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Chapterr 7 

LDMSS of modern synthetic artists' pigments 

LDMSLDMS was applied to the analysis of synthetic organic pigments employed 
inin modern artists' paints. UV-LDI and MALDI-TOF-MS were successfully used for 
thethe identification of a series of reference organic pigments belonging to the azo 
pigments,pigments, phthalocyanine, quinacridone, dioxazine, perylene and diketopyrrolo-
pyrrole.pyrrole. Analyses were then extended to the investigation of commercial acrylic 
andand oil tube paints where the pigment is mixed in a binding medium. Results show 
thatthat a nitrogen laser 037nm) used at low power density selectively desorbs and 
ionisesionises synthetic pigments present in a binding medium. This makes LDMS a 
particularlyparticularly attractive method for the investigation of complex samples where 
FTIRFTIR analysis fails because of strong interferences with additional materials found 
inin the paint (binders and fillers). We will  show that sufficient resolution of the 
massmass analyser makes it possible to recognise the different substitution patterns of 
chlorinechlorine and bromine in phthalocyanines, whereas sensitivity and mass detection 
rangerange makes it possible to identify trace amounts of PEG and PPG used as 
additives. additives. 
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ChapterChapter 7 

7.1.7.1. Introduction 

Thee production of first synthetic pigments goes back to the mid 19' century 
withh the beginning of the era of scientific chemistry 18' 2 . Organic synthetic 
pigmentss have been mostly used as artist's materials since the 1950s. A 
considerablee number of pigments has been synthesised in the laboratory attaining 
att present several tens of thousands of different compounds. Within a particular 
chemicall  class, wide variations of the colour properties are obtained with the 
introductionn of additional chromophore or auxochrome groups . Only a small 
portionn of these compounds, however, has been marketed 29, and even a smaller 
rangee used in artist's materials. The history and use of modern organic pigments by 
painterss has been recently surveyed by De Keijzer 21. Prevalent chemical classes 
aree azo pigments (reds, oranges and yellows), phthalocyanines (blues and greens) 
andd quinacridones (violets, reds, oranges) and to a lesser extent dioxazine, perylene 
andd anthraquinones. Today, modern synthetic pigments are ubiquitous and retailed 
off-the-shelff  in the form of paint tubes, i.e. already mixed with an oil or synthetic 
bindingg medium (such as acrylic, polyvinyl acetate, polyester, etc) ' 

Syntheticc organic pigments usually have a well-known structure, their 
nomenclaturee is standardised, and they are listed in the Colour Index (C.I.) ' 
publishedd by the Society of Dyers and Colourist. Each pigment is given a C.I. 
genericc name and a C.l. constitution number, e.g. PR122, which stands for pigment 
redd number 122. Commercially available artists' paints, however, are formulated 
accordingg to proprietary methods, and their exact compositions are often unknown. 
AA great diversity of suppliers exists, and it is not uncommon that various 
commerciall  names refer to the same organic pigment. For instance the 
quinacridonee pigment PR 122 is retailed under diverse appellations such as 
magenta,magenta, rose violet, or purple. Poor labelling of paint materials by manufacturers 
oftenn add to the confusion concerning their composition. 

Variouss analytical methods of analysis have been successfully used for the 
studyy of synthetic organic pigments 18'47'52'S7"89'133'165'166. Physical and structural 
characterizationn is essentially addressed by microscopic techniques and X-ray 
diffraction,, whereas chemical analysis and colour measurement is performed by 
spectroscopicc methods, such as VIS spectrophotometry, IR, NMR, electron spin 
resonance,, emission resonance and MS. The use of MS for the analysis of 
syntheticc colorants has been surveyed by Van Bremen 84, with a particular 

**  A chromophore is an arrangement of atoms that gives rise to colour, e.g. the functional groups of 
-N=N-- , >C=C<, >C=0, whereas an auxochrome is a group that affects the spectral regions of 
strongg absorption in chromophores, e.g. -NH2, -OH, -Br, -CI, -N02. 
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emphasiss on the benefits of various ionisation methods. Admittedly, LC-MS and 
GC-MSS are useful techniques for the analysis of dyes in complex mixtures since 
masss spectrometry can be carried out with additional chromatographic separation. 
LDMSS is a promising technique for the direct analysis of synthetic dyes absorbed 
onn surfaces (including covalently bound colorants). Bennett et al. 87 used UV-
LDMSS (265nm) to detect dyes present in a multicomponent mixture. Dale et al. 88' 
5333 used two-step laser desorption photo-ionisation (L2TOFMS) to examine azo, 
anthraquinone,, phthalocyanine and coumarin dyes. A pulsed IR laser (wavelength 
10.6um)) was used to vaporise the samples as intact molecules, which were 
subsequentlyy photo-ionised using either 193- or 266-nm UV laser radiation. 
Sullivann et al S9 used negative MALDI for the analysis of poly sulfonated azo 
dyestuffs.. The value of MS/MS analysis for structural determination was also 
demonstratedd with the production of fragment ions when only molecular ion 
speciess are formed as ionised species 167. 

Inn easel paintings, authentication of modern organic pigments is an 
analyticall  challenge because of the small scale and great complexity of the 
samples.. Organic pigments are found entangled in complex mixtures of 
componentss of the synthetic polymeric or oil medium, inorganic pigments, 
extenderss and various additives 168. Only littl e information is provided by optical 
orr microscopical investigations because of the fine division of the particles, leaving 
spectrometricc and spectroscopic techniques as methods of choice. FTIR is a 
particularlyy useful method to conservation scientists 19'64, since most of the modern 
artists'' pigments can be identified from the FTIR fingerprint. FTIR offers the 
possibilityy to investigate in situ the surface of multi-layered samples prepared as 
sections.. In practice, however, the pigment concentration is often so low in a paint 
layerr that it is virtually impossible to detect them. In addition, many samples 
removedd from museum easel paintings have an FTIR spectrum dominated by the 
binderr and fillers (e.g. chalk or barium sulphate) , so much so that the sharp 
organicc pigments peaks are often hard to distinguish from noise '9. FTIR is 
thereforee a good analytical tool for bulk composition. Py-GC(-MS) 8I' 169 is quite 
successfull  in the investigation of pyrolytic fragments of most azo pigments but 
inadequatee for the investigation of other pigments. The use of Py-GC has been 
demonstratedd by Sonoda et al. for the investigation of acrylic paints (reference 
sampless and samples removed from modern paintings). Recently DTMS 19,17° has 
beenn shown to be a very effective technique for modern paint analysis. Organic 

Thee outcome of FTIR analyses depends strongly on the type of additives (fillers, binders and 
pigments)) found in the paint. For instance, FTIR usually fails to identify phtalocyanines in acrylic 
polymerr emulsions because the characteristic peaks of the pigment are totally hidden by the 
extenders.. In the particular case of Liquitex paints, however, fillers are of the silica type and found 
inn small amounts. They do not interfere excessively with the peaks from organic pigments and 
FTIRR analyses are feasible. 
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Chemicall class 

Azoo (Naphtol) 

Azoo (Diarylide) 

Quinacridone e 

(Quin.. Quinone) 

Dioxazine e 

Perylene e 

Diketopyrrrolo--

Pyrrolee (DPP) 

Anthraquinone e 

Phthalocyanine e 

C.I.. Pigment 
name e 

PRR 188 

PY83 3 

PVV 19 

PRR 122 

PRR 209 

PRR 207 

PRR 206 

PV23 3 

PRR 178 

PRR 254 

PRR 83 

PBB 15 

PG7 7 

PG36 6 

C.I.. Constitution I Molecular 

numberr j Weight (MW)1 

12467 7 

21108 8 

73900 0 

73915 5 

73905 5 

73906 6 

73920 0 

51319 9 

71155 5 

56110 0 

58000:1 1 

74160 0 

74260 0 

74265 5 

642 2 

816 6 

312 2 

340 0 

378 8 

3122 + 378 

3122 + 342 

588 8 

750 0 

356 6 

240 0 

575 5 

11188 (Mav 1127) 

seee table 7.3 
11 Here we give the mono-isotopic molecular weight MWm. In the case of the chlorinated 
compoundd PG7, MWm is given for Cu-C32NgCl|6. MWav is the average molecular weight 

Tablee 7.1 Reference compounds. 

pigmentss can be identified at extremely low concentration and in the presence of 

binderr (medium) and fillers (additives). DTMS can resolve the components of a 

heterogeneouss sample using a temperature ramp 

Inn this chapter we explore LDMS as a tool for the molecular identification 

off  modem synthetic organic pigments. Analyses are performed with LDI and 

MALD II  either in the positive or in the negative mode. The first series of 

measurementss concerns a set of reference pigments belonging to the principal 

chemicall  classes of synthetic artist's pigments, namely azo pigments, 

phthalocyanine,, quinacridone, dioxazine, perylene and diketopyrrolo-pyrrole. In a 

secondd stage, commercial paints (acrylic and oil media) containing one or several 

off  these pigments wil l be analysed. We wil l notably demonstrate that mass 

spectrometryy can easily distinguish the different substitution patterns in 
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phthalocyanines,, which enables the differentiation of the different commercial 
bluess and greens. In a last stage we will employ LDMS for the in situ investigation 
off  cross-sectioned multi-layered systems. This latter category concerns 
reconstructedd models prepared in the laboratory and microscopic samples removed 
fromm works of art. 

7.2.7.2. Samples 

AA series of reference compounds covering the principal chemical classes 
encounteredd in synthetic organic pigments were analysed by LDMS. Samples are 
listedd in Table 7.1, and are classified according to their chemical constitution. In 
Tablee 7.1, each reference pigment is given with its Colour Index generic name 
andd number. For example PY83 stands for Permanent Yellow number 83, from 
whichh its chemical composition and molecular mass can be looked up in the 
Chemicall  Index. The table also includes the molecular weight of the colouring 
material(s). . 

AA rough distinction can be made between azo pigments, and non-azo 
pigmentss also known as polycyclic pigments 18. Azo pigments under investigation 
cann be further classified according to their structural characteristics into disazo 
pigmentss (diarylide yellows) and naphtol AS pigments (napthol reds). Other 
sampless fall into the category of polycylic pigments and belong to one of the 
followingg chemical classes: phthalocyanine, quinacridone, perylene, 
anthraquinone,, dioxazine, and diketopyrrolo-pyrrole. 

H H 

Figuree 7.1 Azo pigment red PR188 (napthol). Molecular composition and 
monoisotopicmonoisotopic weight, C33N406Cl2H24, MW 642 Da. Fragment ions 
referrefer to the MS fragmentation. 
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7.2.1.7.2.1. Azo pigments 

Artists'' azo pigments are produced in many different colours, most 
importantlyy reds, orange and yellows. They can be classified in monoazo and 
disazoo pigments, with one or two azo functions (-N=N-) respectively. Two 
prevalentt classes of artist's azo pigments are the diarylide yellow pigments and the 
naphtoll  red pigments. In this chapter one pigment of each class has been analysed 
byy LDMS: (1) Napthol red PR 188, an intense yellowish red pigment with very 
goodd lightfastness properties. It is a naphtol red pigment (Figure 7.1). (2) Hansa 
yelloww PY 83, the standard pigment within the reddish yellow range. It is a 
diarilydee yellow pigment of which the structure is presented in Figure 7.2. It 
possessess excellent fastness properties, which make it almost universally 
applicable e 

Cll OCH3 H3CO ci 

Figuree 7.2 Azo pigment yellow PY83 (diarylide), C36N6OsCl4H32, MW 816 Da. 

7.2.2.7.2.2. Phthalocyanines 

Artists'' phthalocyanine pigments are blue and green. The phthalocyanine 
structuree is a tetra-aza-tetrabenzoporphine and artists' pigments are all based on the 
copperr (II) complex structure shown in Figure 7.3. This molecule (Cu-C32N8H|6) is 
thee copper phthalocyanine blue PB15. The blue colour of phthalocyanines can be 
alteredd to various shades of bluish and yellowish green by substitution with 
chlorinee and/or bromine atoms on the four outer benzene rings. PG7 are chlorine-
substitutedd phthalocyanines (Cu-C32NgHi6-nCln). The number of substitutions is 
generallyy n=15, but 14 and 16 are also possible. Figure 7.4 shows the n=16 
substitutedd molecule. PG36 is a chlorine and bromine-substituted phthalocyanine. 
Thee more chlorine atoms are replaced by bromine, the yellower the colour 
becomes. . 
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Figuree 7.3 Phthalocyanine blue PB15, Cu-Cn^sHu, monoisotopic molecular 
weightweight MWm 575 Da (average molecular weight MWav 576 Da). 

CII CI 

CII  CI 

Figuree 7.4 Phthalocyanine green PG7: Cu-C32N8Cl,6, MWm 1118 Da 
(dominant(dominant isotopicpeak MWj 1127 Da). 
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Phthalocyaninee can be identified by FTIR, but the technique does not give 

sufficientt structural information to indicate the substitution pattern in the molecule 

norr the presence of additives. Besides, FTIR often fails to characterise 

phthalocyaninee pigments in paints because of the low pigment concentration 

(phthalocyaniness have a high hiding power). In addition, other paint compounds, 

suchh as fillers/extenders and binders can produce strong interference with the 

pigmentt signal. There is therefore a great need for a technique that would 

positivelyy identify phthalocyanines in a cross-section when FTIR remains 

unsuccessful. . 

AA variety of phthalocyanine-containing pigments, obtained from different 

manufacturers,, were analysed by LDMS. High resolution of the TOF-MS is used 

forr the characterisation of chlorinated and brominated phthalocyanines (PG7 and 

PG36).. Two PG7 samples obtained from Winsor & Newton (Harrow, UK) 

(PG7WN),, and Cornelissen (London) (PG7C) and were analysed in order to 

investigatee whether a difference in composition could be detected. 

7.2.3.7.2.3. Quinacridones 

Quinacridonee pigments represent a large range of pigments, all based on 

thee same structure, a linear system of five anellated rings shown on Figure 7.5.A. 

Thiss molecule itself is a violet shade, pigment PV19 (quinacridone violet). Many 

otherr pigments of different colours and shades, from deep reds to golden oranges, 

aree produced by substitutions on the two end benzenes. PR 122 is the 2,9-

dimethylquinacridonee (C22H16N2O2 ) (Figure 7.5.B). It offers a very clean bluish 

shadee of red, which is usually referred to as pink or magenta. PR207 is a mixed 

Figuree 7.5 (A) quinacridone PV19, C20H12N2O2, MW312 Da; 
(B)(B) 2,9 di-methylatedquinacridone PR122, C22HI6N202. MW 340 Da; 
(C)(C) 4.11 di-chlorinated quinacridone. C2otisN202Cl2MW'378 Da; 
(D)(D) quinacridone quinone. C2nH10N2O4 MW 342 Da. 
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phasee pigment made from unsubstituted and 4,11-subsitituted dichloro-
quinacridonee (Figure 7.5.C). PR209 is the 3,10-dichloro-quinacridone, mixed with 
1,88 and 1,10-dichloro-quinacridone. PR206 is a mixed crystal phase of 
unsubstitutedd quinacridone with quinacridone quinone (Figure 7.5.D). Recent 
studiess have shown that Py-GC-MS fails to characterise quinacridone-containing 
acrylicc paints . 

7.2.4.. Perylene red pigment 

Perylenee pigments are diimides of perylene tetracarboxylic acid. PR178 
(C48H26N6O4)) is the perylene red with a molecular structure as shown in Figure 
7.6. . 

Figuree 7.6 Perylene PR178, C4gH26N604, MW 750 Da. 

Figuree 7.7 Dioxazine P V23, C34H22N402Cl2, MW 588 Da. 

Figuree 7.8 Diketopyrrolo-pyrrole (DPP) PR254, C18HioN202Cl2, MW 356 Da. 

153 3 



ChapterChapter 7 

7.2.5.. Dioxazine pigment violet P V23 

Thee dioxazine violet pigment PV23 (C34H22N4O2G2) is a bluish violet 
shadee commonly referred as carbazole violet. It is derived from triphenodioxazine, 
aa linear system of five anellated rings. Its molecular structure is shown in Figure 
7.7.. The pigment is particularly important in systems based on TiCh/rutile. PV23 is 
aa favourite shading pigment for use in emulsion paints, and is used to lend a 
reddishh tinge to phthalocyanine blue shades. LD/FTMS spectra of PV23 have been 
presentedd by Aaserud l72. 

Manufacturer r 

Liquitex x 

Golden n 

Grumbacher r 

Lascaux x 

Flashee (Lefranc & B.) 

Polyflashee (Lefranc &B.) 

Winsorr & Newton 

Vann Gogh Oil Paint 
(Talens) ) 

Name e 

Lightt Magenta 

Mediumm Magenta 

Vivi dd Orange 

Brilliantt Purple 

Phthalocyaninee Blue 

Phthalocyaninee Green 

Pyrrolee Red 

Perylenee Red 

Thaloo Blue 

Permanentt blue 

Hoggarr blue 

Brilliantt blue 

Permanentt Green 

Permanentt Red Violet 

Rosee Madder 

Pigment(s) ) 

(C.I.. name) 

PR207,, PR188 (PW61) 

PR122(PW6) ) 

PY83,, PR188 

PV233 (PW6) 

PB15 5 

PG7 7 

PR254 4 

PR178 8 

PB15 5 

Unspecifiedd Phtalo 

Unspecifiedd Phtalo 

Unspecifiedd Phtalo 

Unspecifiedd Phtalo 

PRR 122, PV23 

PR83,PV19 9 

PW66 is titanium white. 

Tablee 7.2 Acrylic (or PVA) emulsion paints. 
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7.2.6.7.2.6. Diketopyrrolo Pyrrole Pigment Red PR 254 

Thee basic skeleton of this recently developed group of pigments consists of 
twoo fused five-membered rings, each of which contains a carbonamide moiety in 
thee ring. PR254 (C18H10N2O2CI2), with a molecular structure as shown in Figure 
7.8,, provides medium shades of red. 

7.2.7.7.2.7. A cry lie polymer emulsions (commercial tube paints) 

Thee vast majority of acrylic media used for artists' materials are emulsion 
paints,, also referred to as dispersion paints. These consist of finely dispersed 
dropletss of acrylic polymer in a continuous water phase that is stabilised by 
surfactants.. The polymer component is usually a copolymer of methyl 
methacrylatee (MMA) and a softer acrylate monomer such as ethyl- (EA) or butyl 
acryaltee (BA), although styrene-acrylic and vinyl acetate-acrylic copolymers can 
alsoo be used. Acrylics fuse as the water evaporates, and pigments particles remain 
trappedd in the dry film. 

AA series of acrylic emulsion paints containing at least one of the 
aforementionedd synthetic pigments were investigated by LDMS. Samples are listed 
inn Table 7.2 and given by their commercial name. They are classified according to 
theirr manufacturer and brand name since the nature of the acrylic medium is 
assumedd to be consistent within the same product series: Liquitex (Piscataway, NJ, 
USA),, Lefranc & Bourgeois (Le Mans, France), Golden (New Berlin, NY, USA), 
Grumbacherr (Bloomsbury, NJ, USA), Lascaux (Briittisellen, Switzerland), 
Pigmentt composition is given as indicated on the paint tubes. 

Sampless from a sculpture and two modern easel paintings discussed in 
sectionn 7.6.2 were kindly provided by Tom Learner (Tate Gallery, London). 

7.3.7.3. Experimental conditions 

MSS studies of modern organic pigments were performed by LDI and 
MALDII  with a TOF-MS instrument. For a detailed description of both instruments 
wee refer the reader to chapter 2. 

Sampless were investigated as a thin film or as cross-sections in the TOF-
MSS instrument, a commercial Bruker Biflex TOF-MS (Bruker-Franzen Analytik, 
Bremen).. We refer the reader to Chapter 2 for a detailed description of the sample 
preparationn and the different possible configurations of the probe. Thin films were 
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depositedd either at the surface of a stainless steel probe, or at the surface of a TLC 
platee coated with cellulose. TLC probes and embedded paint cross-sections are 
placedd in a home-built sample holder. A calibrant is deposited at the same level as 
thee sample surface. The probe is introduced in the ionisation chamber through a 
vacuumm lock and positioned in the focus of a N2 laser beam (working at 337 nm). 
Microscopicc probe positioning is achieved thanks to an XY manipulator and the 
digitall  output of a CCD (Charge Coupled Device) camera for observation. 
Desorptionn and ionisation were performed directly (LDI) or with the assistance of 
aa DHB matrix (MALDI ) and measurements were performed either in positive or in 
negativee mode. 

Inn LDMS experiments, reference samples were deposited as a thin or thick 
filmfilm  either on a stainless steel probe or on TLC plates coated with cellulose 
(referencee components only). A few micrograms of the sample were mixed with 
ethanol.. The suspension was homogenised using a vortex mixer. About 5 
microliterss of this solution or suspension were deposited onto the probe with a 
pipettee and dried in vacuum. For thick films a few micrograms of pigment were 
depositedd directly on the surface and a few microliters of ethanol were deposited to 
simultaneouslyy disperse and adsorb the sample on the surface of the probe. 
Pigmentedd paint in an acrylic or oil medium were applied directly onto the surface 
off  the probe and spread with the tip of a scalpel to obtain a thin film. When 
sufficientt material was available, it was rather painted with a thin brush. MALDI 
experimentss were performed using exclusively 2,5-dihydroxybenzoic acid (DHB) 
ass the matrix. A thin layer of the sample is first absorbed on the surface of the 
probee as for LDI experiments. Subsequently a thin matrix layer was deposited on 
topp of the sample. This approach was chosen to mimic as much as possible the way 
inn which a matrix would be applied when analysing a paint cross-section. 

7.4.7.4. Analysis of reference samples 

Inn this section, a series of reference organic pigments were investigated by 
LD-TOF-MS.. Reference samples were obtained from various manufacturers or 
weree provided by Tom Learner (Tate Gallery). Samples are either single 
compoundss (e.g. PY83) or mixtures of different compounds (e.g. PR206). For each 
samplee analyses were carried out with LDI and MALDI , both in the positive and 
thee negative mode. Laser power density was tuned just above the desorption 
ionisationn threshold. 
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Figuree 7.9 TOF-MS of napthol AS pigment red PR188: positive LDI (A), 

negativenegative LDI (B and inset a), theoretical isotopic distribution of 

PRPR 188 C3}N406Cl2H24 (inset b), and MALDI (C). 

7.4.1.7.4.1. Napthol AS pigment red PR] 88 

Naptholl  AS pigment red PR188 (C33N4O6CI2H24) successfully desorbs and 

ionisess under the LDI conditions (low laser power density, nitrogen laser working 

att 337nm). The positive ion spectrum of napthol red PR188 (MW 642 Da) is 

simplee in appearance (Figure 7.9.A). The sodiated species [M+Na]+ is observed at 
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m/zz 665 and potassiated species [M+K] *  at 681, whereas the protonated molecule 
att m/z 643 is observed with only a small relative intensity. This suggests that the 
mostt likely mechanism for ionisation is that of cation attachment. Dominant peaks 
aree observed at m/z 23 and 39 for the sodium and potassium ions. Loss of a 
hydroxyll  radical OH* from the parent radical cation (m/z 642) is observed at m/z 
6255 . The dominant peak at m/z 520 results from cleavage of the amide bond on 
thee side of the B ring (Figure 7.1). No ions from cleavage of the amide bond on the 
sidee of the A ring (with the two chlorine substitutions) could be detected. Cleavage 
off  the phenyl-amide bond (on the side of the B ring) yields m/z 492 (small relative 
intensity).. The peak at 469 is unidentified. The negative ion spectrum (Figure 

7.9.B)) shows exclusively a base peak assigned to the radical ion [M]*  at m/z 642. 
Noo characteristic fragment ions are observed, except peaks at m/z 35 and 37 which 
aree assigned to chlorine anion. 

Thee positive MALDI spectrum (Figure 7.9.C) shows dominant peaks for 
thee protonated (m/z 643), sodiated (m/z 665, base peak) and potassiated (m/z 681) 
molecules.. Surprisingly, an additional group of peaks is detected in the mass range 
[270-330],, which was not observed in LDI. We assume that odd-electron ions at 
m/zz 306 result from the photolytic cleavage of the azo bond by resonant absorption 
off  the chromophore group (m/z 329 is assigned to the sodiated species). Cleavage 
off  the azo bond is only possible after isomerisation of (-N=N-) to (=N-N-). 
Similarr fragmentation has been reported for other azo containing anions using 
desorptionn ionisation methods 87. In the mass range [1000-1800] a sequence of 
peakss with regular interval of 44 Da gives evidence for the presence of 
polyethylenee glycol (PEG) with average molecular weight MWav of 1300 Da. PEG 
iss probably a wetting agent in the pigment sample. 

7.4.2.7.4.2. Diarylide pigment yellow P Y83 

Inn the positive ion spectrum of the diarylide pigment yellow PY83 
(C36N6O8CI4H32)) (Figure 7.10.A), protonated molecules are observed at m/z 817 
withh low relative intensity. A stronger signal (3 to 5 times higher) is obtained in 
MALD II  (with DHB as a matrix) (Figure 7.10.B), with the sodiated parent ion at 
m/zz 839. The dominant peak is observed at m/z 187 corresponding to the P-
cleavagee of the amide bonds with transfer one hydrogen atom (Figure 7.2). Loss of 
thee aromatic side group by cleavage of the N-phenyl bond with transfer one 
hydrogenn atom yields m/z 172 (small relative intensity). Cleavage of the azo bond 
yieldss m/z 533 indicating retention of the positive charge on the chlorinated 

LDII  induces fragmentations in the molecule, which have been indicated numerically without 
implyingg any mechanisms. 
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fragment.fragment. In the mass range [400-800] of the M ALDI spectra a sequence of peaks 
withh regular interval of 44 Da gives evidence of the presence of polyethylene 
glycoll  (PEG), which is supposed to be present as additive in the pigment. 
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Figuree 7.10 TOF-MS of diarylide pigment yellow PY83: LDI (A) MALDI (B). 

7.4.3.7.4.3. Cu-Phthalocyanine green PG7 (chlorine substituted) 

Cu-phthalocyaninee green PG7 from two different suppliers were 
successfullyy desorbed and ionised in an LDI experiment. Figure 7.11.A shows the 
LDII  mass spectrum of PG7C (Cornelissen) in the mass range [m/z 800-1400]. The 
dominantt series of peaks at m/z 1127 is assigned to the hexadeca-chlorinated 
phthalocyaninee species Cu-C32NgCli6, (labelled Cl/6 in the figure). Additional 
seriess of peaks are assigned to various other chlorine substitutions of the copper 
phthalocyaninee Cu-C32N8Hi6-nCln. Values of n are identified for dominant peaks at 

Cu-C32N8Cli66 has a monoisotopic mass MWm= 1118 Da with a relative abundance of 0.6%, 
whereass the dominant isotopic peak MWd= 1126 Da has an abundance of 16.1% (see inset Figure 
7.11.A). . 
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Figuree 7.11 Phthalocyanine green PG7: supplier Cornelissen (A) and supplier 

WinsorWinsor & Newton (B). In inset, the theoretical isotopic distribution 

Cu-Cj2NsCli6,Cu-Cj2NsCli6, with the monoisotopic (MWm 1118 Da) and the 

dominantdominant isotopic peaks (MWj 1126 Da). 

m/zz 1092 (n=15), 1056 (n=14), 1022 (n=13), 990 (n=12), 956 (n=l l ) , 922 (n=10). 

AA sequence of peak series is also observed in the mass range [500-600] that can be 

assignedd to the unsubstituted copper phthalocyanine Cu-C32N8Hi6 (n=0). We 

assumee that the different species are present in the sample as such and are not the 

resultt of fragmentation and rearrangement during the LDI process. If this were the 

casee fragment ions of the different brominated species would be expected with an 

analogouss distribution (e.g. ClisBri would yield ClnBri, ClnBri, and so forth, 

whichh is not the case). In the mass range of [0-500] a series of ions are detected 

thatt remain unidentified: 102, 158, 165, 176, 199, 220, 305, 319, 327, 341, 437, 

493,, 518, 560. We do not expect extensive fragmentation under our LDI 

conditions. . 

AA series of peaks around MWd=1169 are attributed to Cu-C32NsCli5Br, 

givingg evidence for a phthalocyanine containing bromine substituent. This is 

ascertainedd in the negative mode, where characteristic distribution of peaks at m/z 

35,, 37 and 79, 81 is assigned to the chlorine and bromine atoms. Note that the 

160 0 



ModernModern synthetic artists 'pigments 

nomenclaturee PG7 does not imply that brominated substituents are present. In 
MALD II  spectra no additional structural information was identified. 

PG7WNN has a LDI spectrum (Figure 7.11 .B) in good agreement with 
PG7C.. In the mass range [800-1600], however, a significantly different 
substitutionn pattern is observed. Additional substituted species are identified at m/z 
8877 (n=9) and 853 (n=8). Bromine/chlorine substituted species Cu-C32NgHi6-m-

nBrmClnn are observed for the following (m,n) values: (5, 11) at m/z 1348, (4, 12) at 
m/zz 1304, (3, 13) at m/z 1260, (2, 14) at m/z 1216, (1, 15) at m/z 1172. In the 
negativee ion mode a characteristic distribution of peaks at m/z 35, 37 and 79, 81 
cann be assigned to chlorine and bromine resulting from elimination from the 
substituents. . 
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Figuree 7.12 Detail of phthalocyanine green PG7 in Figure 7.12. In inset, the 
theoreticaltheoretical isotopic distribution of the hexadecachlorinated Cu-
phthalocyaninephthalocyanine CU-CHNHCIH, (MWJ 1126). A shoulder in the peak 
sequencesequence gives evidence for the presence of Cu-C}2NgHBrCli4 
(MW(MWdd1136). 1136). 

Figuree 7.12 shows the mass range [m/z 1115-1150] in more detail. The 
dominantt peaks are characteristic of the hexadeca-chlorinated phthalocyanine 
speciess Cu-C32NgCli6. A close look at the theoretical isotopic distribution of the 
moleculee (shown in the inset) reveals a shoulder around m/z 1136 in combination 

161 1 



ChapterChapter 7 

withh peaks in excess of 1140. This is indicative of the substituted species Cu-

C32N8HBrCl14(l,14). . 

Thee distribution of brominated species gives evidence for the presence of 

alll  the different chlorine substituted species in PG7, rather than being the result of 

chlorinee loss during the LDI process. If this were the case, a similar chlorine loss 

wouldd be expected for the brominated species. In the mass range [0, 500] a similar 

seriess of ions that remain unidentified are detected as for PG7C: m/z 102, 158, 165, 

176,, 199, 220, 305, 319, 327, 341, 437, 493, 518, 560. 

10000 1100 1200 1300 1400 1500 1600 1700 1800 m/z 

Figuree 7.13 Phthalocyanine green PG36, Cu-CnNgH'\(,-m-„Br mCln (mass peaks of 

thethe ions are labelled with their m,n values). 

7.4.4.7.4.4. Cu-Phthalocyanine green PG36 (chlorine and bromine substituted) 

Figuree 7.13 shows the LDI-TOF-MS spectrum of PG36. This spectrum 

bearss much resemblance to the spectrum of PG7. The series of ions in the range [0-

600]]  is in good agreement with PG7, with notably a peak at m/z 575 assigned to 

thee unsubstituted copper phthalocyanine. In the mass range [800-1200] a sequence 

off  peaks is attributed to the isotopic distribution of the chlorinated species: n=16 at 

m/zz 1126, n=15 at m/z 1092, n=14 at m/z 1058, n=13 at m/z 1023. Bromine and 

chlorinee substituted species Cu-C32N8Hi6-m-nBrmCln are identified at m/z 1171 (1, 

15)) and 1216 (2, 14). In the mass range [1200, 2000], a sequence of characteristic 

peakss of PG36 is observed that corresponds to brominated and chlorinated species. 

Thee hexadeca-brominated species Cu-C^NgBriö (16,0) is observed with a series of 

peakss about m/z 1838. Other species are detected for (m,n) values at the m/z values 

listedd in Table 7.3, with sodiated adducts indicated in brackets. A difference of 

34Daa establishes that we are here dealing with a mixture of different brominated 
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m/z z 

1794 4 

1749 9 

1705 5 

1680 0 

1634(1657 ) ) 

(m,n ) ) 

15, 1 1 

14, 2 2 

13, 3 3 

14, 0 0 

13, 1 1 

m/z z 

1590 0 

1545(1568 ) ) 

1518 8 

1474(1497 ) ) 

1430(1453 ) ) 

(ra,n ) ) 

12, 2 2 

11, 3 3 

12, 0 0 

11, 1 1 

10, 2 2 

m/z z 

1385(1408 ) ) 

13411 (1364 ) 

1314 4 

1270(1293 ) ) 

(m,n ) ) 

9,3 3 

8, 4 4 

9,1 1 

8, 2 2 

Tablee 7.3 Cu-C32N$Hi<j.m.„Br mCl„  species identified in the LDI-TOF-MS of 
PG36.PG36. Sodiated adducts are indicated in brackets. 

andd chlorinated species and that the distribution observed is not the result of CI 
lossess (in which case we would observe a difference of 35Da). 

7.4.5.7.4.5. Quincacridones:PVl9, PR206, PR207 andPR209 

Thee LDI of the unsubstituted quinacridone PV19 (C20H12N2O2,) (Figure 
7.14.A)) is dominated by an intense peak for the protonated molecular ion at m/z 
313,, and a minor contribution for the sodiated adduct at m/z 333. Dimers [2M+H]+ 

aree observed at m/z 625 with the sodium adduct [2M+Na]+ at m/z 647. The 
negativee mode (data not shown) presents a dominant peak at m/z 311 assigned to 
[M-H] ""  suggesting that quinacridone ionises according to a similar mechanism as 
describedd for indigo with the analyte acting as its own matrix (proton donor). 

Thee quinacridone PR209 (Figure 7.14.B) displays dominant peaks of the 
protonatedd and sodium species at m/z 381 and 403. Dimeric species observed in 
thee range [650-750] are assigned to [2M-HC1]+ at m/z 724 and [2M-2HC1]+ at m/z 
688.. In the negative mode peaks are attributed to the radical ion and deprotonated 
moleculess with a characteristic quadruplet. 

Thee quinacridone mixture PR207 (Figure 7.14.C) shows a peak for the 
unsubstitutedd quinacridone at m/z 313 and 335 (sodiated), the di-chlorinated 
speciess at m/z 381 and 403 (sodiated), and a mono-chlorinated species at m/z 344 
andd 366 (sodiated). The negative mode provides supportive evidence with peaks at 
m/zz 311 and the quadruplet at 379 (data not shown). 

Quinacridonee PR206 (Figure 7.14.D) shows the quinacridone m/z 313 and 
thee quinacridone quinone at m/z 343 (protonated), 365 (sodiated), 381 
(potassiated)) and 387 (di-sodiated). The MALDI spectrum reveals the presence of 
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Figuree 7.14 LDI-TOF-MS of quinacridom: PV19 (A); PR209 (B); PR207 (C); 
PR206PR206 (D). 
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thee same molecule specific ions and points to additional compounds that remain 
unidentified. . 

7.4.6.7.4.6. Perylene pigment red: PR 178 

Thee LDI spectrum of perylene pigment red PR178 (C48H26N6O4) (Figure 
7.15)) displays a dominant peak at m/z 751, assigned to the protonated molecule. 
Theree are several fragmentation pathways opened by LDI which are thought to be 
causedd by solid-phase absorption of UV photons. Loss of H2 is observed at m/z 
749.. Fragmentation of the amine-phenyl bonds yields m/z 77 and 645 (Figure 7.6). 
Bothh ions correspond to a moiety that does not include the N=N bonds. The peak at 
m/zz 540 is assigned to the loss of two phenyl radicals by fragmentation of the 
amine-phenyll  bonds on both sides of the molecule. The peak at m/z 556 is 
assignedd to the fragmentation of the amine on one side and the fragmentation of 
thee amine-phenyl group on the other side of the molecule. Multiple loss of a 
carbonyll  is observed at m/z 722 (750-28), 630 (658-28) and 617 (645-28). A peak 
att m/z 1393 is believed to be the radical cation of an unidentified photo-
synthesisedd compound. 

200 0 400 0 600 0 800 0 1000 0 1200 0 m/z z 

Figuree 7.15 LDI-TOF-MS of perylene pigment redPR178. 

7.4.7.7.4.7. Dioxazine pigment violet P V2i 

Dioxazinee pigment violet PV23 (C34H22N4O2CI2) (Figure 7.16.A) displays 
aa dominant peak at m/z 589 for the protonated molecule, with a typical CI pattern. 
Dominantt peaks at m/z 554 and m/z 520 are assigned to the loss of chlorine atoms. 
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AA peak at m/z 575 is assigned to the loss of a methyl group. In the negative mode 
(Figuree 7.16.B), fragment ions are only observed for the loss of one ethyl group at 
m/zz 559 and two ethyl groups at m/z 530. An additional peak is observed at m/z 
3977 numerically assigned to the fragment ion resulting from cleavage of the O-C 
andd N-C linkages in the six membered heterocycle (Figure 7.7). 
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Figuree 7.16 LDI-TOF-MS of dioxazine PV23: positive mode (A) and negative 
modemode (B). 

7.4.8.7.4.8. Diketopyrrolo Pyrrole Pigment Red PR 254 

Diketopyrroloo Pyrrole Pigment Red PR254 (QsHioNzChCb) (Figure 7.17) 
displayss a dominant peak at m/z 357 with a characteristic isotopic distribution 
assignedd to the protonated molecule. Peaks at m/z 379 and 401 are assigned to 
sodiatedsodiated and di-sodiated species [M+Na]+ and [M-H+2Na]+. Fragment ions are 
accountedd by the loss of CO at m/z 330 and CI at m/z 322. The small peak at m/z 
1388 is attributed to C6H6N202 resulting the loss of both C6H4C1 groups, a process 
thatt we postulate to occur in the solid phase by exposure to UV photons. 
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500 100 150 200 250 300 350 400 m/z 

Figuree 7.17 LDI- TOF-MS of diketopyrrolo pyrrole pigment red PR254. 

7.4.9.7.4.9. Conclusions 

Thiss set of measurements demonstrates that a series of pure pigments from 
thee major chemical classes of modern synthetic pigments were all amenable to 
characterisationn by LDI and MALDI-TOF-MS. Using a nitrogen laser (337nm) at 
loww power density, mass spectra reveal a soft ionisation process. Dominant peaks 
aree observed for the intact molecular or pseudo-molecular ion, and fragmentation 
wass observed only to a limited degree. Negative ion spectra produce 
complementaryy information in the case of the brominated and chlorinated species. 
Thee use of a matrix did not significantly increase the desorption and ionisation of 
thee pigment, but made it possible to reveal the presence of additives such as PEG 
andd PPG in the pigments. In many spectra, additional peaks could not be assigned 
onn basis of the molecular structure of the pure pigments. We assume that additional 
compoundss are being made due to exposure to the UV light. 

7.5.. Acrylic polymer emulsions and oil paints 

7.5.1.7.5.1. Phthalocyanine acrylic emulsion paints 

AA set of different phthalocyanine-blue emulsion paints was examined. 
Accordingg to the label, the Grumbacher sample is known to contain PB15 (Cu-
C32N8Hi6)) plus the red pyrrole PR254 (C18H10N2O2CI2). The three other paints 
fromm Lascaux, Flashe and Polyflashe contain unspecified phthalocyanine pigments. 
AA typical LDI-TOF-MS spectrum is shown in Figure 7.18 in the case of the 
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Figuree 7.18 LDI-TOF-MS of a phthalocyanine blue emulsion paint (Thalo blue 

fromfrom Grumbacher) shows a dominant peak at m/z 575 for Cu-

C32NgHiC32NgHi66 characteristic of the pigment blue PB 15. 
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Figuree 7.19 Detail of the LDI-TOF-MS of four different phthalocyanine blue 

emulsionemulsion paints: (A) Polyflashe brilliant blue, (B) Grumbacher 

thalothalo blue, (C) Flashe hoggar blue and (D) Lascaux permanent 

blue,blue, showing their characteristic distribution of mono-, di- and tri-

chlorinatedphthalocyaninechlorinatedphthalocyanine (marked CI/, Cl2 and CI3). 
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Grumbacherr sample. The spectrum displays dominant peaks at m/z [574-576] 
assignedd to the blue pigment Cu-C32N8Hi6(PB15). 

Thee four emulsion paints under investigation display characteristic 
differences.. Figure 7.19 shows in parallel the four LDI-TOF-MS spectra in the 
masss range m/z [550-700]. The Polyflashe sample shows a particularly "clean" 
spectrumm (Figure 7.19.A), suggesting that pure Cu-C32N8Hi6 was employed in the 
manufacturee of the emulsion paint. In the spectra of the other paint samples 
(Figuress 7.19.B to D), additional peaks are observed indicative of the presence of 
chlorinatedd or brominated phthalocyanine compounds. These additives modify the 
physicall  and chemical properties of the emulsion paint, and give the colour a more 
greenishh shade. The Flashe and Lascaux spectra reveal the presence of mono- di-
andd tri-chlorinated species at m/z 609 and 643 and 677, marked Ch, Cl2 and Cl3 on 
thee spectrum. The Grumbacher and Flashe samples display a series of peaks 
aroundd m/z 1146, which are assigned to the dimer (data not shown). In this mass 
range,, the Lascaux sample displays a series of peak at m/z 1146, 1180 and 1214. 
Thee isotopic distribution of the series of peak at m/z 1146 indicates the presence of 
aa dimeric species (rather than a brominated species such as Cu-C32N8H2Cli2Br2). 
Thee species at m/z 1180 and 1214 correspond to two additional chlorine 
substitutions. . 

Noo characteristic peaks of the medium could be observed in the LDI-TOF-
MSS of these diverse phthalocyanine emulsion paints. Structural information 
concernss exclusively the pigment. This selectivity is a great advantage to analytical 
purposes.. Selective desorption and ionisation of the pigment can be explained by a 
strongg response of the pigment to the ultraviolet laser light, and conversely by a 

6000 80 0 100 0 120 0 140 0 160 0 m/ z 

Figuree 7.20 MALDI-TOF-MS of phthalocyanine blue emulsion paint 
(Grumbacher)(Grumbacher) in the mass range [600-1800] Da showing a 
sequencesequence of peaks with regular interval of 44 Da, characteristic oj 
polyethylenepolyethylene glycol (PEG) additives with average molecular weight 
ofof 600 Da and 1700 Da. 
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poorr response of the medium itself. This feature is highly beneficial to the 
investigationn of the pigment since it is habitually present in very small proportions 
andd difficult to identify in FTIR because its signal is masked by the medium. 

Inn MALDI spectra, a series of peaks with regular increment of 44 Da are 
assignedd to the polymeric compound PEG (polyethylene glycol). PEG is present 
withh average molecular weight of m/z 600 and 1700 in the Grumbacher sample 
(Figuree 7.20), m/z 1000 in the Polyflashe, and m/z 600 in the Lascaux sample. No 
PEGG was detected in the Flashe sample. PEG is a common additive to acrylic 
paintss to improve dispersion in the emulsion. LDMS is a very sensitive method for 
thee detection of PEG. In addition to the high ionisation efficiency of PEG, it is 
assumedd that the sample preparation in MALDI experiments contributes to the 
highh abundance of the ions. When the matrix is applied, PEG is probably extracted 
fromm the paint by the solvent (ethanol) and migrates to the surface of the sample 
wheree it concentrates prior to analysis. MALDI does not facilitate the production 
off  characteristic peaks of the medium*. 
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Figuree 7.21 LDI-TOF-MS of a phthalocyanine green emulsion paint 
(Winsor&Newton),(Winsor&Newton), with peaks labeled according to their degree oj 
chlorinechlorine substitution. 

Similarr results are obtained with phthalocyanine-green acrylic emulsion 
paintt from Winsor & Newton (London), as shown in Figure 7.21. Dominant peaks 
aree assigned to Cu-C32N8Hi6 (576 Da) and Cu-C32N8C1,6 (1127 Da). Additional 
peakss found in the mass region m/z [900-1200] are assigned to different 
chlorinatedd species with n=[10-13]. In the mass region [1050-1070], it is possible 
too distinguish ions at m/z 1058 and at m/z 1064 corresponding to the signals of the 

Acrylatee media have very high molecular mass (MW>500.000 Da). They are not expected to 

ionisee under the conditions of the experiments and cannot be detected in this mass window. DTMS 

studiess of acrylic emulsion have been recently reported '73. 
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chlorinatedd species C11-C32N8CI14H2 and C32N8Cli6. C32N8Cli6 corresponds to the 

eliminationn of Cu from the parent molecule. It is not clear whether the copper can 

bee eliminated as a result of the analytical methodology. 

7.5.2.7.5.2. Acrylic emulsion paints with azo, quinacridone, dioxazine, perylene, DPP and 

anthraquinone anthraquinone 

Followingg the example of the phthalocyanine containing paints, a series of 

acrylicc emulsion paints were interrogated with LDMS. The general appearance of 

thee spectra confirms findings described in the previous section. The LDI process 

resultss in the selective desorption and ionisation of the organic pigments, whereas 

thee acrylic medium is not observed. Under MALD I conditions the presence of PEG 

orr PPG is occasionally detected in addition. 

Identificationn of the pigments is based on comparison of LDI and MALD I 

spectraa with the data gathered for pure compounds. Since the spectra present an 

uncomplicatedd profile, the identification is generally straightforward. 

LightLight magenta (Liquitex): in LDI (Figure 7.22) the napthol red PR188 

(C33N4O6CI2H24)) is identified with two dominant peaks at m/z 665 and 520 

assignedd to the sodiated pseudo-molecular ion and a fragment ion resulting from 

thee cleavage of the amide bond. Peaks at m/z 543 and 559 are assigned to the 

sodiatedd and potassiated fragments. According to specification the quinacridone 

PR2077 should be present but mass spectrometric evidence for this compound could 

nott be obtained. At higher laser power, a PEG 1500 can be detected in trace 

amounts. . 
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Figuree 7.22 LDI-TOF-MS of light magenta paint (Liquitex). 
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MediumMedium magenta (Liquitex): the LDI spectrum (Figure 7.23) shows the 
protonatedd molecule of di-methylated quinacridone PR122 (C22H16N2O2 ) at m/z 
3411 along with a peak at m/z 313 assigned to C20H12N2O2 from protonated 
quinacridonee PV19. In MALDI , PEG with average molecular weight MWav=1700, 
andd PPG with MWav=1200 are identified as additives. 

500 100 150 200 250 300 350 

Figuree 7.23 LDI-TOF-MS of medium magenta paint (Liquitex). 
4000 m/z 

VividVivid orange (Liquitex): the LDI mass spectrum (Figure 7.24) reveals the 
presencee of the two pigments PY83 (CseHsOgCLtrTn) at m/z 187, 251, 276 and 
533,, and PR188 at m/z 520 and 665 (low intensity). In MALDI pseudo-molecular 
ionss of the two pigments could be seen at m/z 665 for PR188 and 817 and 839 for 
PY83.. PEG with average molecular weight MWav=1700, and PPG with MWav=700 
aree detected. 
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Figuree 7.24 LDI- TOF-MS of vivid orange paint (Liquitex). 
7000 m/z 
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LDI-TOF-MSLDI-TOF-MS of brilliant purple paint (Liquitex). 
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Figuree 7.26 LDI-TOF-MS of pyrrole red paint (Golden). 
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Figuree 7.27 LDI-TOF-MS ofperylene red paint (Grumbacher). 
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BrilliantBrilliant  purple (Liquitex): (Figure 7.25) PV23 (C34H22N4O2CI2) is 

identifiedd in the paint with peaks at m/z 589 and 555 assigned to the protonated 

moleculee and an ion due to loss of a chlorine radical. In MALDI , PEG with 

averagee molecular weight MWav=1650 is identified as an additive. 

PyrrolePyrrole red (Golden): (Figure 7.26) PR254 (C18H10N2O2CI2) is identified 

withh peaks at 357, 379 and 401. In the MALD I spectrum, PEG with average 

molecularr weight MWav=600 and MWav=1700 are identified as additive. 

PerylenePerylene red (Grumbacher): the LDI spectrum (Figure 7.27) is in good 

agreementt with the spectrum of the pure compound PR 178 (C48H26N604) (Figure 

7.15).. The pigment can be identified by a large number of diagnostic peaks (m/z 

540,, 556, 645, 722, 751, 827). In the MALD I spectrum, PEG with average 

molecularr weight MWav=1700 is identified as additive. 
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Figuree 7.28 LDI-TOF-MS of permanent red violet oil paint (Van Gogh series 

fromfrom Talens). 
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Figuree 7.29 LDI-TOF-MS of rose madder oil paint (Van Gogh series from 
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7.5.3.7.5.3. Oil paints 

Twoo oil paints from the series Van Gogh, Royal Talens (Apeldoorn) were 
investigated. . 

PermanentPermanent Red Violet (Van Gogh): (Figure 7.28) Evidence for 
quinacridonee is found at m/z 313, 341 and 379, indicating the presence of 
quinacridone,, and the di-methylated and di-chlorinated species. The dioxazine 
PV233 (C34H22N4O2CI2) was identified with a mass peak at m/z 589. 

RoseRose madder (Van Gogh): (Figure 7.29). The quinacridone PV19 
(C20H12N2O2)) is identified with peaks at m/z 313, the dichloroquinacridone PR209 
iss identified with peaks at 381 and the anthraquinone PR83 is identified with peaks 
att m/z 285 and 544 

Fromm these analysis we can conclude that desorption and ionisation is also 
successfull  with modem pigments in an oil medium but the LDI efficiency is quite 
loww and the process is far less selective than in the case of acrylic emulsions. 

7.5.4.7.5.4. Conclusions 

Inn this section we have demonstrated the applicability of LDMS for the 
identificationn of commercially available tube paints containing modern pigments. 
Laserr desorption ionisation leads to the formation of the intact molecular ion, 
whichh afford a straightforward identification of the pigments. Fragment ions are 
rarelyy observed if at all, and no diagnostic ions of the medium (acrylic or oil) have 
beenn identified. The presence of unidentified peaks in the higher mass range was 
explainedd by the presence of unknown additional compounds in the paint 
formulation. . 

LDII  provides a selective desorption and ionisation technique for the 
investigationn of the modern pigments by mass spectrometry. This feature looks 
particularlyy promising for the in-situ identification of cross-sectioned samples 
sincee current methods of investigation (FTIR) often fail to identify the pigment 
becausee of strong interference of additional paint materials. Ionisation efficiency 
wass proved to be poorer in oil media than in acrylic emulsion ones. 

LDMSS experiments with blue phthalocyanine acrylic paints have 
demonstratedd that the degree of halogenation of the blue pigment can be 
determinedd in a similar way as already described for pure pigments. A variety of 
substitutionn patterns have been identified showing the degree of impurity of the 
PB155 (Cu-C32NgHi6). Different patterns of halogenation were identified for 
pigmentss in acrylic emulsion obtained from different manufacturers. 
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Somee pigments indicated by the manufacturer were not detected in the 
acrylicc emulsion or oil paints. This can have various reasons. Unfortunately no 
informationn was available about the quantity of these pigments in the tube. 

Thee use of a MALDI matrix did not significantly increase the desorption 
andd ionisation of the pigment, but made it possible to selectively ionise additives 
suchh as PEG and PPG in the paint formulation. These compounds play a role as 
compatibilityy agent in the emulsion. 

7.6.7.6. Spatially-resolved LDMS analysis of cross-sectioned paint 
samples samples 

Onee added benefit of our LDI-TOF-MS set-up is the possibility to perform 
spatiallyy resolved analysis with a resolution down to 10 micrometers. In this 
sectionn we explore the applicability of the LDMS approach to the study of multi-
layeredd samples. Paint reconstructions were prepared by superimposing thin layers 
off  two different phthalocyanine acrylic emulsion paints. LDMS of this system was 
usedd to test the applicability of the technique to the study of the surface of cross-
sectionedd samples, and assess the spatial-resolution. The technique was further 
appliedd to the study of paint samples removed from easel painting supplied by the 
Tatee Gallery. 

7.6.1.7.6.1. Reconstructed stacks of phthalocyanine layers 

AA multi-layer model was prepared by superimposing thin layers of two 
differentt emulsion paints, namely Liquitex phthalocyanine blue (PB15, Cu-
C32N8H16)) and Liquitex phthalocyanine green (PG36). The sample was left to cure 
untill  being touch-dry and was then embedded and cross-sectioned. The sectioned 
samplee viewed under the microscope shows a succession of uniform layers of circa 
1000 micrometers in thickness. Previous experiments have shown that the 
phthalocyaninee blue emulsion paint can be easily distinguished from 
phthalocyaninee green. A dominant contribution of the multi-halogenated species in 
thee green compound is not observed in the blue compound. The laser beam was 
aimedd at the middle of a blue layer. The spectral information is in perfect 
agreementt with spectra of the individual tube paint analysed as thin film deposited 
onn a metal plate. PB15 is positively identified with a series of peaks at m/z 576 
(basee peak) and m/z 479, 520, 560 (low relative intensity). 

176 6 



ModernModern synthetic artists 'pigments 

Fromm this result we can conclude that LDMS is a suitable technique for the 

investigationn of modern paint material in the form of an embedded cross-section. 

Thee preparation of the sample did not hinder the authentication of the blue 

phthalocyaninee PB15. Selective desorption still holds for sectioned samples, and 

noo characteristic ions of the medium could be identified. In addition we have 

shownn that the spatial resolution of the LDI-TOF-MS set-up affords the 

characterisationn of an individual layer of approximately 100 micrometers. No 

interferencee of the adjacent layer was observed in this case. Spatial-resolution in 

thiss series of experiments was roughly estimated to 20-50 microns. 

7.6.2.. Samples removed from easel paintings 

Spatially-resolvedd LDI-TOF-MS was further employed for the 

investigationn of two samples obtained from the Tate Gallery. The first sample is 

fromm the sculpture Dunstable Reed (TO 1361) of Phillip King (1934-). A layer of 

magentaa colour was sampled with the laser. The LDMS spectrum reveals the 

presencee of protonated quinacridone PV19 (C22H16N202) with a peak at m/z 313. 

Figuree 7.30 Surface of a cross-sectioned sample ('Interior with a picture " of 

PatrickPatrick Caulfield, Tate Gallery T07112) analyzed by spatially-

resolvedresolved MS analysis. The estimated diameter of the laser beam 

(grey(grey circle) overlaps several coloured layers. 

Thee second sample was taken from the painting Interior with a picture 

(T07112)) of Patrick Caulfield (1936-). The cross-sectioned sample displays a 

seriess of layers as shown on Figure 7.30. Spatially-resolved analysis was used for 

thee identification of the different layers l71,9 . A series of spectra was taken as a 

linee scan from the top layers to the back layers. Undoubtedly, the composition of 

thee spectral information changes according to the position where the sample is 

aimedd at. Best results were obtained for the top layers of the paint. The two 

pigmentss PY3 and PR 170 can be readily identified in the LDI-TOF-MS spectrum 

(Figuree 7.31) by comparison with the LDMS of the corresponding pure pigments 

'38.. When deeper layers of the sample are analysed, the signal corresponding to this 

177 7 



ChapterChapter 7 

Intens. . 

25000 " 

20000 " 

15000 " 

10000 " 

5000 " 

39.11 157.7 

23.0 0 

II 1 5 „ 

III I 
I I 

> > 
127.5 5 

JL L Lil Lil 

o o 

a. a. 
Q. . 

185.7 7 

II I 

JL L 
208.8 8 

o o 

tr r 
o. . 

318.8 8 

> > 
Q_ _ 

268.7 7 

r--

a: a: 
a. a. 

337.8 8 

o o 

a: : 
a. a. 

455.8 8 

> > 
COO Q_ 
a-- 417.7 

395.7 7 

o o 

ÈÊ Ê 
Q. . 

477.8 8 

1000 200 300 400 m/z 

Figuree 7.31 LDI-TOF-MS of the top layer of the Caulfield sample (T07112.N). 
TheThe spectrum displays characteristic ions for the two pigments PY3 
andPR170. andPR170. 

twoo pigments decreases and finally disappears. This phenomenon is accounted for 
byy the size of the laser beam, which desorbs and ionises areas covering several 
layerss (Figure 7.30). 

Thee spectra of a series of samples from the paintings Black on Maroon 
(T01164)) and Red on Maroon (T01165) of Mark Rothko (1903-1970) remained so 
farr inconclusive. 

7.7.. Conclusions 

Thiss work demonstrates the effectiveness of LDMS methodology for the 
analysiss and characterization of modem pigments used in easel paintings. We have 
paidd particular attention to the investigation of a series of modern organic pigments 
thatt are difficult or simply not amenable to characterisation with FTIR because of 
strongg interferences of additives. In-situ sampling was performed with organic 
pigmentss deposited as a thin film at the surface of a substrate (metallic and TLC 
cellulosee plates). Best results were observed with LDI in the positive mode. Only 
littl ee structurally relevant ions were observed in the negative mode. Spectral 
informationn provided by the desorption ionisation method is characterized by the 
productionn of quasi-molecular ions (protonated, sodiated and potassiated) with 
littl ee fragmentation due to photolytic cleavage. Mass resolution of the TOF-MS 
analyserr affords unambiguous molecular formula determination of multi-
chlorinatedd and brominated species by assigning their different isotopes. Analysis 
off  quinacridone pigments shows that it is possible to simultaneously identify 
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differentt compounds in a mixture (multi-component analysis). In MALDI 
experiments,, additives of PEG and PPG were characterised. MALDI is therefore a 
suitablee method to interrogate the purity of the sample. The disadvantage of 
MALDII  spectra, however, is the dramatic increase of peaks at low masses that can 
obscuree the analyte signal. In acrylic emulsion paint, pigments are selectively 
desorbedd at low laser power density. LDMS does not yield signals characteristic of 
thee medium, as it is the case in DTMS experiments 19. Spatially-resolved 
experimentss at the surface of paint cross-sections shows that it is possible to 
positivelyy identify the presence of a pigment - or a mixture of pigments - in an 
individuall  layer of ca. 30 micrometers 171. 

Inn summary, LDMS is a selective tool for dye analysis in synthetic paints. 
Twoo important advantages of the use of a focussed laser for sampling is the 
minimall  preparation prior to mass spectral analysis, as well as the ability to locally 
desorbb and ionise organic pigments with a spatial resolution down to about 20 
micrometers.. The technique is therefore very attractive for the study of easel 
paintingg samples since only a few micrograms of material are needed and it offers 
thee possibility to investigate the surface of cross-section in-situ with a high spatial 
resolution.. So far however, not all painting samples were successfully analysed and 
furtherr investigation will be needed to establish the reasons of this limitation. The 
LDMSS approach looks however promising for the rapid authentication of modern 
pigmentt and for investigation of complex samples that FTIR fails to identify. In 
particular,, LDI-TOF-MS is appropriate for the investigation of pigments whereas 
MALDI-TOF-M SS is more suitable for the investigation of certain paint additives. 
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