher mass range a group of ions is assigned to 

dimericc species. 

Inn an unknown sample, where an organic yellow is suspected, the detection 

Figuree 4.14 LDI-ITMS/MS of a Reseda luteola L. extract after isolation and 

fragmentationfragmentation of the ion species at m/z 287. Peaks below 10% 

relativerelative intensity are instrumental noise. 
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off  this particular mass could however also suggest the presence of kaempferol or 
morin.. The presence of fragment ions at m/z 153 and 179 already points to the 
presencee of luteolin identified by ions of class ',3A+ and °'4B+. However, their low 
relativee intensities make it rather improbable to reach the same conclusion in the 
casee of a complex mixture, and in the absence of a predominant confirmatory 
fragmentt ion it would remain unclear which of the three isomers is present. 
Therefore,, the m/z 287 ions were isolated and fragmented by CID in an MS/MS 
experimentt with the ITMS. The resulting spectrum (Figure 4.14) reveals additional 
fragmentt ions characteristic of luteolin: 1,3B+ at m/z 135, (0'4B+-H2O) at m/z 161, as 
welll  as peaks at 241, 258 and 269. Additional structural information provided by 
MS/MSS makes it possible to positively identify luteolin. 

Thee LDI-TOF-MS spectrum of the weld extract also gives evidence for the 
presencee of the protonated molecule of luteolin at m/z 287. 

4.4.7.7.22 Flavonoid lakes 

Neitherr LDI-ITM S (Figure 4.15) nor LDI-TOF-MS spectra revealed the 
complexx form of the weld lake. The ITMS spectrum shows an intense peak at m/z 
2877 that is assigned to the protonated molecule of luteolin. Peaks in the dimeric 
regionss of the TOF-MS spectrum support the presence of luteolin with peaks 
similarr to its TOF-MS spectra. We infer that only the uncomplexed form of 
luteolinn is desorbed and ionised. 

1500 200 250 300 

Figuree 4.15 LDI-ITMS of a Reseda luteola L. lake 

3500 Mass [u] 
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4.8.4.8. Analysis fibres dyed with flavonoids 

Investigationn of dyes from ancient fabric requires extracting sufficient 
colouringg materials from the fibres prior to analysis. Spatially-resolved LDMS 
analysiss was explored for the study of mordanted flavonoid directly at the surface 
off  wool fibres. In this case the spatial resolution of the mass spectrometer is 
employedd to target the surface of an individual fibre for analysis (see section 3.2) 
andd the sample holder can be monitored during analysis to move the fibre while 
keepingg it in focus of the laser beam. 

Ann alum-mordanted quercetin dyed wool was analysed by LDI-TOFMS, 
andd its spectrum is shown in Figure 4.16. Characteristic peaks of quercetin are 
observedd at m/z 303 for the protonated molecule [M+H]~, m/z 341 [M+K] +, m/z 
2855 [M+H-H2Of, m/z 591 [2M-2H20+Na]\ m/z 629 [2M-2H20-H+Na+K]+. 
Aluminiumm ions are detected at m/z 27. Again no complex form of the aglycone 
wass identified in the TOF-MS spectrum. This experiment shows that organic 
flavonoidss can be successfully identified by LDMS directly performed at the 
surfacee of a single wool fibre. 
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Figuree 4.16 LDI-TOF-MS of an alum mordanted quercetin dyed wool. 

94 4 



Flavonoids Flavonoids 

4.9.4.9. Investigation of cross-sectioned samples 

Inn spite of various attempts with reconstructions and easel painting 
samples,, paint cross-sections containing flavonoid lakes could not be successfully 
analysedd with LDMS. The limitations met with the study of flavonoid lakes 
discussedd in the previous sections already cast doubt on the adequacy of the 
methodd for the identification of lake pigments in complex mixtures such as paint 
samples.. The findings indicate though that surface analysis is possible and that the 
uncomplexedd form of the lakes could be detected. Evidently, one explanation for 
thee non-success of the analyses could be that the lake is not ionised whatsoever. 
Anotherr hypothesis holds that the very small amount of material present at the 
surfacee of paint samples do not produce sufficient ions for detection. Further 
investigationss discussed in the remainder of this thesis bear upon surface analysis 
off  cross-sections comprising other types of colouring materials. 

4.10.4.10. Conclusion 

Inn this chapter we have employed laser desorption mass spectrometry 
(LDMS)) in the analysis of flavonoids compounds traditionally encountered in 
artist'ss pigments and textile dyes. A series of characteristic flavonoids aglycones 
weree successfully analysed both in LDI and MALDI . Ions in LDI are 
predominantlyy formed as protonated molecules and alkali adducts. Soft ionisation 
achievedd with low laser power densities affords the formation of sufficient 
amountss of intact (pseudo-) molecular ions to subsequently perform MS/MS 
analyses.. CID experiments produce diagnostic fragment ions - hardly observed or 
absentt in the MS spectrum - that provide essential information for structural 
elucidation.. Multiple-stage mass spectrometric capabilities of the ITMS were 
successfullyy employed to positively differentiate the three isomers luteolin, 
kaempferoll  and morin. However, MS/MS analyses cannot differentiate quercetin 
fromm morin, and apigenin from genistein. The MS/MS procedure was further 
appliedd to identify luteolin in a weld extract and to characterise the aglycone 
moietyy of a flavonoid-O-glycoside. The potential for spatially-resolved analysis of 
LDMSS was demonstrated with the analysis of a flavonoid at the surface of a wool 
fibree dyed according to traditional recipes. LDMS did not produce spectra that 
couldd lead to the identification of a complex form of a flavonoid in the form of a 
lakee and investigation of paint cross-sections remained so far unsuccessful. 
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