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focus of MOLART was the determination of the present chemicd and physicad
condition of works of art produced in the period from the 15th to the 20th century.
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Chapter 1
| ntroduction

The technical investigation of organic pigments in easel paintings is not
without problems. Pigments have complex chemical compositions; details of their
manufacturing processes are generally unknown and dramatic transformations of
the colouring properties are observed with the passing of time. Characterisation of
the chemical composition is greatly complicated by the particularly small size and
complex arrangement of the samples available for analysis. Microscopic samples
are preferably studied as paint cross-sections, but the finest methods of molecular
analysis available today (chromatography and mass spectrometry) are not very
compatible with this sampling method. In practice, investigation of organic
pigments in cross-sections remains often inconclusive by the lack of a suitable
method of analysis. This dissertation explores a new approach to the analysis of
organic pigments found in easd paintings, using laser desorption mass
spectrometry (LDMS). LDMS makes it possible to investigate the surface of paint
cross-section with a spatial-resolution down to 10 mm utilising the analytical
method of mass spectrometry.

Chapter 1 rationalizes the purpose of our study and outlines the main
results that will be presented. Basic information is provided on artists organic
pigments and the analytical methodology used today for their molecular
investigation in the field of the Conservation Sciences. After identification of the
limitations of the current techniques we will explain the new prospects offered by
the utilization of LDMS
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1.1. Introduction

Easd pantings represent an essentia part of our culturd heritage and have
a mgor atigic and higorica ggnificance. Undoubtedly, it is imperative to best
consarve this heritage for generations to come. In the last decades, sciattific
studies are playing an incressing role in the conservation of works of at . There
IS notably a growing interest in the characterisation of paint maerids and the
eucidation of ther ageng mechaniams. Advances in the techniques of
invedtigation ae giving more indght into these complex issues and the
devdopment of new andyticd methodology is an important task of conservation
scientists *°.

Technicd invedtigations of organic colouring materids in works of art
concern principdly their identification, the invedtigation of ther degradation
processes and the prevention of their further degradation. Invetigation of easd
pantings is paticularly problematical because colouring maerids are present in
vay gndl gquantities, thoroughly mixed with many other compounds, and because
ageing phenomena have often resulted in molecular degradation and fading of the
origind colours. In addition, samples removed for andyss ae very smdl in dze
and have an intricate multi-layered structure, which represents a red chalenge for
the andyticd chemist. Samples are usudly prepared as thin or cross-sections to be
investigated by microscopic techniques, and large collections of sectioned samples
are kept today in conservation laboratories.

Severd andyticd techniques provide the consarvation scentig  with
molecular information on the organic pigments. The best informetion is obtained a
the moment with chromatography and mass spectrometry, but these techniques
cannot be applied to the study of cross-sections, and paint samples are usudly
dissected prior to investigation. Microscopy and spectroscopy are the methods of
choice for the study of sectioned samples, but they do not provide the same degree
of information. In many cases, organic pigments ae not present in sufficient
quantity for detection and strong interferences of the other paint materids can
impair the andyss. Therefore, the characterisation of organic pigments in easd
panting samples often remains soeculdive or relies on circumdantid evidence
provided by the identification of the inorganic substrate used as a “carrier” of the
colour. Characterisstion of very thin organicdly pigmented layers (in tens of
micrometers), which cannot be accurately dissected, and the study of the influence
of the different materids on each other (within or between layers) remain amost
impossible to address a&t a molecular level. So, there is a grest need for an
andyticd technique that could perfform molecular identification of very smdl

2
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amounts of organic pigments, present in complex mixtues of aged materids,
preferably usng samplesin the form of thin or cross-sections.

This thesis presents research into the application of Laser Desorption Mass
Spectrometry (LDMS) to the study of such samples. Sections 1.2. to 1.4. outline
the generd characteridtics of the preparation and use of organic pigments in essd
paintings, as well as the particular deterioration issues involved. Section 1.5. gives
a brief overview of the different anadyticd methods currently in use for the sudy
of organic pigments, and raiondises the use of LDMS by describing the
perspective offered by this novel method of andyss Finadly section 1.6. and 1.7.
specify the experiments addressed in this thesis and outline the results obtained.

1.2. Sructureof aneasd painting

Painting materids studied in the framework of the MOLART project (see
preamble) cover the period of time ranging approximately from the 15" to the 20"
century. During this period, painting techniques, materids and sudio practice have
evolved continuowdy °1°. Every atist has its own syle, and it is hardly an
exaggeration to say that the chemicd compostion of each work of at is unique.
However, the great mgority of easd paintings share common characteristics and
sanples under invedigaion in this thess present habitudly a multi-layered
arangement. In the sectioned view shown Fgure 1.1, we give a schematic
example of the dructure of an easd painting to illudrate the spatiad distribution of
the different paint materids.

=—Varnish

Paint layers
Priming
Animal glue

Canvas

Figurel.l  Typical build-up of an easel painting (in cross-section).

In this depiction, preparation layers (called ground or priming) are applied
on a support, for instance a canvas stretched onto a wooden frame. These layers
make the surface of the support less aosorbent and sufficiently smooth to receive
the paint layers. A preparatory drawing, sketched with a piece of charcod or a
pencil, is made on this ground layer. On top of these preparative layers, the various
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coloured paint layers are found. Findly, a protective varnish layer - a naura resin,
possibly pigmented - contributes to the find gppearance of the painting.

Coloured paint layers are made from ground pigments mixed with a
binding medium, commonly egg tempera or a drying oil (such as linseed ail), or a
modern synthetic polymer or composite. Each of these layers contains different
components. Pant layers are placed in a highly heterogeneous fashion on the
surface of the support and their thickness typicdly varies from a few to hundreds
of micrometers. Organic colouring materidls are found entangled in a complex
aray of inorganic and organic pant maerids. Organic lakes were particulaly
appreciated for their use in transparent top layers known as glazes. Such pigments
were added in low concentrations to the medium and gpplied as a reative thin
layer where their refractive index was matched with the organic binder. Light
passes through this film and reflects from the layer beneeth it, providing a unique
effect of trangparency.

1.3. Traditional and modern organic pigments

Pigments traditiondly employed in easd pantings are for the most part
minerd matter (such as ultramarine, azurite, ochre, Senna, umber) or the result of
(a-) chemicd synthess (such as lead white, lead-tin yedlow, Prussan blue,
vermilion, smdt, verdigris). A few pigments however were organic in nature and
were prepared from plants or animas. The vast mgority of these colouring

(0] o 9y
ses

N

fe) O

Flavonoid Anthraquinone Indigotin

Figurel.2  Molecular structures of the three prevalent traditional organic
pigments. flavonoid, anthraquinone and indigo.

materias belong to the chemicd classes of flavonoids (yelow), anthraguinones
(red), and indigoids (blue), with basc molecular dructures shown in Figure 1.2,
Their colouring propeties are known since antiquity in many dvilizations. Thee

" Distinction should be rigorously made between pigments, which are insoluble discrete particlesin
suspension in the medium, and dyes, which are soluble in their medium of application. However,
some colouring materials (such asindigo) can be found both in suspension or dissolved in oil.

4
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dyes are largdy used for textiles '® 7. In Table 1.1, some prevaent biologica
sources used in easdl paintings are listed *°.

Madder root (Rubia tinctoriumL.)

- Kermesinsects (Kermes vermilio Planchon)
Organic reds - American cochined (Dactylopius coccus O. Costa)
Polish cochined (Porphyrophora polonicaL.)
Indian Lac (Kerria lacca Kerr)
Brazil wood (Caesalpinia brasiliensisL.)
Wed (Reseda luteola L.)

- Perdan berries (Rhamnacae species),

Organic yellows e.g. Common Buckthorn (Rhamnus catharticus L.)
Black oak (Quercus velutina Lam.)
Y oung fudtic (Cotinus coggygria Scop.)
Old fudtic (Chlorophoratinctoria L.)
Organic blues - Indigo (Indigofera tinctoria L.)
Woad (IsatistinctoriaL.)

Table1.1 Prevalent natural sources of traditional organic colouring material
used in European easel paintings.

The paete of atists colours dramatically changed after the emergence of
chemicd synthesis in the lae 19" century. Firs synthetic organic pigments
appeared with the pioneering works of Perkin, Bayer, Graebe and Liebermann '8,
Colouring materids traditionaly obtained from natural sources, such as indigo and
dizarin, were soon atificidly produced in large quantities and a low cods.
Synthetic techniques have congderably improved over the years and have led to
the production of a broadening diversty of new pigments. Entirdy new classes of
molecules have been discovered, and the gpectrum of colours traditiondly
avalable was dramaticaly enlarged. Some principal classes of modern pigments
used today in pant formulation are phthaocyanines, quinacridones, perylene and
azo dyes, with basc molecular dructures exemplified in Figure 1.3. Exact or
gmilar synthetic equivdents to traditiond colouring materias have been found,
and production from animd or vegetable sources has been virtualy supplanted.
Today, synthetic organic pigments represent the largest pat of the commercidly
avalable artists’ colours 182,
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OH H
HsC Hz
N /N
H3CQ NH \\N Q Q N/ NH OCH3
[e) O
Cl Cl
Cl OCHs H3CO Cl

Figurel.3 Modern pigments. example of a phtalocyanine (C.I. PB15), a
quinacridone (C.I. PR122), and an azo dye (C.I. PY83).

14. Categoriesof pigmentsunder investigation

Andyticd issues in the dudy of atists organic pigments strongly depend
on their manufacturing methods and use. Three groups of pigments must be
diginguished for technicd invedigdtions traditional organic pigments divided in
(1) mordanted colouring materids and (2) non-mordanted colouring materids, and
(3) modern synthetic pigments.

Firg of dl, it is necessary to make a distinction between traditional organic
pigments and modern synthetic pigments. Colouring materids used to produce
traditiond organic pigments were obtained from plants and animas. The colouring
compounds were not isolated in pure form. Colours from biologicad sources have a
complex compodtion vaying as a function of many factors such as species,
geographica origin, period of crop, etc. Habitualy no documentation has been
recorded concerning the pigments components and their manufacturing process
and only the guiddines of the preparation are known from documentary sources.
Modern synthetic pigments on the contrary are the result of controlled chemica

6
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reections. They have a condgderably higher degree of purity, adthough extra
components might have been added to confer better chemicd or physcd
properties to the pigments. Pigment compodtion is usudly indicated on the pant
tubes, but more dealed information about the manufacturing process is
proprietary and rarely available.

Among the organic colouring materids obtaned from biologicd origin, a
further didinction must be made between flavonoid and anthraguinone dyestuffs
on the one hand and indigo on the other hand. Havonoid and anthraguinone
dyestuffs, that are soluble in water, ae found in pantings in a manufactured
insoluble form cdled lake 2 23, Only indigo, does not require this way of
preparation. To prepare a lake, dyesiuffs are first extracted in solution from the
plants raw materid. The colouring materid in solution in this plant extract is then
adsorbed onto, or co-precipitated with an inert inorganic substrate, called mordant.
This operation renders the dyestuff insoluble as particles coloured with the dye.
The mordanted dyestuff is collected, washed and dried as a solid coloured pigment.
This technique is commonly used in the dying of textile, where mordanting is used
to fix the dye onto the textile fibres. Different types of subsrates were used; some
manly conssed of hydrated dumina derived from rock dum, whereas others
were calcareous (e.g. chak or gypsum). The substrate could be added in excess to
improve the working properties of the pigment, and would serve then as extender.
Lakes prepared by the addition of dkai and hydrated dumina (cadled true lakes)
involve a complexation between the colouring materid and the metal ion produced
by dum. If the lake is made by adding only cacium carbonae or cacium sulphate
and omitting the dkdi, no complexation takes place and the colouring materid is
smply absorbed onto the substrate. Preparation of organic lakes for artids is rardy
documented. Their origind chemicd compostion in easd pantings is unknown.
The preparation of the indigo pigment stands gpart as it implies an oxido-reduction
reaction. The reduced form of indigo, indoxyl, is obtaned by fermentation of plant
materid. Indoxyl is colourless and soluble in water. Indigo is formed by oxidation
of indoxyl on exposure to ar (dehydrogenation with atmospheric oxygen). Indigo
is much smpler in compogtion than organic lakes, but snce adulteration was
common, the pigment can be of variable qudlity.

Vaious authoritative publications liged in the reference section provide
extensve information concerning the hisory and use of atist’s pigments for easd
pantings 1 16 2L 2428 o5 wdl as the photo-physics and photo-chemistry of
colouring materias 2 °.



Chapter 1

1.5. Deterioration of organic pigments

A serious problem encountered in easdl paintings is the fugitive character
of organic pigments. Deterioration is mainly caused by light and is noticed by the
trandformation of pigments into discoloured products, a process cdled fading. In
time, discoloration of pigments causes fundamental changes in the appearance of
easd paintings 313, Examples have been reported where colours have completely
faded avay. Madder containing glazes on lead white often suffer 3° while green
paints made with stable blue and ungtable flavonoids may turn blue.

Colour gahility in organic pigments is a complex matter. It is not only the
property of the colouring dyestuff, but pat of a sysem comprisng the pigment
subgrate and the other paint materids surrounding the pigment (medium and
inorganic pigments). For ingtance, it was observed that when lakes are used in
pigment mixtures rather than as surface glazes, their propensity to lose their colour
is reduced 3. The surrounding matrix with which they are mixed probably protects
them from photo-oxidative damage. In contrast, the use of drongly scattering white
pigments is known to play a deleterious role *4. From more generd literature we
know that amospheric pollutants, the nature of the paint medium, the pigment
volume concentration, the paint thickness, ec. might influence the chemica
degradation of the pigment. The rate of fading can be reduced thanks to ultra-violet
filtration. The origind appearance of faded areas in easd paintings has been
reconstructed recently with the aid of computers 3.

1.6. Invedtigation of organic colouring materials in conservation
cence

1.6.1. Rationale

There are a least three main reasons for invedigating atis’'s organic
coloring maerids a amolecular levd.

1. Understanding of the history and character of easel paintings. Authentication
of pant ingredients sarves the atribution of the panting, the better
underganding of artis’s techniques, the higory and use of pant materids, the
prediction of the gppearance changes over the course of time due to materid
deterioration; and tells whether a pigment is origind or was added during a
successive restoration.
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2. Sdection of appropriate methods for restoration treatment: It can tel the
reorer whether a pant layer should be removed and determine if any
chemicd treatments being congdered ae likedy to be hamful to the colorant
identified.

3. Establishment of appropriate methods for the care and preservation of easel
paintings. The study of degradation processes can tdl to what extent pigments
may be sendtive to deeerious environmenta conditions (light heat, gaseous
pollutants in the amosphere, etc) and may help in the prevention of ther
further degradation.

1.6.2. Methodology

Two complementary andyticd approaches are commonly employed to
investigate artist’ s organic colouring materids in conservation science.

The first agpproach concerns the invedtigation of smplified mode systems
prepared in the laboratory. Modds have been used extensively to sudy the
degradation behaviour of organic pigments. For this purpose, paint components are
manufactured  after ancient recipes. The preparation of these so-cdled
reconstructions or mock-up samples is supported by research on documentary
sources to match as closdly as possible the origind composition of the paint. In an
attempt to reproduce the natura degradation of paint materids, samples ae
artificially aged by subjecting them to different types of controlled environments
(lignt, temperature, relative humidity, etc). Ageng behaviour is inferred by
comparing colour measurements or molecular analyses performed on fresh and
aged samples.

The second approach concerns the investigation of easd pantings
themsdves *°. Methods of investigation are often dassfied according to their
sample requirements. Severd non-invasive methods exist that do not induce any
damage to the easd paintings. Nevertheless more detailed investigations are often
necessary, which only invasive methods of invedigations can provide. For this
purpose it must be decided to remove samples from representative areas of the
panting. This operation is only possble after detailed discussons with the curator
and the restorer. Sample removd is evidently redised with the worry to minimise
the damage to the panting, and only the very minimum amount of materid is
removed. The operation is generaly redised during restoration, after the varnish
layer has been removed giving better access to the paint layers. A chip of paint of
microscopic Size, i.e. barely vishle to the naked eye, is then carved out with the
hep of a scapd under a high magnification microscope. Samples are removed
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from the mogt inconspicuous aress, preferably from the edge of the painting or
adong acrack. The amount of materid is generdly limited to some micrograms.

These samples are usudly investigated in the form of embedded cross-
sections since this form of preparation gives access to the build-up of the different
layers. Samples are embedded in a supportive resn and the resulting blocks are
polished or sectioned. Sectioned samples come in the form of a smdl block of
embedding synthetic resn (typicdly a few cubic millimetres) digplaying the flat-
sectioned surface of the paint sample. This operation consderably facilitates the
sample manipulation.

Bulk analysis is performed to provide better sengtivity, or with techniques
unable to characterise embedded cross-sections. Where possible, the different
layers of the paint sample are dissected into isolated fragments prior to anadyss. In
this way, it is possble to retain a certain degree of dructurd information (build-up
of the maeids within the sample) and to limit the complexity of the andyticd
results. In any case, the corrdation between molecular information and physica
dructure of the sample is somewhat approximate, especidly in comparison to
studies of embedded cross-sections. Dissection of samples of such tiny Sze is
admittedly a difficult operation, and it is not dways possble, even to expert hands,
to isolate one single layer.

Different degrees of molecular information can be sought according to the
quantity and complexity of the samples avalable, and their method of preparation.
A fird approximaion to the identification of organic pigments requires the
characterisation of the chemicd nature of the substance. Indirect characterization is
often based on the identification of an inorganic subdrate, inferring the presence of
an organic pigment, or on the identification of an inorganic pigment, excdluding the
presence of an organic pigment. Finer molecular information can determine the
biologicd origin of an organic pigment (eg. whether a red organic pigment is from
anima or vegedble origin, and in the best case its exact biologicad origin).
Characterization of the degradation products has been demondrated with
reconstructed models “®, but has never been atained with samples removed from

easd pantings.

1.6.3. Restriction of the analytical approach

In principle, the organic pigments can be investigated with a large array of
modern anaytic methods. Freeman * recently gave an overview of the prevaent
techniques used in the study of synthetic colorants, whereas Stoecklein *® reviewed
the methods used in the fidd of forensc science. The particular characteristics of
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easd pantings samples pose however various limitations that hinder investigations
in various ways and consderably narrow down the dternatives.

Fra of al, the compodtion of traditiond organic pigments is expectedly
rather complex. Early recipes make it clear that consderable variation in the
sources of the dyestuffs, in the chosen substrate and in the mode of preparation are
possble. Furthermore, organic pigments in easd pantings are found in complex
mixtures of pant materids digributed in a heterogeneous way. Generdly no
information is avalable about the manufacturing of the pigment nor the origind
composition of pantings. Additiond materids (binders, fillers, adulteration
products) thoroughly mixed with organic pigments in the paint layers can induce
gdrong interference and mask the sgnd of the organic dyestuff. Identification is
moreover complicated by the low quantity of organic pigment materid rdative to
the subdrate/extender and in the case of lakes by the complexation reaction.
Findly, degradation of the materias is assumed to induce dramatic transformations
of the chemicd compogtion of pant components, while ther mechaniam is
presently hardly understood.

A second group of redrictions is due to the microscopic Size of the sample.
Minute samples are difficult to handle and quantities of materids avalable are
insufficient for many anaytica techniques. When prepared as cross-section, only
surface techniques of invedigation are possble. Many techniques that prove under
other circumstances pefectly efficient in the study of organic pigments, fal to
produce clear results with microgram amounts of materids in  microscopic,
heterogeneous and multi-layered samples, and with specimens prepared as
embedded sections. This dso holds for the study of mordant dyes in higtoricd
fabrics. In this case the samdl sze of the sample and very low amounts of colouring
materia are often alimitation for successful andyss.

1.6.4. Molecular analysis of artists organic pigments

A few andyticd techniques however guit the invedtigation of artigs
organic pigments. A good overview of these techniques can be found in
monographs by Schweppe 1" #°.

Opticd microscopy is generdly used firgt for the determination of particle
colour, form, digribution, refractive index, oil absorption and grinding properties.
The technique provides highly vauable informeation about inorganic pigments but
is far less conclusve for organic pigments. The transparent character of organic
lakes makes them paticularly difficult to detect. In glazes layers are very smadl
and the pigment is found in very low concentration. Modern synthetic pigments
which have very smdl gran szes (sometimes bedow 1mm) cannot be identified.
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Chemicd microscopy (sublimation test, staining test and solubility test) is useful to
reved the presence of organic pigments, and leads only in favourable cases to
identification. Scanning dectron  microscopy  with  éectronrinduced  X-ray
microandyss (EDX) is ided to sudy morphologicd features in addition to
permitting eementa andyss of pant fragments EDX is a paticulaly sendtive
method for the detection of inorganic pigments, and serves dso as a tool for the
characterization of the subdrate of organic lakes (giving indirect evidence for the
use of organic materids).

Various spectroscopic methods  of  invedtigation ae useful in  the
identification of organic pigments. absorption spectroscopy (Visble, UV, IR) & 3%
% X-ray fluorescence spectrometry (XRF), Fluorescence pectroscopy % 51 5557,
Raman °1°® and FTIR spectroscopy '® °%%7. Colour and spectra reflectance
measurements in the visble and near ultraviolet range provide a very accurate tool
for the study of colour permanence and fading. FTIR and Raman alow the
determination of functiond groups in an organic sample. FTIR is highly successful
with pure pigments and can be advantageoudy combined with microscopy for the
Ssudy of cross-sections. However, it has limited success when agpplied to the
andyds of pigment in a binding medium, because of its low sengtivity and poor
resolution *°. 3D-fluorescence > % 7 and photoluminescence spectrometry (PLS)
68, 69 gre useful non-destructive adternatives, but they contribute not much to a
thorough molecular characterization.

Chromatography and mass spectrometry (possibly  hyphenated) are
certainly the methods of choice for the analyss of organic pigments a a molecular
level. Successful results are obtained with thin layer chromatography (TLC) ',
HPLC (High Peformance Liquid Chromatography *7°, GCMS (Gas
Chromatography Mass Spectrometry), DTMS (Direct- Temperature resolved Mass
Spectrometry) 1° & py-GC %8 8! py-GC-MS 1% 8% and SIMS #2,

All these techniques are capable of deding with the micrograms amounts of
sample avalable in easd panting andyss. Chromatography offers a  high
sengtivity in the sudy of multicomponent samples. Mass spectrometry provides
paticulaly detalled chemicd information by determingtion of the molecular
weight and dructurd assgnment on the bass of fragment ions. Disadvantages of
chromatographic and mass spectrometric techniques are found in the need for
sample preparation. Dissection of the paint layers and extraction 2 of the colouring
materids is not aways possble. Derivatization prior to chromatographic andyss
often used to improve the reaults is aso problematic with samples in very amdl
quantities that are pat of complex mixtures. The spatidly-resolved anayss of the
surface of apaint cross-section requires a different approach.
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1.7. LDMSaf organic colouring materials, arationale

Mass spectrometry is wel-established for the andyss of dyes and
literature on the subject is considerable. Van Breemen ®* has reviewed the various
ionisation techniques. He notably stressed that none of them are suitable for the
andysis of al dasses of dyes In his review the successful use of FAB', ESl and
APCI or direct coupling with chromatography such as LCMS in the investigation
of the various classes of colouring materias has been described in detal. In the
fidd of consarvation science, traditiond organic dyes have been sudied with ES
and APCI/ITMS 3% % and DTMS *’. However, dl previous mass spectrometric
dudies are destructive for the sample, and dl ionisation techniques used o far are
incompatible with embedded cross-sections.

The potential of surface mass spectrometry for the study of complex multi-
component solid samples have been demonstrated with techniques such as LDMS,
SIMS and FAB 2. Here laser beams (LDMS) or particle beams (SIMS and FAB %)
are used to sample a solid surface with high spatia resolution. Particle beams offer
higher spatid resolution (about 1mm) and are paticulaly wel suited for dementd
andyss Lady, dementd imaging of surfaces is possble with commercidly
avalable TOF-SIMS ingrumentation. LDMS has proved to be a vaduable
technique for mapping of organic macromolecules on a solid surface. Spatid
reolutions down to aout 20 mm are currently achieved, and automated
measurements have been proposed &°.

Few researchers have addressed the topic of laser desorption of organic
pigments and little is known about the behaviour of these pigments under the
different desorption and ionisation conditions. Bennett &’ has used LDI for the
andyss of mixtures of modern synthetic organic pigments. Each mixture studied
contained up to four pigments that could be identified using mass spectrometry.
Severd laser shots were used and the resulting mass spectra were averaged to
produce a mass spectrum with a good sgnd-to-noise ratio. Quantitative andyss
was not caried out because of differences in the ionisation efficiencies of the
different dyes Dae ® used two-step laser desorption photo-ionisation to examine
azo, anthraguinone or phthaocyanine dyes. MALDI of azo dyes has been reported
by Sullivan &°.

LDMS, which combines the detalled andytica information of MS and the
possibility to study surfaces &', appears therefore as an adequate technique to study
organic pigments in easd paintings and paint recongructions. LDMS aso could be
an effective way to sample and andyse dyes directly from the surface of fibres.
Thusfar, this potentid has hardly been exploited.

" FAB: Fast Atom Bombardment, SIMS: Secondary-ion Mass Spectrometry
13
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1.8. Thedsoutline

In this thess, we have invedtigated the vigbility of surface LDMS for the
sudy of organic pigments. LDMS was developed for spatialy-resolved molecular
andyds of amdl surface areas (down to 10 mm). Two ionisation techniques were
tested for in-situ mass spectrometric andysis. laser desorption/ionisation (LDI) and
matrix asssted laser desorption and ionisation (MALDI). Spatidly-resolved laser
sampling was ds0 used in an atempt to anayse pigments by mass spectrometry
directly from the surface of sectioned samples. Attention was focussed on the study
of organic pigments in complex mixtures and the effect of the surface composition
on the mass spectrometry of paint samples and dyed fibres. This endeavour is part
of a more generd scheme, which includes TOF-SIMS for elementa mapping as
wel a other novel suface andyticd techniques, such as imaging-FTIR and
imaging reflection VISUV fluorescence  micro-spectroscopy.  Results of  this
research are the topic of other volumes of the MOLART series .

Chapter 2 introduces the use of lasars in combination with anayticd mass
spectrometry, describing the options chosen in our experiments (type of laser and
ionisation techniques) and defining the characterigics of our Spatialy-resolved
ionisttion sysems (versaility, gpatia resolution). It introduces the ITMS and
TOF-MS ingruments that we have usad to investigate naturd and synthetic organic
pigments, and dresses the performance of the ITMS in MSMS mode. The
development of a sample holder for the study of cross-sections is adso discussed.
Chepter 3 discusses more specificdly various experimental issues in order to
edablish the optima andyticd conditions for the characterisation of organic
colouring materiasby LDMS.

Chepter 4 to 7 are concerned with the analysis of four different groups of
organic pigments. Mordanted colouring materids are addressed in chapter 4
(flavonoids) and 5 (anthraguinones). In chapter 6, the invedtigation is focussed on
indigo (a norHmordanted pigment). Findly, chepter 7 deds with LDMS of various
modern synthetic organic pigments. In these chapters, we will dso consider the
influence of surrounding materids on the desorption of organic pigments (matrix
effects), in particular lead white and aged linseed oil. Some paint samples and paint
cross-sections will be discussed. Wool fibres dyed with indigo or anthraquinones
areinterrogated by means of spatialy-resolved LDMS.

In Chepter 8, a new polishing procedure is presented for the preparation of
paint cross-sections for LDMS andyss. Results are demondrated with FTIR-
imaging, differential interference contrat microscopy and  interference
profilometry.
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1.9. Mainresultsand implicationsfor painting sudies

Adaptation of the LDMS technique to the study of easd painting materias
has produced contrasting results. On the one hand, the technique provides a
vauable tool br the mass spectrometric study of artists materids, but on the other
hand andyses results at timesin complex spectra or are simply unsuccessful.

For pure reference materias direct laser desorption and ionisation (LDI)
works very well and abundant sgnad can be detected by the mass andysers.
Comparison between ionisation techniques showed that the LDI of organic
pigments provides detaled sructurd information without the use of a matrix
(MALDI). The dgrong laser-sample interaction in the case of organic pigments
highly smplifies the invedigaion of the surface of pant materids because no
matrix is necessxy. A wide range of traditiond and modern organic pigments
found in pantings could be therefore Sraghtforwardly andysed both with the
TOF-MS and the ITMS andysers. In the latter case, the abundant number of ions
reeching the detector mekes it possble to further peform multiple-stage
experiments (MS") tha may provide additiond andyticd informaion. This was
illugrated by the differentiation of three flavonoid isomers — luteolin, morin and
kaempferol - on bass of ther fragmentation pattern. As each isomer is
characterigic of a different plant, these results augured the possbility of
identifying the biologicd origin of a pigment or a dye from the characterization of
diagnostic components. In an MS*-experiment it was possble to follow the
fragmentation route of indigotin. Interesting results were aso obtaned for the
characterisation of flavonoid glycosdes through MSMS. However these results
hed to be toned down by inconclusve MSMS experiments conducted with other
flavonoid isomers such as quercetin and morin, or gpigenin and genigein. Findly it
aopears that, if in theory the biologica origin of a pigment could be identified, this
would not be the casein al instances.

A further step was teken by atempting the identification of plant extracts
and organic pigments in the form of lakes, and of dyestuff a the surface of dyed
fibres. Luteolin was pogtively identified in a wed extract which proved tha the
technique is vduable in the case of plant extract. Comparison of indigo pigments
of gynthetic and natural origins indicated that LDMS could be used for their
differentistion. Severd colouring materids such as indigo or adum-mordanted
flavonoid were successfully identified by direct LDI from the surface of a fibre.
These encouraging results showed that LDI could be used for direct identification
of dyes on textiles in particular for the study of complex samples where current
techniques such as chromatography faled to produce conclusve information.
Spectra of madder lakes showed that the complex form could be observed. Indigo
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was pogtivey andysed in mixtures with leed white and oil. Modern pigments
were eadly identified in acrylic polymer emulsons.

Unfortunately it was not possble to reved the complex form of a wed
lake by any of the LDMS approaches. This negative result limits the prospect of
characterizing yellow organic pigments in essd painting samples by LDMS snce
ydlow organic colouring maerids were mosly used in the form of lakes In
addition, andyticd information provided by LDMS does not match results
obtained by chromatographic techniques. Here only the mgor components could
be identified whereas chromatography has been proved to identify additiondly
MinNor components.

In many ingances LDMS was successfully used for the investigation of the
locd molecular composgtion of the surface of paint samples. In the case of pant
cross-sections however, gpdidly-resolved LDMS gave only limited results.
Pogtive results were shown in the case of indigo-containing mixtures and with a
few samples from museum collections, showing that the gpproach is meaningful in
the sudy of atits maerids. However, al samples investigated did not deiver
conclusve spectra. An explanatory hypothesis assumes that only the paint materia
reveded a the surface can be successfully ionised and detected. More research will
be needed to underdand these limitations and to fully cepitdize upon the
capabilities offered by the LDM S techniques.
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Principles and instrumentation of gspatially-
resolved Laser Desorption Mass Spectrometry

Laser Desorption Mass Spectrometry (LDMS) is a promising analytical
technique for the investigation of samples taken from easel paintings. It provides
the means to chemically characterise solid samples, including non-volatile and
thermally labile molecules, with a high spatial resolution. The analytical work
presented in this thesis addresses the application of LDMS to the investigation of
the local molecular composition of the surface of paint samples and paint cross-
sections. Chapter 2 introduces the LDMS techniques employed in this study and
explains the instrumental options taken. It describes two LDMS set-ups tested that
can perform spatially-resolved analysis of paint cross-sections. We will outline the
different desorption and ionisation techniques employed and discuss their potential
for the study of paint materials. The principles of the two mass analysers, namely a
Time-of-flight Mass Spectrometer (TOF-MS), and an lon Trap Mass Spectrometer
(ITMS) will be described. Particular attention is paid to the operation of the ITMS
in multiple-stage (MS") experiments
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2.1. Introduction

In Chapter 1, LDMS °3*3 has been described as a promising andlytical tool
for the sudy of pant materids found in easd pantings because it combines the
advantage of laser micro-probing and mass spectrometric andyss. Probing in the
micrometric range with a focussed laser beam provides sufficient resolution to
investigate individud layers in pant samples (Figure 2.1). Mass spectrometry is a

wdl-established technique for the invedtigation of paint materids a a molecular
lavd 19: 46, 80, 94-97

Focussed
laser beam

lonization lon extraction . i/
chamber TMS

perrglragngn . TOFMS

Embedded paint cross-section L |

Figure2.1  Principles of spatially-resolved LDMS of the surface of a paint
cross-section. Laser desorption makesit possible to directly analyse
sample material from the surface of an embedded paint cross-
section. lons produced from the surface of the paint cross-section in
the ionization chamber are transferred to the analyser for mass
separation and detection. (A) ITMS configuration (B) TOF-MS
configuration.

In the fidd of Conservation Science, previous attempts to investigate pant
cross-sections @ a molecular level were often hindered by the lack of adequate
andytical indrumentation. Surprisngly enough, spatidly-resolved LDMS was — to
the knowledge of the author — only gpplied to the andyds of preservatives in
archaeologicd wood . The objective of this thess is therefore to explore
gpaidly-resolved LDMS as an andlyticd method for the investigation of the locdl
molecular compostion of the surface of pant samples The use of LDMS is
expected to give new indght into complex andyticad questions that were difficult
or impossible to address so far.
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Different LD techniques and different mass andysers have dready been
successfully employed to locdly convert and andyse molecules from complex
surfaces. Van Vaeck ®° has reviewed the instruments and methodology, as well as
the various applications of |aser-microprobe mass spectrometry.

In this thess two mass andysers were utilised for LDMS of paint materids,
namdy an lon Trgp Mass Spectrometer (ITMS) and a Time-of-Hight Mass
Spectrometer (TOF-MS). The externd ion source ITMS arangement has been
desgned specificdly for the invedigation of paint cross-sections and preiminary
results concerning surface andyss of pant materid were firsd demondrated in
1999 by Van Rooij *%. In the meantime we have adapted a commercid TOF-MS to
perform smilar types of andyss. Invedigaions of pant samples with LDMS ae
peformed in combination with other innovative imaging techniques, i.e, FTIR-
imaging for the investigation of molecular functiona groups disribution *° and
TOF-SIMS-imaging for mapping demental and low molecular weight components

101

In this chapter we will introduce the different desorption and ionisation
techniques employed in our LDMS dudies and discuss their respective benefits
and limitations for the invedtigation of atigs pant maerids. Subsequently, the
principles of time-of-flight and ion trgp mass spectrometry are introduced and their
complementary character is daified. Findly the peformance of the ITMS
andyser in multiple-stage MS experiments (MS") is examined and the particular
dggnificance of this indrument for LDMS invedigations of complex paint materias
isexplained.

2.2. Las Desorption Mass Soectrometry for Surface Analyses

Laser beams are coherent, monochromatic, directional and intense beams of
photons %2, Soon after the development of the first commercid lasers in the 1960s,
mass oectrometrids redised the benefits for volailisstion and ionisation of
andytes 10310° The firs uses of lasers in mass spectrometry concerned the
vegporisation of graphite, the dementd andyss of meds isotope ratio
measurements and pyrolyss. In the 1970s, laser-induced desorption was applied to
voldilise macromolecules with little dructurd damage. The use of Lasa-
Desorption Mass Spectrometry (LDMS) quickly gained consderable importance
as tool for the study of organic and inorganic materids. The rea breskthrough
cane by the end of the 1980s with the introduction of matrices to asss the
production of gaseous ions in Matrix Asssted Laser Desorption and lonisation
(MALDI) experiments %, The discovery of MALDI dramaticaly extended the
range of samples amenable to molecular characterisation and widdy spread the use
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of laser in mass spectrometry as a soft ionisation technique. Today lasers are
routindy used for the production of stable ions from non-voldtile, polar, thermaly
labile, and high molecular weight organic materids.

The laser desorption and ionisation technique is part of a wider array of soft
ionisation techniques available in mass spectrometry in which energy is transferred
to the condensed phase under various conditions °’. Chemica ionisation (Cl),
fidd desorption (FD) and plasma desorption (PD), as wdl as fagt aom
bombardment (FAB) - making use of a focussed atom beam for desorption and
lonisttion - and secondary ion mass spectrometry (SIMS) - with a focussed beam
of ions, are only afew examples.

At the same time, mass spectrometrists took advantage of the laser
properties to develop “non-destructive ” microprobing. Focussed laser beams are
used to peform surface chemicd andyss with high spatia resolution, a technique
aso known as laser microprobe mass andyss (LAMMA). The latera esolution of
a laser microprobe can be idedly pushed to the diffraction limit (which depends on
the laser wavelength), but a good baance between andyticd sendtivity and spatid
resolution is generdly obtained in routine andyss with beams of a few tens of
micrometersin diameters.

Van Vaeck %° surveyed the andlytical features of LDMS (laterd resolution,
sengtivity, efc) in comparison with other methods currently used for loca surface
andyss dectron probe X-ray microandyss (EPXMA), Auger dectron
spectroscopy, electron spectroscopy for chemica andlyss (ESCA) and secondary
ion mass spectrometry (SIMS) which provide information on the eementa or
inorganic sample compogtion, micro-Raman and micro-FTIR. A comprehensive
overview of surface characterisation techniques has been recently edited %°, with a
section specificaly dedicated to the investigation of the molecular compaosition.

Microprobe LDMS is egpecidly usgful in dementd and inorganic anayss
and in the characterisation of complex mixtures and of adsorbates on solid
sufaces. Van Vaeck *° reviewed the applications of LDMS for organic and
inorganic anadyss whereas surface andyss of molecular species was discussed in
a recent tutorid by Hanley '%. In this thesis microprobe LDMS is exclusively
used in the forward geometry with the laser hitting the sample surface directly.
Tranamisson geometry dso exids with the laser hitting the back of a thin section.
Successive spot andyses, obtained by scanning the surface with the laser beam,
provide chemicd imaging. Late developments of the method took good advantage
of motorised micro-positioning and automated data acquisition ©°.

" In analytical chemistry parlance non-destructive means that the bulk of the sample is recoverable
after analysis, in contrast to other analytical techniques. Strictly speaking, a distinction is made with
non-intrusive techniques, which indicates that the analysis procedure leaves the object under
investigation undamaged.
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According to the type of desorption and ionisation procedure, different
types of andyticd information can be obtained. High laser power is useful for the
goeciation of inorganic substances. Spectra  primaily  contan  sgnds  from
elementa ions. Identification of inorganic compounds has to be done by means of
eementa ratios. Low laser power, especidly in combinatiion with the use of a
matrix is appropriate for nonvolaile and thermdly labile species. Today, locd
andyss with microprobe MALDI-MS is used in numerous technologicad and
fundamenta fidds 1°°: in biomedicine and biology for the study of toxic dements,
drugs, and metabolites a the cdlular levd in thin tissue sections, in environmenta
research to characterise individud aerosol particles in materid technology to
research microscopic heterogenaities and surface anomdies, in the production of
polymersto detect the inadequate disperson of reagents, etc.

In this thesis both LDI and MALDI experiments with a UV laser operating
a low laser power will be used for the study of traditiond and modern organic
pigments. We will look a the possbility to identify these pigments as such and
mixed with inorganic pigments and organic (oil) and synthetic (acrylic) media
LDI will be explored for the invedigation of organic pigments a the surface of
paint cross-sections because the technique is sdective and leaves the arrangement
of the sample undisurbed for subsequent andyses. The technique will be dso
aoplied to andyse dyed fibres in the investigation of historicd textiles MALDI
can be usad for the invedtigation of higher molecular weight species, in particular
paint media and their additives.

2.3. Principlesof LDMS

2.3.1. Formation of characteristicionsin LDMS

LDMS andyss of samples in the condensed-phase (solids and liquids)
consgsts of three successve steps (1) volatlisation (2) ionisation and (3) andyss
of gas-phase ions on the bass of their mass-to-charge ratio. Gaseous ions are first
formed in an ionisation chamber - externd to the anadyser - by irradiaion with the
laser beam. Subsequently, ions are introduced in the mass analyser for detection.

Desorption with a laser can bring dmultaneoudy a variety of paticles in
the gas phase aoms molecules, molecular fragments, and polymeric species in
neutral or ionised date. Electrons, radicds and even large clusters can be dso
present. In this cloud of materid, cdled the laser plume numerous physicd and
chemica reactions can take place. Coallisons between neutral and charged particles
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(i.e. primary ions) as well as energy redigribution (i.e. metastable ions) can lead to
the formation of new ions %% 1% 11 Among al this desorbed materiad, andytica
information is exclusvely obtaned from ions (ether pogtive or negaive) fdling
within the mass range of the andyser. Various methodologies exis to optimise
ionisation and detection efficiency, including the recourse to matrices (MALDI),
and the use of auxiliary ionisation techniques to excite desorbed neutrals to the
ionised state by post-ionisation 112,

In a mass spectrum, every ion detected is informative. Two classes of
diagnogic ions can be didinguished. The fird cdass of ions includes intact
molecular ions that directly communicate the mass of the complete molecule, and
pseudo- (or quasi-) molecular ions [M+X]" from which the mass of the origind
molecule is easly deduced. The second dass comprises specific fragment ions that
provide dructurd information on the molecule A sufficient vaiety of
characteridic ions is necessary for the identification of the molecule. Excessve
molecular fragmentation and rearrangement should be neverthdess avoided as this
complicates the gspectra and ther interpretation (as this is generdly the case in
SIMS experiments). Conversdly the presence of intact molecular ions is particular
hdpful.

The god of LDMS andyses is therefore twofold: (1) to produce ions in
aufficient amounts for their detection and (2) to provide information characteritic
for the molecular dructure. Severd intricte and concomitant processes ae
regponsble for the formaion of gas-phase ions and factors affecting the mass
goectra are manifold. The best experimental conditions must be sought depending
on the type of andyte (eg. asorption spectrum, form and size of the sample) and
the andytica issue a dake. Different desorption and ionisation methodologies can
be employed with our two LDMS indruments. A variety of lasr wavelengths are
avalable from ultraviolet to infrared, with different power and irradiance
characteritics. Samples can be investigated with direct laser desorption and
ionisation (LDI), or if necessary with pod-ionisaion of the neutra fraction usng
electron ionisation (LD-El). Alterndively, a matrix can be mixed with or gpplied
on top of a sample to assst the desorption ionisation process in Matrix-Assisted
Laser Desorption/lonisation (MALDI). In the next sections, we introduce the
fundamentds of these different experimenta approaches.

2.3.2. Laser desorption and ionisation (LDI)

In Laser Desorption and lonisation (LDI), Figure 2.2, a short laser pulse is
employed for the formation of gaseous andyte ions. The interconnection between
the desorption and ionisation processes is complex and ill not completey
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understood. The photon density of the laser beam determines the type of laser-solid
interaction. At photon dendgties below the desorption threshold, no materid is
removed from the surface. At a photon dengity above the desorption threshold but
bdow the ablation threshold, voldilisation and fragmentation of individud intact
molecules takes place. At extreme photon densities, ablation *** * starts to occur
that can lead to a combinaion of atomisation and the expulson of macroscopic
pats of the sample surface. The trandtion from the desorption to the ablation
regime is not clearly defined and will vary from sample to sample. Moreover, as
the photon dendity of subsequent laser shots is not uniform across the laser beam,
the different regimes can occur smultaneoudy and are physcaly separated in the
illuminated area

‘ﬁl‘ﬁl

[A+H} [A+H]
[2A+H} [AH]
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Figure2.2 (1) LDI process with dominant formation of molecular ions of the
analyte [A] **, [A+H]*, [AH] ", along with fragments (F* or F). (2)
MALDI processes with dominant formation of pseudo-molecular
ion of the analyte [A+H] " with limited fragmentation. The matrix
(Ma) isrepresented in gray.

Various ionisation mechanisms are assumed to contribute to some extent to
the formation of diagnodic ions, and different tentative modes have been
proposed in the literature % . Two principa ion formation mechanisms can be
outlined however:

The laser pulse acts both as the desorption and ionisation agent. Different
excitation processes are possble (Figure 2.3) dl leading to combined desorption
and photo-ionisation of the analyte and the formation of radica cations M’* (and
M?7)

lons are formed by photochemical ionisation ether in the gas or in the
condensed phase. lon-molecule reactions are respondble for the formation of
secondary ions such as protonated molecules [M+H]" and cationized molecules,
eg. [M+Na]" and [M+K]". High neutra pressure in the plume can additionaly lead
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to the formation of dusters such as [2M+H]". Photochemica ionisation is
particularly enhanced in the MALDI process (see below).
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Figure2.3  Energy-level diagrams (after Lubman) showing multi-photon
ionisation (MPI) transitions for (@) non-resonant multi-photon
ionisation (b) resonant two-photon ionisation and (c) resonance-
enhanced multi-photon ionisation (REMPI).

Rapid and intense energy deposition is necessary to induce laser desorption
of solid andytes and avoid excessve sample consumption a the same time. This
requirement is met by high energy dendties and short pulse widths (typicaly 500
fs — 500 ns) supplied by pulsed lasers. Since desorption is not necessarily a
resonant process, waveengths ranging from the far UV to the far IR regions can be
employed. Common types of lasers used are CO, lasers with output at 10.6 mm; Er-
YAG lasers a 2.94mm °; frequency-tripled or quadrupled Q-switched Nd:YAG
lasers a respectively 355 nm and 266 nm; Nitrogen lasers a 337 nm; excimer
lasers with varidble gas mixtures operating a wavelengths ranging from about 190-
350 nm.

" Three parameters are necessary to describe a pulsed LD experiment: energy of the laser pulse (in
J), pulse duration in seconds (generally given in ns), and surface area of irradiation in n (generally
given n nm? or mn). These parameters can be combined to give the laser power = energy /
duration (in J/s), the irradiance (or intensity) = power / surface (in W/nf), and the fluence (or
energy flux) = energy / surface (in Jnf). The photon energy is proportional to the wavelength
according the relation E=h?.
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Focussing optics serve to reduce the size of the laser beam and increase the
photon flux. Highly focussed beams (ca 10 mm) are used for gpatialy-resolved
measurements, whereas larger spot Szes can be preferred to examine contaminants
that sparsely cover a surface or to ensure a larger ion production or better surface
coverage.

The laser power density’, that determines both the desorption rate and the
energy depogition in the desorbed species, greetly affects the spectra information.
In the low laser power dendty range, soft ionisation can lead to the formation of
intact molecular ions as will be discussed in more detail in Chapter 3.

One important aspect of LDMS of organic components is the fact that the
andyticd information varies with the lasr wavelength. Two wavelength ranges
can be roughly digtinguished to outline genera features of the desorption and
ionisation processes 110

1) In the ultraviolet (UV) range photons of short waveength are
aufficently energetic to excite the dectronic date of the andyte molecules. Laser
energy which is absorbed by the surface - typicdly in the range of 108w/cn? for
heating rate of 10°K/s - induces desorption through interna energy conversion into
rovibrational energy. ldeally, rgpid energy ddivery during laser-solid interaction
could overcome the forces that bind the sample molecules together in the matrix
without inducing fragmentation. Ejection of high molecular-weight ions and
neutrals is caused by the shock wave in the peripherd region of the laser spot,
imparting kinetic energy. In practice however, dthough molecules can be brought
intact into the gas phase, a cetan degree of fragmentation is unavoidable.
Desorption of the molecules from the surface can be accompanied by a trangtion
to the ionic state (gection of an eectron), a process known as laser desorption
ionisation (LDI). The LDI process, which depends on the photon energy, can be
the result of ether sngle photon or multiphoton excitation. Since photon densty is
very high within the laser beam, there are dgnificant chances of more than one
photon being absorbed by a molecule before interna energy converson returns it
to the dectronic ground dtate. An dectronicaly excited molecule will ionise ether
by absorption of additional photons such that the sum of the energy of the absorbed
photons exceeds its ionisation energy (Figure 2.3), or through a gas-phase ion
molecule reaction leading to a catlonized species. Multi-photon ionisation is
proved particuarity efficient when resonance conditions gpply, a process known as
resonance-enhanced multi-photon ionisstion (REMPI). REMPI is a very sengtive
and a very sdective technique °. However the low sdectivity of nonresonant

" Photon energy absorption by the analyte is controlled during measurements by tuning the fluence
of the laser, but it is important to remember that the energy of the photons remains unchanged
becauseitisfixed by the laser wavelength.
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ionisation better suits the study of paint materids since it provides, despite its
lower sengtivity, awider range of anaytica information.

2) In the infrared (IR) range, energy deposition induces desorption through
rovibrationa exctation. This genedly reslts in a much higher themd
decomposition in comparison to UV-LDI. Hedting rates are much smdler (10°K/s)
than in the UV range because usudly less energy is absorbed a longer
wavedengths. Photon energy is generdly not sufficient to directly produce
molecular ions because of the lack of eectronic excitation. For that reason IR-LD
results essentidly in the vaporisstion of neutra species Auxiliary forms  of
ionisation are then necessty such as the use of a matrix for IR-MALDI
experiments, or the use of pogt-ionisaion of the desorbed neutrds for tempordly
and spatially separated two-step desorptionvionisation .

2.3.3. Matrix-assisted laser desorption/ionisation (MALDI)

In early years, the application of LDMS to the characterisation of solid
samples was quite limited as many components were not amenable to formation of
gaseous ions by laser desorption, or the high energy required for desorption
induced excessve fragmentation. Optimisation of the laser waveength (to match
the sample absorption maximum and increese sdectivity) and the use of post-
lonisation techniques on the neutrd vapours offered only limited improvement.
The introduction of matrices to assist the LDI process 193 19 118 3 technique
referred to as Matrix-Assisted Laser Desorptior/lonisation (MALDI) represented a
sgnificant advance, and consderably extended the range of LDMS agpplications.
Soft ionisation provided by MALDI quickly evolved to a prevaling routine
method for the study of complex macromolecules *°. Present investigations with
MALDI address the dructurd characterisation of synthetic polymers and
biomolecules such as protens and nudec acids. Exceptionad highlights include
characterisation of DNA with molecular weights of severd 100 kDa, detection of
femtomoles quantities of large biomolecules like proteins, and andyses of complex
protein mixtures.

In order to desorb intact non-voldile and thermolabile molecules, it is
necessyy to introduce energy in the sysem in such a way tha thermd
decomposition is prevented. The principle of MALDI (Figure 2.2) is to incorporate
the sample to be characterised in a light absorbing liquid or solid matrix with a low
bailing point. The metrix, which is a highly UV/IR-absorbing compound, serves to
absorb sufficient laser radiation to induce vaporisation and moderate the excitation
of the andyte molecules. This absorption by the matrix controls the energy
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subsequently deposited in the sample molecules, which are mainly converted to
intact pseudo-molecular ions, such as[M+H]", [M+Na]™ and [M+K]".

The mechanism tha promotes the ionisation of the macromolecule in the
matrix is not clealy undersood but is commonly believed to involve photo-
ionisstion combined with ion-molecule reactions with an excited matrix molecule
in the ges-phase. Zenobi et al. ! have recently reviewed the mechanism of
MALDI ion formaton, didinguishing (1) primary ion formation, such as multi-
photon ionisation, energy pooling, excited-state proton transfer, disproportionation
reactions, desorption of pre-formed ions and thermd ionisation and (2) secondary
ionisation reactions in the MALDI plume, such as gas-phase proton transfer, gas-
phase cationization and eectron trandfer.

A dealed account of photo-ionisation and subsequent ion-molecule
reactions in MALDI is beyond the scope of this chapter, but we can summarise the
combined contribution of al these different processes by pointing to the formation
of three principd types of andyte ions. (1) Protontrandfer (in primary ion
formation or secondary reactions) is possbly the most frequently proposed
MALDI ionisation modd. According to the direction of the proton-transfer (matrix
to andyte, or andyte to matrix) the process results in protonation [M+H]" or
deprotonation [M-H]" of the andyte. (2) Cationized molecules are believed to
result principaly from ion-molecule reactions in the gas phase. Ubiquitous Na
and K" impurities are suffident to give srong dkdi caionized signds eg.
[M+Na]™ and [M+K]". (3) lonisation of the matrix followed by dectron transfer
from andyte to the matrix radical cation lead to the formation of the anayte radica
cation M?*. This process can happen if the andyte has a lower ionisation potential
than the matrix and is therefore not commonly observed.

Although some fragmentation is generdly unavoidable MALDI optimises
the production of gaseous molecular ions, and molecular (pseudo) ions dominate
the mass spectra. Large, non-volatile, labile molecules can be transferred into the
gas phase as intact ions. Sometimes, the andyte may form adduct ions with
molecules of the matrix. Matrix related ions are generdly confined to low m/z
vaues (typicaly beow m/z 1000). Under best circumstances, ionisation yidds can
be improved by several orders of nagnitude and the shot-to-shot reproducibility is
generdly far superior to LDI. At the same time the minima laser power dengty
required for production of molecular ions is reduced. Additives can be dso
employed to promote the cationization of the molecuar ion.

Sample preparation is crucid to the success of the method and the size of
the resulting sgnd varies grealy with the matrix used. It is thus important to
caefully sdect the matrix compound in relation to the andyticd problem. The
bulk of MALDI gudies has been achieved with UV laser radiation that provides
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the rapid heating necessary to reduce the likelihood of therma decompostion and
sructura  fragmentation 1'°. Spectacular results obtained first with MALDI in the
ultraviolet regions were later followed with successful invedtigation in the infrared

regions 1°.

2.34. LDI and MALDI of paint materials

UV-LDI and UV-MALDI seem very promising techniques for the study of
organic pigments in paint cross-sections. UV-LDI is paticularly attractive since it
makes it possble to sample the surface of cross-sections directly, i.e. without
further preparation. In addition, when low laser power is employed, only minima
amounts of materia are removed leaving the sample “intact” for other methods of
andyds. In the case of complex heterogeneous mixtures such as paint cross
sections, the volatility, therma dgability and dbsorption charecterisics of the
different components might differ greatly. Therefore the laser wavdlength used for
LD is essentid as it determines the desorption and ionisation efficiency for each of
the individua components. Predictably, dectronic excitation provided by the UV
losr used a low lasr power is not likdy to volailise the paint medium
effectively. Polymerised and oxidised binding media (dried and cross-linked ails)
and vanishes (terpenes) are highly polar components or have high molecular
weights. The formation of abundant inter-molecular bonds decreases the voldtility
of these compounds considerably. In this case rovibrationa excitation provided by
an IR laser would be far more appropriate to bresk molecular bonds and yield good
anayticad results. However, the high thermd excitation provided by the IR laser is
expected to lead to more fragmentation (laser induced pyrolysis). As a result, the
dudy of complex heterogeneous mixtures brings up the question of preferentiad
desorption ionisation. lon formation, which depends on the loca energy
depogtion, is directly affected by the type of materids in the immediae vicinity of
the anadyte. Sample morphology and suface texture might be dso influentid. In
samples made up of dements with very different physical properties and first
ionisation potentids (IP), the ionisation yied of one component or a group of
components could be much larger than the rest, providing selective analysis. If the
laser wavelength would correspond to the sample absorption maximum, LDI
would be greatly enhanced.

UV-MALDI has dready been successfully employed in our laboratory for
the sudy of pant materids containing large macromolecular systems such as aged
media (oxidised linseed oil, and egg tempera), vanishes (terpenic resins and
gynthetic polymers) and cross-linked matrices, and to investigate complex ageing
processes such as oxidation and polymerisation. Results have been recently
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presented by Van den Brink °” on egg lipids and their oxidation products in fresh
and atificidly aged pant recondructions. In this procedure, the matrix is
thoroughly mixed with the andyte (extracts of reconstructed samples) and samples
are deposited as thin film on a danless sed probe. In view of these promisng
ealier results;, MALDI will be gpplied in this thess to the invedtigation of organic
pigments. The use of a matrix, which is likdy to promote the formation of intact
molecular ions, can be paticulaly beneficid to dtudies of organic pigments (1)
with MSMS where the parent ion is isolated as precursor ion for subsequent
fragmentation with CID, and (2) in complex mixtures (e.g. with lead white, ol or
acrylic media, additives) where higher molecular weight and non-volatile materias
are found. In addition, one might reasonably assume that the use of a matrix could
asss the desorption of the components a the surface of paint cross sections.
Therefore the posshility to depodt matrix in solution on the surface of paint
samples to perform spatially-resolved MALDI of paint-cross sections is explored in
this theds (Chapter 5). Evidently, the matrix should not infiltrate the whole sample
gnce redidribution of the soluble eements is not wanted. The objective is to
produce a thin film of matrix crystas a the surface of the section. It will be shown
in the case of organic pigments that in LDI the pigment acts as it own intrinsic
matrix. This particularity makes it possble to obtain with LDI results as good as in
MALDI. Preference will then go to the LDI procedure that saves the complications
related to the use of an additional matrix.

2.4. Ingrumentation for theanalysisof paint cross-section

24.1. Massanalysers

In the sudy of paint cross-sections, pulsed lasers are required because they
produce the adequate laser power and wavelength for desorption and ionisation and
limit the sample consumption 2.,

Scaning MS andysers that separate ions in space work wdl with
continuous wave (CW) lasers because a reatively steady ion current is generated,
dlowing time for the mass spectrum to be scanned. However, in the shorter time
scales provided by pulsed lasers, they fail to obtain a complete mass spectrum.

Two types of andysers that work in a pulsed fashion, with cumulative and
time-based separation, overcome this limitation and afford appropriste mass
detection:  Time-of-flignt Mass Spectrometers (TOF-MS) and  Trapped Ion
gysdems, viz. lon Trgp Mass Spectrometer (ITMS) and Fourier Transform
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Cyclotron Resonance Mass Spectrometer (FT-ICR-MS). Although FT-ICR-MS
sysems outperform ITMS systems in many aspects, their use is nevertheless more
complex and they are less cost-€effective.

In our laboratory, two instruments were developed to perform LDMS of
paint cross-section, one with a TOF-MS andyser and one with an ITMS analyser.
The two insruments present many smilarities. In both cases, ions are produced in
an ionisaion chamber dStuated outsde the mass andyser by means of a pulsed
laser with a focussed beam. Whereas the TOF-MS is a commercidly available
ingrument, which needed only a minor adaptation of the sample holder, the ITMS
arangement has been desgned specificadly for the gpatidly-resolved LDMS
invesigetion of pant cross-sections. The functioning of Time-of-Hight and lon
Trap Mass Spectrometers has been extensively reviewed in the literature 1212 and
only the basic operating concepts relevant to the discusson of our andytica work
are provided here.

TOF-MS provides rapid andyss with high transmisson and hence
sengtivity, together with panoramic spectrum registration. The absence of high
maess detector limits is paticulaly useful in the dudy of high molecular pant
components (ails, proteins, synthetic polymers). Commercid software provides
easy manipulation of the sample holder and data acquisition.

The home-build ITMS indrument provides moderate mass-resolution and
mass-accuracy but offers the dgnificant advantage of ion manipulation. Multiple-
stage andysis (MS") in the ITMS provides the means to investigate ionic Structures
in grester detal. It is for indance posshle to disinguish between isobaric
molecules as will be demondrated in Chapter 4 for ydlow organic pigments with
the identification of dructurd isomers. lon isolation in the trgp will dso be
paticulaly advantageous in the study of complex mixtures. Possble limitations
with the ITMS aise from trgoping efficiency with ion packets of broad kinetic-
energy range, and from its limited dynamic range.

2.4.2. Timeof-flight Mass Spectrometer: Set-up and operation

The TOF-MS experimental set-up (Figure 24) is a commercid Bruker
Biflex TORMS (Bruker-Franzen Andytik, Bremen). The ion source is developed
for (MA)LDI experiments where samples are deposited as a thin film on a ganless
ded probe. The regular Bruker probe has a cylindricd shape with a circular flat
surface of 30 mm in diameter. The probe is introduced in the ionisation chamber
through a vacuum lock and pogtioned in focus of the laser beam. The ion source
condsts of a pogtively or negatively charged metd eectrode, i.e, the sample
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probe, and a grounded accelerating grid at a distance of about 2 cm. Posshle
acceerating potentias are in the range of +25/-20kV.

Laser system

lon

source
|| I_ I— Linear Detector
— U Thi—
Reflector Detector
Reflector
Data
acquisition

Figure2.4  Schematic diagram of the Reflection-Time-of-Flight MS (Re-TOF-
MS

Microscopic probe pogtioning is possble & any place on the circular
aurface thanks to an XY sample manipulator and the digita output of a CCD
(Charge Coupled Device) camera for observation. The ionisation chamber is
maintained a a pressure of 107 mbar by means of a turbopump. The laser is a
nitrogen discharge (N2) laser that produces pulses of ultraviolet (UV) light with a
wavelength of 337 nm (3,68eV), pulse-energy of 150-200 mJ and average duration
bdow 4 ns Repdition rae is typicdly 1-2 Hz. An atenuator dlows fine
adjusment of the laser fluence (Figure 3.4). The lasr beam diameter is roughly
edimated to some tens of micrometers. Data is processed with the Bruker software
XMASS. The laser beam impinges on the sample a an angle of ca 60° with
respect to the surface norma (Figure 2.1). Figure 25 shows a picture of the
ingrument and a schemétic diagram of the source configuration.

Esstidly a TOFMS is a very precise timekeeper. It separates ions of
different mass-to-charge ratios (m/z) by making use of their mass dependent
velocity after they have been accelerated to the same kinetic energy (Figure 2.6) In
other words, the mass of an ion is deduced from its flight-time from the ion ®urce
to the detector (hence the name time-of-flight).
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Figure25 Sample exchange chamber (vacuum lock) of the TOF-MS and
schematic diagram of the sample introduction chamber.

The firing of the laser in a pulsed lasr desorption experiment marks a
precisely defined time of ion generation for time of flight andyss A detector
positioned a the end of the ion trgectory determines the flight time for each ion
crested during the desorption and ionisation event. Detection occurs through an
electron multiplier, which feeds the sgnad to a 1 GHz trandent recorder. During
the LD process ions are formed in different time domains, different positions and
with a digribution of kinetic energy. All these processes result in a broadening in
ariva times of ions with the same mass a the detector and adversdy affect the
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mass resolution. For example, the ion formation time is known b exceed the laser
pulse length, and/or the irregularities of the surface of the sample — a particularly
likely feature of paint cross sections or bunch of dyed fibres — causng a spread in
flight times as the pathlength will depend on the location where the ions are
produced. Here a combination of delayed and pulsed ion extraction scheme (PIE or
time-lag focussng) is employed to correct for the effects of tempord, spatid and
initid Kinetic energy digribution (Figure 2.7). An extraction pulse is goplied after
firing of the laser to ensure that dl ions get the same additiond kinetic energy.

L aser
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@ ]‘F

lon Drift region
Source Detector
UECC -
d L

Figure2.6  Basic principle of a TOF mass spectrometer in the linear mode:
ions are produced in the ion source with a focused laser beam. In
the source region, ions are accelerated in an electric field U over a
distance d. lons are then separated according to their mass-
dependent flight-time over a distance L in the field-free drift region.

lon counting is achieved with a multi-channel plate detector at the
end of the flight tube.

This fast extraction pulse ensures a wdl-defined time focus and
compensates for the time spread in ion generation. Adding a delay between the
fiing of the laser and the extraction pulse corrects for the initid spread in kinetic
energy. In this case after ion generation the ions travel a short distance between the
sample surface and the extraction dectrode before the pulsed extraction fidd is
goplied. During this time dday the ions with a higher kingtic energy will travd a
longer digance than the low kinetic energy ions. Therefore the fagter ions will
experience a lower extraction potentid compared to the low kinetic energy ions,
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resulting in a compensation of the totd flight time spread for the different initid
kinetic energies. All ions will reach the entrance of the detector a the same time,
the so-cdled time focus. Space focussing is obtained with a two-stage extraction
set-up and compensates for the different locations where ions are formed.

Figure2.7
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Higher mass resolution is obtained with time-lag focussing: pulsed
and time-delayed extraction compensate for the spatial, temporal
and initial kinetic energy distribution of isobaric ions. (a) two ions
are formed at the surface of the sample (b) ions of different kinetic
energy are corrected by a gradient of potential and (c) enter
simultaneously inthe flight tube of the analyser.
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Due to the consderation above, delayed extraction is used to improve the
mass resolution of the system. Delayed extraction dso leads to a diminution of
locd pressure upon accderation, which lowers collison activaion in the extraction
and accderation process, resulting in ions with lower internd energies. This in turn
reduces the degree of fragmentation in the TOF-M S mass spectra.

Resolution

Mass resolution depends on a number of parameters in the TOF-MS
sysem. The digitisation hardware has an effect on time resolution and is given by
the sample frequency of the trandent recorder. The acceerating voltage has an
additional influence as it determines the initid kinetic energy. The higher the
kingtic energy the less rdevant the initid kinetic energy soread is. Typicdly, a a
sample frequency of 1Ghz (1 ns bins) we achieve a resolution of (mM/Dm)spy, =
10,000 resolution in the pulsed extraction mode. This provides sufficient resolution
to rdiably resolve the isotope ratios necessary to support the assgnment of the
peaks. Note that in a TOF-MS mass resolution depends on the mass range selected.
Over the totd mass range between 0-500,000 Da we see a drop in resolution to
approximately 1000.

Reflectron

In redity ions of a same mass-to-charge ratio do not have exactly the same
kinetic energy a the entrance of the drift region, even &fter time-lag focussng.
This depends essentialy on the exact location where the ions are formed and to a
gndler extet on space charge effects, i.e, the action of dectrogatic repulson
forces in the ion cloud. For a same mass-to-charge ratio fagter high-energy ions
will reach the detector sooner than dower low-energy ions. The kinetic energy
Spread resultsin poorer mass resolution.

A correction of the energy disperson is achieved by reflecting the ions in a
smal angle with an dectrostatic fidd, as depicted in Figure 2.8 '%°. Indde the
reflector a homogeneous dectric field is applied to retard and reflect the ions. lons
with same mass-to-charge ratio but higher kinetic energy penetrate deeper into the
reflector compared to their less energetic counterparts. Therefore, the faster
moving ions have further to travd, thus spending more time in the reflectron. This
compensates aso for the kinetic energy disperson and ensures that ions of same
mass-to-charge ratio reach the detector at the same time, which leads to a
ggnificant improvement in resolution. Wheress metadtable fragmentation due to
post source decay (PSD) does not become apparent in the inear mode because the
fragment and the parent ions move with the same velocity, a reflectron instrument
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will separate the parent and product ions of different mass, based on their kinetic
energy differences. As a result the resdence time of parent and fragment ion in the
reflectron will be different. The liner mode offers however higher sengtivity
despite its lower resolution features and is often preferred in the study of large
andyteions.
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Figure2.8  Basic principle of a TOF mass spectrometer in the reflection mode.
During their travel in the field-free drift region ions cross the

reflector region where the electric field U compensate small
differencesininitial kinetic energy.

Calibration

Externd mass cdibration is performed before each series of measurements
to obtan optima mass accuracy. Devidion within a series of messurements is
conddered negligible A mixture of two samples of polyethylene glycol (PEG)
presenting two molecular weight didtributions of average m/z 400 and 1000
respectively serve as cdibrant for dl types of andyte. For the cdlibration, a
MALDI measurement is carried out with a mixture of a 1mM ethanolic solution of
PEG and a 1M ethanol solution of 2,5-dihydroxybenzoic acid (DHB). A thin film
of cdibrant is deposited on the surface of the probe in a smilar fashion as for the
andyte. The mixture is fird deposted with a pipette and the ethanol vehicle is

36



Principles and instrumentation

subsequently left to evaporate. Differences in laser power and sample preparation
can produce differences in the desorption process. Smilar experimental conditions
for the andyss of cdibrant and andyte (thickness of the film, atenuation of the
laser power) are therefore the best guarantee to optimise the mass accuracy. For
this reason, the caibrant is deposited in the appropriate groove stuated at the same
levd as the surface of the sectioned sample when a pant cross-section is
investigated (see section 3.2).

Cdibration is achieved with the DHB and the PEG spectrd data usng
typicdly 5 to 10 peeks a regular intervds on the m/z range [0-1500]. Sufficient
mass accuracy was obtained (ca. 50 ppm a mass 1000) with externa cdibration
done, and internd cdlibration involving the mixing of standard compounds with
the unknown andyte was not necessary at this stage of the investigations.

The exact pogtion of impact of the laser beam on the probe is determined
prior to andyss. This is achieved by spotting a thin layer of an opaque cdibrant
(eg. PEG or lead white) on the probe. After desorption of this opaque cdibrant a
cearly visble empty space is left a the location of impact. The exact postion of
impact is then marked on the screen of the camera monitor. Accurate postioning
of the probe under the laser beam is then possble, and individud particles of the
andyte (typicdly 10-50 micrometers for ground pigments) or a single fabric fibre
can be targeted. Adjustment of the camera output (sharpness, clarity and centring)
is necessary before each set of andyses to guarantee correct observation of the
sample, and accurate targeting of the sample with the laser. Congtant attention was
aso given to the Sze of the focus and form of the laser beam.

2.4.3. lon Trap Mass Spectrometer: Set-up and operation

Our second experimental set-up is an externa ion source — ion trgp mass
spectrometer (Figure 2.9 and Figure 2.10) which has been specificaly designed for
surface LDMS of paint-cross sections. The mass andyser is a commercia lon Trap
Mass Spectrometer (ITMS), from an Esquire® insrument (Bruker-Franzen
Analytik, Bremen). The lon Trap Mass Spectrometer is composed of an ionisation
source, a sorage cdl, and an ion detector. The cdl itsdf is composed of three
electrodes. a centrd ring electrode flanked by two end-cep eectrodes (Figure
2.11). The rest of the ingrumentation condsts of an ionisaion chamber where
andyte gaseous ions are produced and a series of dectrodtatic lenses, which
transfer these ions to the ITMS for mass spectrometric andyss. Two vacuum
pumps maintan the whole system a low-pressure (measured at 2.10° mbar in the
ionisation region).
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UV Laser beam

ionization

holder

Figure2.9 The external ion-source lon Trap Mass Spectrometer built at
AMOLF. The sample is positioned under the laser beam with
micrometric precision. lons are produced from the surface of the
paint sample (thin film on a metallic probe or an embedded cross-
section) and transferred to the ITMSfor MSor tandem MSanalysis.

Figure2.10 ITMSset-up comprising a XYZ manipulator, a pulsed Nd: YAG laser
and an optical microscope equipped with a CCD camera.
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The ionisation chamber was desgned to indiscriminately perform  non
goidly-resolved anadyss on direct insertion probes and spatidly-resolved
andyds on the surface of pant samples. For non-spatidly-resolved andyss, a
solution or suspenson of the sample is deposited on the 3 mm diameter tip of a
dainless stedl direct insertion probe and the additiona solvent isleft to evaporate.

ENDCAP

ring electrode

trapped

. —— detector
ions

ionsin ———
entrance exit

endcap ring electrode endcap

Figure2.11 [ITMScell with its three electrodes. lons are introduced through the
entrance endcap and detected after expulsion through the exit
endcap.

The probe is firg introduced in a latera transit chamber, which serves as
vacuum lock. When the vacuum lock has been pumped down, the probe is
introduced ingde the ionisation chamber in the focus of the laser beam. For
goatidly-resolved andlyss, pant cross-sections are firg introduced in a sample
exchange chamber, which dso serves as vacuum lock. When the exchange
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chamber has been pumped down, the sample is trandated indde the ionisation
chamber with an XYZ manipulator. The software-controlled XYZ manipulator has
a micrometric lateral precison Thanks to an optical microscope equipped with a
CCD camera the sample can be accurately podgtioned in the focus of the laser
beam.

The frequency-tripled output of a QuantazRay GCR-11 (Spectra-Physcs
Inc) pulsed Nd:YAG laser was used for desorption and ionisation. It produces
pulses of ultraviolet laser light with a wavdength of 355 nm (3,49¢V), a tunegble
pulse-energy of maximum 60 mJ, and duration of 5 ns (dso avalable are the
principd emisson wavelength a& 1064 nm and the second harmonic a 532 nm).
Repdtition rate is typicaly 1-2 Hz. The laser beam is directed onto the sample
perpendicular to its surface, or a 45° in the nonspdidly-resolved source (Figure
2.12).

Laser beam

Pushey,

m

xtraction plate
Pusher 4

m

xtraction plate

S = (A >
=

Laser beam

Figure2.12 ITMS source configurations: (left) direct insertion probe with a
laser at 45° and (right) embedded paint sample with a laser at 90°

The spot diameter on target was measured to be gpproximately 10 pum in
the gpatidly resolved messurements and 1 mm in the non gpatidly-resolved
measurements. As the laser beam hits the surface, materid is vaporised from the
surface of the sample and expands in the ionisation chamber. Gaseous neutrals can
be post-ionised with an dectron ionisation beam (LD-El). lons are then extracted
from the ionisation chamber and transferred into the ITMS via the ion transfer
lenses. Long trandfer time in the ITMS set-up - in seconds compared to
microseconds in the TOF-MS — and high pressures increase the probability of ion
molecule reactions in the gas- phase and thermdisation of interna energy.

Applying an appropriate radio frequency (RF) eectric potentid to the ring
eectrode, while the two end-cep €lectrodes are grounded, crestes a trapping
potentiad well within the cdl. When gaseous ions are introduced in the cdl, ions
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within a cetan mass-to-charge range find a sable motion regime and remain
confined in the cdl (Figure 2.13). The cdl is hence appropriatdly named an ion
trap. Trgectories of the ions in the trgp describe complex three-dimensond 8-
shaped revolutions referred to as Lissgous figures. Helium gas introduced in the
cdl enhances the trapping efficiency by reducing the initid veocity of the ions
without inducing fragmertation (ion damping).

The conditions for gable ion maotion within the cdl eectrodes depends on
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Figure2.13 Sequence of events during an MS experiment in an ITMS. (1) ions
enter the ITMS (1) and are trapped (2). Mass detection of the
trapped ions (3): ions E* of lowest mV/z are gjected from the ITMS
and detected, ions D* of higher m/z, and subsequently ejected and
detected, and so on with higher and higher vz ions C, ions B',
ions A", up toions M* (molecular ions). The counting of ions by the
detector is realised by the successive gjection/detection events in
time. Results are displayed in the form of a mass spectrum (4)
which displays the amount of ions as a function of their
mass/charge ratio.
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the one hand on the physica and functiond parameters of the trap (i.e, dze and
form of the cavity, potentids applied, pressure in the trgp, amplitude and frequency
of the RF fidd, etc.) and on the other hand on ion parameters (i.e, masscharge
ratio, introduction direction and veocity, totd amount of ions introduced in the
trap, etc.). Frequency and amplitude of the RF field during ion injection impose a
lower mass limit of trapping, cdled low mass cut-off (LMCO), and dso determine
the efficiency of the trgpping for each m/z. In our experiments the low-mass cut-
off ranged typicaly from m/z 50 up to m/z 100 (i.e. ions below theses masses are
not trapped). A difference in trgpping efficiency is the combined effect of flight
time differences during ion trangport and intermittent periods of trapping (duty
cycle). During the ion transport between the ion source and the trgp, ions of
different m/z travel & a different speed, which results in a time spreading of the ion
cloud. For example, with a kinetic energy spread of 1%, an ion of m/z 1000 will
arive & the ion trgp analyser 90 s after the laser has fired during a time period of
cal.5 ms. Anion of miz 100 will arive a the ion trap andyser 29 nrs after the laser
has fired during a time period of ca 200 ns only (assuming an average kinetic
energy of 100eV and a flight path of 40 cm). Since the ion trgp fulfils the trapping
condition a a paticular RF amplitude, trgpping is only achieved on periodic time
interva. This is responshble for a ca 50% ion loss in trangmisson. Accordingly
differences in trapping efficency will be obsarved for different mvz. Optimd
trgoping conditions of the ions will be sought by tuning the LMCO, hence limiting
the m/z range for panoramic regigtration.

lons successfully trgpped in the Storage cdl are available for subsequent
mass spectrometric experiments, i.e, their separation and detection according to
ther mass-to-charge raio. Changing the ion trgectory gability condition in the
cel by modifying the trgpping potential makes it possble to induce the gection of
ions of a paticular m/z toward the detector. In practice, the ion population is
gected from the trgp in order of incrementa mass toward the detector for ion
counting. In other words, an MS experiment condds of an incrementa mass-
scanning of the trgpped ion population in time The resulting detector-dgnd is
converted into a mass spectrum, i.e, a graph digplaying the ion counts as a
function of the mass-to-charge ratio (m/z). As a matter of fact, the great mgority of
ions detected in thiswork are Sngly charged (z=1).

2.4.4. Multiple stage experiment with the ITMS

Trapped ions can be investigated in multiple-stage MS experiments (also
cdled tandemrintime or MS"). MS" experiments are based on successive ion
isolation and ion fragmentation events (Figure 2.14).
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Isolation of ions of one paticular m/z is achieved by mass-sdectivey
gecting dl other ions from the trap by applying the appropriate auxiliary RF
voltage to the end caps. After this operation, a mass scanning of the ion population
would theoreticdly result in a sngle pesk for the sdected m/z. In practice the m/z
range of isolation is rather a Gaussian distribution with 2m/z of circa 10 Da
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Figure2.14 Sequence of events during an MSMS experiment: ions enter the
ITMS (1) and are trapped (2). Isolation of a particular series of
ions (3), fragmentation of the selected ions (4), mass detection (5)
i.e. same operation as in figure 2.13(3), or selection of a particular
series of fragment ions for further MS' analysis (6).

Mass-sdective fragmentation of ions is accomplished through an operation
cdled collisonal induced dissociation (CID). In CID the secular motion of a
paticular ensemble of ions in the trgp is resonantly accelerated at a Specific
frequency. Multiple low-energy collisons with inet background (heium) gas
molecules cause the internd energy of these ions to build up, which eventudly
results in thar fragmentation. Stable fragment ions resulting from the collisond
induced dissociation say confined in the trap. The population of ions resulting
from fragmentation depends on the choice of the CID conditions, i.e, type and
pressure of background gas, and the duration and amplitude of excitation.
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The populaion of fragment ions is then mass-sdectively gected from the
trap, resulting in @ MSMS or MS? spectrum. The isolation and fragmentation
operation can be reiterated up to severd (n) times before recording the mass
spectrum which produces an MS" spectrum,

Strictly spesking, the isolation step does not require the performance of
MS/MS experiments, as only a specific secular frequency is excited making CID a
mass-selective operation. However, the isolaion step is profitable to the andyst as
fragmentation can be peformed on a ‘purified dating maerid (Smilar to a
chromatographic step) and yields cleer MSMS spectra. In particular, gection of
the mgor components can be beneficid to proper detection of the minor
condituents. Isolation of a precusor ion makes the link between parent and
daughter ions evident.

2.5. Conduson

Two instruments were described that apply LDMS to the study of artists
pant materids and cross-sectioned samples removed from easd paintings. Short
(pulsed) burgs of energy from focused UV lasr beams result in the locd
formation of ions from a solid sample for mass andyds, and limit a the same time
the sample consumption. TOF-MS and ITMS andlysers that pair particularly well
with the use of pulsed lasers were employed for mass detection. The combined use
of micro-poditioning and imaging components makes it possble to accurady
locdise the area of interes and focus the laser beam for sampling. TOFMS is
preferred for quick and panoramic mass scanning of the andyte, whereas ITMS is
dedicated to multi-sdage MS experimentd dudies used to investigate molecular
fragmentation patterns and complex mixtures of samples. Two LD processes are
used for the invedtigation of paint maerids LDI for the sdective desorption of
organic pigments, and - where the utilisstion of a matrix is possble - MALDI for
the sudy of paint materids containing large macromolecular systems.



Chapter 3

An  experimentd strategy for  LDMS
investigations of paint materials and paint cross-
sections

LDMS analyses of paint materials critically depend on the optimisation of
the desorption and ionisation parameters. In this chapter we will discuss the effect
of several experimental parameters, such as the laser power density, the repetition
rate of the laser shots, the ITMS mass cut-off, and the CID conditions for MSMS
experiments, and determine their influence on the quality of the LDMS data. In
addition we will discuss significant issues such as the laser power threshold, the
shot-to-shot variation of the ion formation, the measurement of isotope patterns
and the rate of ablation. The aim of this study is to establish the optimal
experimental approach for spatially-resolved LDMS of artist’s materials.
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3.1. Introduction

A great varigy of experimenta parameters influence the outcome of an
LDMS andyss. Formation of ions a the sample surface depends on the photon
sample interactions, which is governed by sample arangement, lasr waveength,
laser power density and repetition rate, surface temperature, chemica composition
and surface morphology. As LDMS ams at the determination of the locd chemicdl
compodtion of the surface, it is impeaive to edablish wha expeimentd
parameters to use to answer a particular analytica issue. For indance questions
such as wha is the power dendty best used for the dructurd anadlyss of fragile
organic pigments in a complex matrix, wha is the smdlest pigment paticle tha
can be observed, etc, have to be addressed.

In this chapter we will discuss the method to obtain optimum LDMS
conditions for the investigation of paint materids and paint cross-sections. We will
emphasse the surface properties of the sample, the mounting of the sample in the
MS holder, the influence of the laser power dendty, the close repetition of laser
shots, the mass cut-off and collisorrinduced dissociation parameters of the ITMS
andyser. Examples of LDI and MALDI andyses of pant materids will be
presented to illustrate these different issues. As a result, an optima drategy to
perform LDMS of paint materids and paint cross-sectionsis established.

3.2. Sampleand sample mounting

3.2.1 Sample holders

A lage vaiey of sample types is investigaed by LDMS in this thess
They include reference maerids, cdibrants, liquid ol pigment mixtures,
cardboard coated with one or severa layers of pigmented medium, pant cross
sections and dyed fibres with threads of a few tens of micrometers in diameter.
These samples have to be mounted accurately in the focus of the desorption laser
beam in the ion source. Two sample holders compatible with both the TOF-MS
and the ITMS ionisation sources were designed to meke LDMS possble with
samples of dl different kinds.

The firgd and most common sample arrangement (Figure 3.1.A) is the use
of a metdlic subgrate. A sandard sample holder is used mainly for the andyss of
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reference materids with LDl and MALDI. Sample depostion is facilitated by the
goplication of a droplet of a solution or a suspenson of the andyte under study,
reulting in a thin layer of andyte on the metdlic surface of the probe after
evaporation of the solvent (Figure 3.2A). Andyses of these thin layers ae
paticulaly successful in the case of organic pigments The usage of thin films
gregtly enhances the dgnd in comparison with powder of coarser gran Szes,
thicker films, or paint samples of larger dimension.

Figure3.1 (A) Commercial LDMS probe surface with 26 pre-defined sample
positions for the study of thin films and absorbed particles. (B)
Home-build LDMS probe for the study of paint cross-sections and
paint reconstructions on a cardboard support, front side. A
calibrant has been deposited in the appropriate groove. (C) Back
side showing the cavity where the sample is introduced and
fastened with a back spring. (D) Home-build LDMS probe for the
study of paint cross-sections and samples deposited on a TLC plate
(E). Probe holder with the XYZ manipulation system.

An dternate approach was developed to minimise the disperson of the
sample at the surface of the probe. Smal TLC plates (ca. 5x5x1.3mm) coated with
cellulose were mounted on a home-build sample holder as shown in Figure 3.1 D.
To facilitate the mounting of a TLC plate, the sandard TOF-MS sample holder
was equipped with a 1.3 mm deep groove. TLC plates are fastened using double-
dded dicky tgpe (Figure 32 B). A smdl diquot of a sample solution is
subsequently deposited on the surface of the TLC plate. The higher surface tenson
of the cdlulose surface ensures a minimum digperson of the sample leaving a
concentrated spot of analyte. This preparation is especidly ussful when only smdl
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amounts of maerid ae avaladle in dilute solution. The ionisation efficiency is
amilar compared to the use of a metdlic substrate. The TLC plates offer the added
advantage of providing a disposable subgtrate for the anayte, which diminates the
possihility of probe contamination from previous andysis.

In a gmilar fashion, cross-sections can be fastened in the groove of this
sample-holder usng double-sided adhesive tape (Figure 3.2 C). This configuration
necessitates the correct trimming of the cross-section block of resin to fit the sze
and depth of the groove. The main drawback of this method is that when the front
and back surface of the mounted samples are not pardld, differences in he zaxis
postion of the laser focus dong the sample surface will occur. Larger samples
such as embedded cross-sections than cannot be thinned down, irregular samples,
painted cardboard and textile fibres require a different sample holder altogether.

We developed a sample holder for this purpose as shown in Figure 3.1.B
and C. The sample holder has a cylindricd cavity of 12 mm in diameter and 6 mm
in height with a circular gperture of 8 mm in diameter. A resn block, a piece of
painted cardboard or a fibre thread is clamped indde the cavity with the ad of a
back spring (Figure 3.2 D and E). The spring-loaded clamping of the sample in the
cavity ensures that the sample surface is pardle to the surface of the probe holder
and limits the zmotion of the surface during sample postioning. A groove in the
surface of the probe alows the depostion of a caibrant at the exact same leve as
the sample surface. Home-made sample holders have the same dimensons as the
regular sample holder and are introduced in exactly the same fashion in the mass
andyser (Figure 3.1 E).

322 Level differences

Correct podtioning in the zaxis (axis of the extraction) of the samples in
the ionisation source of the TORMS is essentid. Differences in ionisation
positions are expected to induce shifts in the flight-time that reduce the mass
resolution. Tests were designed and conducted to establish whether such a negative
effect could be observed within a range of a few millimetres. No dgnificant shift
was obsarved for leve differences within 0.1mm-range. We explain this redtricted
effect by the combination of delayed and pulsed extraction. For z-coordinates
differences in excess of 0.1mm a sgnificant mass shift is observed. A shift of 2 Da
for 0.2mm and 10 Da for 1.3mm has been determined a a mass of 1000 Da. This
has dramatic effect in the andyds of textile fibres as will be discussed in more
detall in Chepter 6. The cdibrant groove designed in the spring-loaded probe
holder ensures the same zcoordinae for the andyte and the cdibrant.
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Figure3.2  Different probe holders for spatially-resolved analysis of paint

materials with TOF-MS and ITMS (A) thin film deposited on a
metallic probe (B) TLC plate and (C) embedded paint cross-section

stuck on the probe (D) embedded paint cross-section and (E) fibre
clamped in the holder’ s cavity.
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3.3. Laser-sanpleinteraction

The amount of energy depodted into the sample is a key to the
understanding of the interaction between the laser beam and the sample surface. In
this section we will describe the parameters that determine how much laser energy
is converted into interna energy of surface molecules i.e, the amount of energy
deposited.

Energy depodtion a the surface of the sample depends both on
macroscopic properties and on molecular structure of the sample surface (chemical
composition of the different compounds). The macroscopic properties include the
compogtion and complex arangement of the layers, which is expected to
influence the propagation of light a the surface of the section through different
reflection, scattering and refraction properties, and surface corrugation. The
different molecular dructures in complex samples lead to different molecular
absorbances at different wavelengths. For that reason a mixture of various paint
materials can hinder or inversdy promote the LDI process (acting as intrindc
matrix). The type of medium, as wdl as the pigment-to-medium retio in a coloured
layer will determine the energy trandfer efficiency in the desorption process (from
the photons to the andyte molecules). High heterogeneity of the sample is
expected to induce differences in photo-chemicd and photo-physical processes
from spot to spot at the surface of the sample, and possbly from shot to shot
resulting in laser ablation.

The amount of internd energy depodted and disspated in the surface will
affect the ionisation efficiency, the degree of fragmentation, the desorption rate and
the overdl interaction volume. Broadly spesking, two power dendty domains can
be distinguished °. In the low power domain (<10® W/cnr) evaporaion of surface
layers is obtained, patidly in the form of intact neutral and ionised molecules. In
this domain the evaporation process is rather reproducible and volume of materid
ablated is kept smdl, typicdly in the order of nnt. There is usudly no mticesble
damage to the sample following a sngle pulse. lonisdion efficiency - i.e., the ratio
of ions to neutrds - is low (of the order of 10) but the mild conditions assure the
generation of diagnogtic ions from organic compounds up to a few 1000s Da In
higher power domans, dementd ions and smdl molecular fragment ions ae
mainly desorbed, and ionisation yields are increased. The dimenson of the ablation
crater scaes with the power dendity. The anayte volume desorbed per laser shot
(crater volume) from a sample surface depends on a variety of parameters, the type
of andyte, the surface condition of the sample and the characteristics of the laser
beam (laser-target angle, dengty, etc). In the low laser power domain, very smdl
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ablation volumes (<rmT) are not easily determined and the size of ablation craters
is raher estimated with the surface diameter of the impact. The size of the laser
beam does not provide a precise indication of the crater diameter snce the
desorption rate varies over the irradiated surface area. A rough estimation of the
interaction area is given by the observation of the fluorescence spot provided by
the sample under laser irradigion. A more accurate estimation is obtained by
measuring the diameter of a discoloured area left on a photosengtive paper, or the
diameter of a hole in a thin film of reference materid (Figure 3.3). In spatidly-
resolved analyss, the sze of the UV laser beam will be made as smdl as possble
to increase the spatid resolution. The laser optics limits the beam diameter to
40mm (estimated with the discoloration of photo-sensitive paper).

150 x 250 p?\.

Figure3.3  Crater left at the surface of photo-sensitive paper showing the size
of the laser impact for a defocused experiment.

An experiment was performed where the laser energy of a UV laser beam
working a 337nm was varied between 5 and 70 mJ under the same focussing
conditions (Figure 3.4). Tuning of the laser energy is obtained by attenuating the
laser beam with an optica filter positioned in its path. 0% attenuation corresponds
to full transmisson of the laser light wheress 50% dtenuation means that
goproximatey hdf of the light emitted by the UV laser is filtered before reaching
the sample. This experiment demondtrated that the degree of discoloration varies
more than the Sze of the discoloured area. It is not possible to evauate the red sze
of the impact when low lasr energies were employed since the spots are not
clearly defined. For that reason al spot sizes in this thess are related to the spot
dze & maximum laser energy. This implies that the actud gpatid-resolution is
probably lower than the quoted spot size at low laser energies.
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Figure3.4  Power density of the UV laser beam as a function of the energy
attenuation provided by the laser opticss. A 0% attenuation
corresponds to the full energy delivered by the laser; at 50%
attenuation about 90% of the laser energy is filtered out by the
attenuator.

In a typicd LDMS experiment, it is difficult to determine prior to andyss
how much energy per pulse should be gpplied to achieve precisdly a given power
dengty in the desorbed micro-volume. A drategy was devised in which the power
densty is progressively increesed dating with a fully attenuated beam. After
asessng the LDI threshold, the laser energy is st to an optimum vaue as
described in the next example. This example illudrates the reationship between
the laser power dendity and the spectrd information for LDI of organic colouring
compounds. Kaempferol, a ydlow organic colouring materid beonging to the
flavonoids (see Chapter 4) was deposited as a thin film (gpproximately 10 mm) on
a danless stedl probe and andlysed by TOF-MS. The 337nm output of a nitrogen
laser was focussed to the surface of the probe with a beam size of gpproximatey
40nm diameter.

In the lowest power densty range (<10mJ), energy depostion is insufficient
to induce desorption/ionisation process and gpectra display nothing but the
indrument noise. It is not impossble that the laser removes materid from the
surface of the sample, but this materiad is not detected by the mass spectrometer.
Different reasons could account for this absence of detection: (1) materid is
desorbed but not ionised, (2) ions are produced but do not reach the detector, (3)
ions resch the detector but in insufficient amounts, i.e. below the detection limit, or
outsde the andyser mass detection range (the TOF-MS has theoreticdly no mass
boundaries, but the ion injection conditions impose a low mass cut-off for the
ITMS).
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When a certain laser densty is reached, caled LDI threshold (ca. 10mJ for
kaempferol on danless sed), sufficient energy is deposited into the andyte to
produce observable gaseous ions and the mass spectrum displays a series of
kaempferol peaks (Figure 3.5.A).

At this laser dendty levd, the smdlest quantity of internd energy is
imparted to the molecules that lead to formation of intact molecular ions, i.e. the
amount of fragmentation is low under these conditions. During the LDI process,
both postive and negative ions are generated but ions with only one polarity are
accelerated towards the detector. Successve andyses of the same compound
reveds that the minimum laser power density required to detect the presence of the
molecule (LDI threshold) depends on the arangement of the sample film
(thickness, sze of the aggregates) and varies from one desorption spot to another.
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Figure3.5  Effect of laser density on the appearance of the LDI-TOFMS mass
spectra in the case of kaempferol. Spectra at the desorption and
ionisation threshold of 10uJ (A); at higher density higher SN is
obtained and more fragmentation and dimers/clusters are observed
(B), at even higher density the detector saturates but no additional
analytical information is provided (C), highest laser densities lead
to excessive fragmentation and dimerisation, with saturation of the
detector (D).
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Inversdy, different arrangements of the same compound produce different spectra
(digribution and reative intendties of fragment ions) for an identical laser power
dengity. For this reason, great care should be given to sample preparation and the
exact vaue of LDI threshold laser power densties cannot be proposed. Although
amilar trends are observed comparisons between different components are
difficult. An experiment were different reference organic pigments were deposited
as thin films on sainless sed showed hat under these condition the LDI threshold
energy fluctuates around 10m.

The threshold spectrum of kaempferol in the postive mode (Figure 3.5.A)
shows that low laser dendty LDI achieves soft ionisation. Absorption of the UV
laser energy induces the formation of andyte radicd cations M?* and protonated
and sodiated molecules [M+H]" and [M+Na]®. Thermd ionisation of akali
contaminants - present in nearly al types of samples — generates dkdi ions in high
abundance. The spectrum displays dso fragment ions and a few ions of higher
molecular mass. Thermd energy imparted to the molecules during the LDI process
is moderate and pyrolyss (fragmentation through thermd activation) is greetly
minimised. Fragment ions with low rdative abundances (0.5%) produce
neverthel ess sufficient evidence to pogtively identify kaempferol.
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Figure3.6  LDI-TOF-MS of kaempferol. In inset, the theoretical isotopic
distribution.

A closer look a the region around the molecular mass (Figure 3.6) shows
mostly protonated molecules [M+H]" and only few radica cations M?*. Peaks at
288 and 289 are attributed to the isotope *C, which occurs in a natura abundance
of approximately 1.08 per cent . Isotopic distribution for the 15 carbon atoms of
the protonated ion of kaempferol of formula CisH1106 gives rddive intendties of
100 for m/z M, 165 for m/z M+1, and 1.3 for m/z M+2. Isotopic distribution

" The most common isotope of carbon is*2C, which nucleus has 6 protons and 6 neutrons, but about
1,08% of the natural carbon consist of the isotope *C, which has one more neutron in its nucleus.
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provides essentid information on the eementa compostion and can be greetly
contribute to the identification of the molecular structure 127

It is observed in Figure 35.B tha an increase in the laser energy of 10%
above the LDI threshold enhances directly the totad number of ions collected by the
detector. At the same time neutral pressure is increased and we observe ehanced
rearangement  (cluster ions) and oligomerization effects (dimers such as
[2M+H]", [2M+Na]* are detected). At high laser power (Figure 3.5.C) mass
resolution gets worse as the peask width becomes broader. A large ion population
results in a broader spatid didribution of the ion coud. Higher ionisation yieds
promote this broadening of the cloud through the so-called ‘space-charge effect’,
that is an increese in repulsve forces between ions of the same charge. The
detector saturates at gpproximately 30,000 counts, which makes measurements of
reldive intendties above 30,000 counts impossble. At even higher laser energy
densty (ca 70mJ) characterisation becomes even more difficult (Figure 3.5.D).
Excessve fragmentation is obsarved in combination with the formation of dimers
and higher oligomers (clustering). These clugtering phenomena are attributed to the
higher neutral pressure in the laser plume at these high energies. The incressed
degree of fragmentation is attributed to the higher amount of internd energy
deposited into the surface. Rising the laser power dendity results dso in increased
sample consumption. High laser power dendty results eventudly in  serious
damage of the sample surface, which is vishble under the microscope.

In concluson, these experiments show that ionisation yields and sructura
information are interrelated parameters which depend on the laser power densty.
Additiond energy depostion amplifies the ion populaion (TIC) but promotes at
the same time the formation of a variety of additiond ionic species (dimers,
fragment ions). By tuning the lasr power densty correctly, it is possble to obtain
an optima population of the characteridtic ions. Low energy depostion during the
desorption/ionisation  process increases the probability to obtan molecular
dructure information by trandferring intact molecular ions and diagnostic fragment
ions into the gas phase. Furthermore, it limits the sample consumption and
preserves the integrity of the specimen surface for further analyses’. Practice
shows that sufficient variety of diagnogic ions with appropriate sSgna-to-noise
raio is obtained for laser power dendties within a smdl range (<5%) above the
LDI threshold vaue. Working in this energy domain provides the optima baance
between mass spectrd information and sample consumption. Therefore this energy

" A cluster ion consists of the main building blocks or structural moieties of the original molecule.

" High irradiance LDI could be interesting for speciation of inorganic substances. However, other
analytical techniques such as TOF-SIMS imaging (Heeren et al.) or SEM-EDX will be preferred in
this case since they limit considerably the damage of the sample surface and provide a superior
mass resol ution.
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domain was consggently chosen for performance of LDMS experiments on paint
maeridsin thisthess

34. Shot-to-shot variations

LDI experiments are usudly peformed with a series of severd laser shots
in close succession, and the resulting spectrd information is averaged to produce a
relisble mass spectrum. This practice is raiondised in the following experiment
where we monitor the spectrd information as a function of time during multiple-
shot anadlyses. The flavonoid morin was deposited as a thin film on a danless sed
probe and anadysed by LDI-ITMS. The UV laser was focussed to the surface of the
probe and employed with a repetition rate of ca 1 Hz. Phase-locking between the
trgo function (i.e. ion accumulation and scanning) and the laser triggering assured
that for each laser shot the spectrum is recorded under the same time conditions.
Since repeated laser shots increase the sample consumption, the number of laser
shots (or duration of the LD process) should be theoreticdly kept as low as
possible to prevent excessive damage of the sample surface.

Figure 3.7 shows the totd ion current (TIC) of morin, recorded for 45
seconds with an uncorrected offset of circa 2000 counts for the background.
During the time period t=[0-18s], the laser is Hill idle and the background is
recorded. At t=18sec the UV laser (355nm) is switched on and the totd number of
ions detected increases shortly to an average vaue of 6000 counts. During the time
period t=[18-33s], the TIC curve digplays a serrated profile with shot-to-shot
vaidion in excess of 30% (i.e. three times larger that the background variation). In
the ensuing period t=[33-50s] shot-to-shot variations vishly subsdes with vaues
mostly under 10% (i.e. comparable to the background variation).
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Figure3.7  Total lon Current (TIC) of morin in multipleshot LDI-ITMS
analyses at low laser power.

Firing of the
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Lasr hardware is condgdered to have only a negligible effect on the
vaiation in TIC intendty snce vaiation in power dendty from shot to shot should
not exceed 1%. The TIC profile is rather explained by modifications in time of the
photon-solid interaction as the didribution and reative intendgties of andyte ions
ae dightly different from shot to shot (no modifications were induced in the
experimentd  conditions during the measurement). Certan ions ae only detected
intermittently. In Figure 3.8 the spectra for two Successive laser shots are shown in
pardld. These irregularities are the direct consequence of shot-to-shot variations in
energy absorption. In most cases the fragmentation pattern of a molecule is
manifold and condsts of different fragmentation pethways. The quantity of internd
energy imparted to the molecules during the LDI process and subsequent collisons
with neutrds (neutrd pressure, ion neutral ratio) determines the most energeticaly
favourable fragmentation pathways. Modification of the locd surface configuretion
after each lasr shot (ablation) is likey to dightly modify the conditions of energy
absorption for the subsequent laser shots.
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Figure3.8  Sngleion current (S C) of morin showing the shot to shot variation
of the fragment distribution and relative intensity in LDI-ITMS
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We can clearly observe in Figure 3.7 that severd laser shots (about five)
are necessary before a representative TIC sgnd is obtained, and a few more (about
ten) before this sgnal presents a steady profile Severd laser shots are clearly
necessary to reach a dteady date temperature at the surface of the sample. We
propose that the delay in appearance of ions is caused by a temperature dependence
of the ion production. As the temperature increases, a pasma cloud is formed near
the surface of the sample. This idea has been proposed before to explan the
formation of sodiated and potassated gpecies under CO, laser
desorption/ionisation  conditions '°. Additiond absorption of the UV laser
radiation in the plasma cloud in our experiments could increase the ion production
by ionisng desorbed neutrd molecules and by increesing the internad energy of the
dready exiging ions. Temperature equilibrium is eventualy reached.

At low laser dendty the sample depletion is rather dow and severd
hundreds of shots are necessary to observe a meaningful decrease of the TIC. The
canera output does not offer sufficient magnification to accuratedly monitor the
modification of the sample surface during a multiple-shots experiment. However,
samples were examined dter andyss under high magnification (x400) with an
opticad microscope and it was not possible to observe any damage on the sample
surface after ten shots.

In concluson, LDI experiments should teke into account the dday in ion
production and the shot-to-shot variations by oversampling. Scans should be
averaged over severd shots (typicaly about 10) to obtain representative mass
spectra. In the case of automated-scanning experiments, a minimum amount of
shots (between 5 and 10) should be used to reach the TIC steady state.

Paint cross-sections

The complex micro-morphology of pant cross-sections and the limited
amounts of andyte represents a particular inconvenience to use multiple laser
shots. Sectioned paint samples present a highly heterogeneous set of paint
materids. Different chemicd compogtions ae found a different spots on the
sample surface, and deeper in the sample. Consequently, the compostion of the
andyte itsdf might change as the experiment goes dong. In this case, recording
spectra by averaging ion dgnd on seved shots (for a fixed location) is
problematicd athough it could contribute to dHaidicdly more rdevant data In
generd ablation volumes should be kept as low as possble to limit sample
consumption and safeguard the integrity of the layered dructure. On the other
hand, if the compound of interest is not dStuated directly at the surface some
etching of the surface layersis permissble.
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35. TOF-MSveausITMS pressureandtime-scale

Mass spectra obtained with the two mass andysers will be didinctively
different, even for identicd compounds messured under sSmilar LDI conditions
(Figure 3.9).
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Figure3.9  LDI of kaempferol at low laser power. The TOF spectrum (A) and

the ITMS spectrum (B) that demonstrates the formation of cluster
ions.

The two andysers differ in two important aspects. Firs, the anaysers
pressures differ 5 orders of magnitude between both andysers. Secondly, the totdl
andyss time varies between microseconds for the TOF-MS to seconds for the
ITMS. These two differences lead to a different gppearance of the andyte ions in
the different mass spectra

Pressure is measured at 10° mbar in the ITMS andyser compared to 1077
mbar in the TOFMS. High pressure in the andyser of the ITMS will lead to an
increased collison rate of the trgpped ions with the helium background gas. These
collisons can have two effects, they can increase the amount of interna energy of
the trgpped ions leading to an increased degree of fragmentation. On the other
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hand, the increased pressure can lead to the formation of cluster ions. In our
experiments we observe that the increased pressure mainly leads to an increased
relative amount of clugtersin the ITMS under amilar LDI conditions.

The peiod of time between ion formation and detection is sgnificantly
different in the TOFMS and the ITMS experiments. In both cases we believe that
difference in time definition of the initidly-generated ion packet only plays a
margind role since extraction is delayed and pulsed. Transport time to the detector
is estimated to be in the order of a microsecond in the TOF-MS compared to a few
microseconds in the low-energy transport system of the ITMS (note tha ions
produced in the source of the spectrometer gill have to be transported to the
detector). The totd andyds time in the TOF-MS is soldy governed by this
trangport time. In the case of the ITMS, an additiond accumulation, equilibration
and detection time of ca 1s is required and determines the totd anayss time.
During this extended time period, ions in the gas phase ae likdy to undergo
further trandformations such as fragmentation through collisons with neutrds and
formation of cuder ions or can be smply logt. This implies that the ion trap will
detect the metastable ions formed in the LDI experiment that are not observed in
the TOF-M S experiment.

3.6. loncallectioninthelTMSanalyser: LMCO

Efficiency of the ion collection in the ITMS andyser must be optimised
according to the type of andyte and the type of MS experiments. The different
parameters that affect the ion collection efficency are RF potentid during ion
accumulation, the ion kinetic energy and the pressure in theion trap.

The trapping RF potentid of the ITMS andyser is a periodicd wave of
IMhz. lons can be accumulate in the ion trap only for a certain amplitude range of
the RF dgnd. In Chepter 2 we have discussed the connection between the
frequency and amplitude of the RF fidd during ion injection and the lower mass
limit of trgpping. The time doman acceptance of the ITMS can therefore be
improved by modification of the low mass cut-off Moot ~°°. This is illustrated
with the following MALDI-ITMS andyss of polyethylene glyco (PEG)
HO[CH,CH,O]H, the reference compound used as caibrant in our experiments.
The PEG sample from Serva (Heidelberg) presents an average molecular weight of
400 Da The marix in the MALDI experiment was 2,5-dihydroxybenzoic acid
(DHB) from Sgma, Inc. The polymer sample was prepared by mixing a 1M matrix
solution in ehanol with an gpproximady 10g/L andyte solution in ethanal,
yidding a molar ratio meatrix/andyte of 1000/1. The anadyte and the matrix were
deposited as a thin film on a danless sted probe. The UV laser was focussed to
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the surface for LD and analyses were performed with the ITMS. In Figure 3.10 we
can observe that MALDI spectra recorded for different values of My-off (70u and
100u) give a different peak digtribution for the same PEG sample. This is evidence
that trapping efficiency depends on Meyi-ofr. IN practice it implies that optimisation
of Mcu-off IS required, especidly when the highest amount of one particular ion is
desred to perform multiple-stage M'S experiments.
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Figure3.10 Collection efficiency of the ion trap: MALDI-ITMS of polyethylene
glycol (PEG), MW,,=400, measured with M. of 70 Da (A) and
100 Da (B) showing the dissimilar distribution of the ions collected.

The trgpping characteridtics dso depend on the sze of the ion cloud which
is governed by the kinetic energy spread upon generation of the ions. Trapping
efficency will vary for the different pat of the ion cloud (0 to 100%), and
ggnificant amounts of ions will be logt (50%) during collection. Narrow ion clouds
(time digribution <1ns) are problematic since efficiency of the trapping depends
drongly on the value of the RF amplitude when the cloud of ions reaches the
entrance of the trap (in the worse case, no ions are trapped). Fortunately, the low
energy ion trangport sysem results in a kinetic broadening of the ion cloud. The
laser is fixed in synchrony with the oscillation of the RF dgnd and it has been
shown that the exact pogtion of the pulse in the RF period does not change the
reproducibility of the andyss. This indicates that the ion cloud must be wider (in
time) than a number of RF cycles.

Fndly, we should mention that correct trapping is only obtaned for a
limited ion population in the trgp. For high quantities of ions (as discussed in
previous paragraph) it is recommended to limit the ion introduction time, i.e the
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time period during which ions are dlowed to enter the trap. This is achieved by
applying a block voltage to the ion introduction lens. An excessve ion population
in the trgp induces a space-charge effect that modifies the trgpping potentid and
results in a deterioration of performance of the ion trap.

3.7. CID experimentswiththe I TMSanalyser

lons trgpped in the ITMS cdl can be invedtigated in multiple-stage MS
experiments (MS'"). Manipulation of the ions in the trap involves successve
operations in time (isolation, excitation, detection) that can be modified in order to
optimise the dructurd clues for molecular ducidation. In the illusraive MSMS
andyss presented here, molecular ions of the flavonoid compound kaempferol
were investigated in a non-gpatidly resolved experiment. The laser was tuned at or
dightly above the desorption-ionisation threshold where a continuous sgnd for the
intact molecular ion isrecorded (Figure 3.11.A).
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Figure3.11 LDI-ITMS of kaempferol at the laser threshold: MS analysis (A)
isolation of the pseudo-molecular ion Mz 287 at Mo = 125 Da
(B) demonstrating a clear increase of the signal to noise ratio.
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When the sample is in excess the lasr power dengity can be further
increased in order to enlarge the precursor ions population. Slightly higher
irradiance promotes the production of intact parent ions without excessve increase
of the fragmentation. A Mot Of 75 Da was chosen to obtain efficient trapping in
the mass range of kaempferol (m/z 286). Figure 3.11.B shows the isolation step of
the molecular ions. Isolation spectra are habitudly recorded prior to CID
experiments in order to optimise the population of the precursor ions. In this mode,
al ions except the molecular ion of keempferol are expeled from the trgp. In
prectice, ions isolated in the trap are typicaly sdected on a mass intervd with a
Gaussan didribution of Am/z) = 10 Da Therefore, after isolation the spectrum
dill shows the isotopic distribution of the radical cation and protonated molecular
ion of keempferol on the interval [286-289]: [M®*] and [M+H]* and their
respective isotopes. After isolation a new Mot Can be selected that best matches
the next MS operation (for the purpose of this example Meyoff = 125u). This
MSMS cut-off mass and the sdected ion mass determine the RF characterigtics
(frequency, amplitude) of the excitation pulse used for CID. The SN ratio is
gengdly dgnificantly increesed after isolaion. The transmisson of the ITMS
during isolation is theoreticdly integrd, i.e. dl ions ae retaned for subsequent
manipulation which means an identica absolute intensity of the sSgnad before and
after isolation.

All MSMS experiments in this thess were peformed with isolaion of the
precursor ions prior to fragmentation. This operaion grealy smplifies the
interpretation of the spectra since the relation between parent and daughter ions is
unequivocd. However, in a CID experiment it would be fully possble in theory to
fragment one or severd specific ions without proceeding to a prior isolation.

The isolated protonated molecular ion of kaempferol (m/z 287) was
fragmented usng collisond induced dissociagion (CID) in the trgp  cdl
Fragmentation in the trgp is obtained by resonantly accelerating the ions to induce
mutiple low-energy collisons with the surrounding hdium gas. When the
resonance excitation voltage is too smdl no fragmentation tekes place, and the
MSMS spectrum is identicd to the MS spectrum. With increasng excitation
voltage fragmentation occurs, firs margindly, i.e. protonated molecular ions ae
dill dominant, and then prevaently, i.e protonated molecular ions ae not
observed anymore. The totd amount of internd energy imparted during CID
determines  which fragmentation pathways will be taken. The compostion of
MSMS goectra is therefore depending on the intensty of the controlled
collisond-activation. If the excitaion is too smdl, collisons fal to produce
aufficient diagnogtic fragment ions. Conversdly, an excessve excitation hinders the
formation of diagnostic fragment ions and the MSMS spectrum is usdess. Correct
CID intensty must be sought for each particular compound (see section 4.5.4). As
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for angle MS experiments, exact reproducibility of the MSMS sequence of events
IS not expected. Didribution and rddive intengties of fragment ions dightly vary
from shot to shot and it iswise to average the spectrum over severd shots.

The MSMS experiment can be reterated severa times to invedigate the
fragmentation of the molecular ion. Fragment ions are then further investigated in
an additiond CID experiment (MS"). (Section 6.3.3 discusses an MS* experiment
with indigo). MSMS can be used for Sructurad studies of organic pigments in the
presence of a complex matrix or medium. To optimise the Sructurd information
acquired in MSMS two approaches are posshble. In the first one, the CID
amplitude is optimised to obtan a good bdance in the MSMS spectrum
composition between molecular ions and diagnogtic fragment reldive intengties.
In a second approach, a complementary set of spectra a different CID amplitudes
can be produced and the sum of this information is used for interpretetion.
Quantitative determination seems excluded.

3.8. Conclusgon

In LDMS andydss, dructurd information can be optimised by correct
preparation of the sample and tuning of the experimental parameters. New probes
were desgned specificaly to accommodate various forms of samples within the
two mass spectrometers Depostion of the sample as a thin film on a medlic
support or a TLC plate coated with cdlulose provides good ionisation yields. In the
case of paint cross-section, great care should be given to obtain surfaces as smooth
as possble Tuning the lasr power dendty near to dightly above the laser
desorption and ionisation threshold vaue offers the best conditions for the
formation of intact molecular ions and limited fragmentation. At the same time,
low laser power dendty guarantees smdlest deterioration of the sanmple.
Conversdly high laser power should be avoided s€ince excessve molecular
fragmentation makes the interpretation of the spectra more difficult. Experimenta
results have shown that optima desorption and ionisation conditions are obtained
in experiments where multiple laser shots are used in close successon. In LDMS
experiments performed with the ITMS, ion introduction times and mass cut off
must be tuned to optimise the spectrd information. Bet multi-stage MS
experiments are obtained by optimisng the dendty of the ion population of the
precursor ions trgpped in the cdl and then tuning the CID condition to achieve
satisfactory fragmentation of the parent ions.
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An LDMS investigation of traditional colouring
materials - Part |: Flavonoids *

In this chapter LDMS experiments on flavonoid compounds are reported.
Successful LDI and MALDI analyses performed with the ITMS and TOF-MS
analysers demonstrate the applicability of LDMS techniques to the analysis of
organic yellows. Results are shown on a series of reference flavonoid compounds,
plant extracts and lake reconstructions. Multiple-stage mass spectrometry is
employed to identify different flavonoid aglycone isomers and investigate
flavonoid-O-glycosides. Desorption and ionisation with an UV laser (337nm and
355nm) is a feasible approach for in-situ sampling from a complex surface with a
gpatial-resolution down to 10 micrometers. Spatially-resolved LDMS results the
characterization of flavonoids on single dyed fibres are demonstrated.

" This chapter is based on the publication: Wyplosz, N., Heeren, R.M.A., van Rooij, G. and Boon,
JJ.. Anasysis of Natural Organic Pigments by Laser Desorption Mass Spectrometry: A
Preliminary Study to Spatially Resolved Mass Spectrometry, Dyes in History and Archaeology
16/17 (2002), 187-198, Archetype Publications.
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4.1. Introduction:

Flavonoids are ydlow organic colouring materids traditionadly used to
prepare artists pigments and textile dyes 1+ 2 5 16 22, 27, 28, 69, 128 Thgjr noor
lightfastness has been known for a long time and the vigble degradation of ther
colour in museum objects with age is a serious concern for conservation scientists
8133, 35 39 A grest number of publications are available on the occurrence,
medicind importance or structura determination of flavonoids 2° *°, and a range
of chromatographic and mass spectrometric techniques are routindy used for ther
andyss 8 13138 |n the fidd of conservation stience, however, only few

techniques have been proved successful for the invedtigation of flavonoid yelows
23, 32, 37, 46, 51, 59, 67, 76, 77, 79, 139

Identificstion of organic pigments in  pantings remans paticularly
problematic dnce colouring maerids ae gengdly preset in very gamdl
quantities, mixed with a medium and entangled in a complex layered dructure. In
addition, origind colours have often dramaticaly faded away and pigments ae
hardly observable anymore. The nature of the flavonoid/subsrate/medium systems
in easd paintings is Hill incompletely understood and their complex degradation
mechanisms have been hardly addressed at al.

Reaults presented in the literature concern the study of flavonoid reference
compounds 3% 1?8 dyes extracted from fibres ¥, and paint samples.
Chromatography and mass spectrometry provide sufficiently detailed information
for podtive chaacterisation of flavonoids and the invedtigation of ther
degradation mechanisms ¢ %°. Unfortunately, analytical procedures used so far
necessitate to first dissect the coloured layers, or to extract and derivatize the
colouring materid. As a result, investigation of museum objects often fals by lack
of aufficient amounts of materid, and andyses are not possble with embedded
paint cross-sections 3. For this reason, the presence of yelow pigments in paint
samples is commonly infered from crcumdantid evidence provided by
identification of materids traditionaly used as a subgtrate for the flavonoids.

In this chepter we examine the gpplicability of LDMS for the identification
of flavonoid dyestuffs treditiondly used in easd pantings. LDMS invedigdtion is
performed with LDI and MALDI on ITMS and TOF-MS andysers. Andyss will
focus firg on a series of flavonoid aglycones present in plants used to prepare the
organic ydlow pigments. The molecular dructures of these flavonoids are shown
in (Figure 4.1). Podtive identification of dructurd isomers is paticulaly
problematic in mass spectrometry since molecules have the same dementd
compodtion hence the same molecular mess. The use of multiple-stage mass
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spectrometry (MS") peformed with the ITMS will be demonstrated in the case of
luteolin, kaempferol and fisetin, three flavonoid compounds with the same
molecular mass that only differ by the pogtion of one of their four hydroxyl groups
(Figure 4.1). This anaytica gpproach will be dso applied to the characterization of
the aglycone moietly of a flavonoid-O-glycosde as wedl as a flavonoid lake
manufectured in the laboratory after traditiond recipes. Spatidly-resolved LD is
demongtrated with the in-situ invedigation of dyed textile fibres. This
draightforward procedure diminaes the use of extraction and derivatization of the
colouring materids prior to fibre andyss.

Kaempferol (1) Fisetin (2) Luteolin (3)

OH
HO 0 ‘ HO
CI |

OH O

Apigenin (4)

OH O OH O

Morin (5) Quercetin (6) Quercitrin (7)

Figure4.1  Molecular structure of flavonoid compounds studied by LDMS with
their corresponding molecular masses. kaempferol (286 Da),
luteolin (286 Da) and fisetin (286 Da); apigenin (270 Da) and
genistein (270 Da); morin (302 Da) and quercetin (302 Da); and
guercitrin a quercetin rhamnoside (448 Da). Note the different
positions of the hydroxyl groups in (1), (2) and (3), and of the B
ringin (4) and (5).
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4.2. Flavonoid pigments

4.2.1. Materials and practice

Ydlow organic colouring maerids are known dnce the antiquity and have
been used both as dyes for textiles and pigment for paintings. The principa sources
of organic yelows ae plants contaning colouring materids belonging to the
chemicd cdass of flavonoids (from the Latin flavus. ydlow). Havonoids are
extremely widespread in the vegetable reign and can be extracted from a vast
number of plants. Only a few biologicad sources, however, contain colouring
materids that were consdered sufficiently light fast for use in the preparaion of
atigs pigments. Some of the most widespread traditional sources for artists
pigments were weld (Reseda luteola L.), buckthorn berries (of the genus
Rhamnus), dyer's broom Genista tinctoria L.), young fugtic (Cotinus coggygria
Scop.), old fustic (Chlorophora tinctoria L.), and black oak Quercus velutina
Lamk.) in use since the end of the 18™ century.

Colouring materids present in these plants beong essentidly to the three
flavonoid groups of flavones, flavonols and isoflavones. Figure 4.2 shows the basic
molecular sructures and labdling sysem of these flavonoid groups. Molecular
sructures are dl based on a phenyl group (ring marked B) attached to a 4H-1-
benzopyran-4-one (rings marked A and C). When the phenyl group is bound in
postion 2 the flavonoid belongs to the group of flavone, and when it is bound in
podtion 3 the flavonoid beongs to the group of isoflavone. When the Gring of a
flavone molecule is oxygenated in pogtion 3, it beongs then to the group of
flavonols. Additiond oxygenation of the A- and B-rings does not dter the
flavonoid type nomenclature.

Flavone Flavonol Isoflavone

Figure4.2  Basic molecular structure and nomenclature of flavones, flavonols
and isoflavones.

68



Flavonoids

In the plant sources conddered in this study, flavonoid molecules possess
vaious types of subditutions notably hydroxylation, methoxylation, and
glycosylation. The type and podgtion of the subdituents confer Specific
chromophoric properties to the molecule. Flavonoids, in which one or more of the
hydroxyl groups are bound to one or more sugars are cdled flavonoid-O-
glycosides, whereas flavonoids without attached sugars are cdled aglycones. Plant
extracts used in the production of yellow lakes may contain flavonoids of different
types - dther in the form of aglycones or in the form of glycosdes - and in
different concentrations. The presence of each of these various compounds
influences the colour characteristics of the pigment. If the lake manufacturing
process involves hydrolysis of the plant extract, glycosdic bonds are broken in the
process, which yields the corresponding aglycone moiety .

4.2.2. Molecular analysis of flavonoids and flavonoid pigments

Flavonoids conditute a considerable group of nauraly occurring phenols
with more than 5000 different sStructures dreedy identified. Flavonoids receive
increesng interest due to ther medicind properties. They possess antioxidant
activity and exhibit anti-tumour, antibacterid, and antivird effects. Identification
of flavonoids and ther glycoddes are a growing topic in andytica chemistry and
the literature on the subject is quite extendve. Indrumenta andyss of flavonoids
is quite wide-ranging and includes notably chromatographic methods such as
HPLC or GC, spectroscopic methods such as UV, IR, NMR and MS and the
combination of them, for instance HPLC/UV, HPLC/MS, MSMS, etc.

In the last decade, invegtigation of flavonoids with mass spectrometric
techniques has received condderable attention since it provides detailed sructurd
information with only micrograms amounts of samples. lonisation techniques used
in mass spectrometry of colouring materids have been reviewed by Van Breemen
8% Gas-phase ionisation techniques suwch as dectron impact (El) and chemicd
ionisation (Cl) exclusvely used until the 1980's are ill very common today (for
ingance with APCI). Vaious desorption ionisation and ion evgporation methods
were introduced later and eiminated the need for derivatization: fidd desorption,
plasma desorption, fast atom bombardment (FAB) or liquid secondary ion mass
spectrometry (liquid SIMS), thermospray, ion spray, eectrospray (ESI) and laser
desorption (LD).

Literature concerning the invedtigaion of flavonoid compounds in
Conservation Science is neverthdess particulaly scarce. Andyses of flavonoid

" In the case of dyed fibres, analytical procedures involving the use of alkali to ext ract the colouring
material can break the glycosidic bond and yield the corresponding aglycone.
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fabric dyes were reported with UV-VIS spectroscopy *' and non-destructive

andyses of ydlow lake have been presented usng photo-luminescence
spectrometry  (spectro-fluorometry) 1% 142, Deterioration of flavonoids in
laboratory models has been investigated with colour measurements *°. Mass
spectrometry (DTMS®’, ESI and APCI-ITMS #°), and photodiode array HPLC 7 7®
which combines the advantage of Smultaneous separation and quantification have
shown very promising results. Unfortunately, none of these techniques enable the
dructurd andyss of flavonoids directly from the surface of the sample. The
objective of this chepter is therefore to explore LDMS for the invedtigation of
flavonoids directly from complex surfaces such asthin films and dyed fibres.

4.3. Experimental

4.3.1. Instrumental set-ups

Anayses were peformed a two different wavelengths in the ultraviolet
range. a 355 nm (Q-switched Nd:YAG laser) on the ITMS and a 337 nm (N2
laser) on the TOF-MS. Desorption and ionisation was performed directly (LDI) or
with the assstance of a matrix (MALDI). Measurements were performed ether in
positive or in negaive mode. Note that LDMS investigations were evenly divided
between the TOF-MS and the ITMS andysers, and unless otherwise Stated —
notably in MS' experiments — the choice of the andyser was determined by the
availability of the indrumentation. For a detailed description of both instruments
we refer the reader to Chapter 2.

Comparative measurements were aso peformed with Direct Temperature
Mass Spectrometry (DTMS) on a sector instrument JEOL SX102-102A (BEBE) ©
obtan better indght into the effects of ionisation and fragmentation processes.
Samples are deposited at the tip of a direct insertion probe fitted with a resgtively
heatable platinum/rhodium (9/1) filament (100 mm diameter). The probe filament
was temperature programmed to heat a a rate of 0.5 A min " (approximately 8°C
s to afind temperature of about 800°C. lons were generated by dectron impact
ionisation (EI).
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4.3.2. Flavonoid samples

Reference  flavonoid compounds include agpigenin, genigen, fisgin,
kaempferol, luteolin, morin, quercetin and its glycosde quercitrin. Their molecular
dructure is shown in Fgure 4.1. All these flavonoid compounds are found in
plants traditionally used to prepare organic yellow pigments 2.

- Kaempferal, found in the weld plant (Reseda luteola L.) in the form of
kaempferol-3-glucosd-7-rhamnosd, and in the common buckthorn (Rhamnus
catharticus L.) in the form of kaempferal- 7-methylether (rhamnocitrin).

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

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

- Apigenin, amgor compound of the weld plant (Reseda luteola L.).
- Genigein, found in the dyer’s broom (Genista tinctoria L.).
- Morin, amgor compound of the old fustic (Chlorophora tinctoria L.).

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

Apigenin and lutedlin are flavones, genigein is an iso-flavone, and fisetin,
kaempferol, morin, quercetin and quercitrin belong to the flavonols (hydroxyl
group in postion 3). Reference samples were obtained from Sgma and FHuka and
were used without further purification.

Ydlow lekes dudied in this chapter were manufectured by A. Wallert
(Rijksmuseum, Amsterdam) according to traditiona recipes found in documentary
sources. Colouring materid is extracted with an akaine agueous solution of
K2COs from the agppropriate dried parts of the plant (traditiondly the akaine
solution was a lye made from wood ash or stde urine). Aluminium hydrate in the
form of dum (AIK(SO4)2.12H,0) is added to induce the formation of an Al(OH)3
subdrate that precipitates with the colouring materia fixed onto it. Aluminium
forms a complex with the colouring materids. In the process of textile dyeing, the
coordination of the complex anchors the colouring materid to the fabric. Al(OH)3
formed in excess in the process might dso serve as subdtrate by absorption of
colouring materids. The precipitate is eventualy washed and dried leading to the
solid coloured pigment.

Usng traditional recipes, dum-mordanted wool was dyed with quercetin a
the Naiond Museum of Scotland, and the samples were kindly supplied by Ester
Fearera At fird, mordanted wool was prepared with dum (potassum auminium
sulphate KAI(SO4)2) and potassum hydrogen tartrate. The wool was then died
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with a 1mM bath of quercetin. The experimenta methods have been described
more fully in the literature 7 14,

4.3.3. Sample preparation

Samples in Lasr Desorption and lonisation (LDI) experiments were
deposited as a thin or thick film on a danless sed probe. For thin films a few
micrograms of the sample were mixed with ethanol (the molarity does not maiter
here). Generdly, the andyte powder incompletely dissolved and the suspenson
was homogenised using a vortex mixer. About 5 microliters of this solution or
suspension were deposited onto the probe with a pipette and dried in vacuum.
Evaporation of the ethanol vehicle leaves the particle adsorbed at the surface of the
probe. For thick films a few micrograms of pigment were deposted directly on the
aurface. A few microliters of ethanol were deposited to disperse and adsorb the
sample a the surface of the probe. The MALDI experiments were exclusvely
performed using 2,5-dihydroxybenzoic acid (DHB) as a matrix. DHB serves as a
proton donor and produces [M+H]" ions of the andyte. DHB itsdf produces ions
in the low molecular mass range that can be eadly identified. A thin layer of the
sample is firs absorbed on the surface of the probe as for LDI experiments.
Subsequently, a thin matrix layer is deposted on top of the sample. This approach
was chosen to mimic as much as possble the way in which a matrix would be
applied when andysing a paint cross-section.

Flavonoids on wool fibres were andysed in-situ, the sample fibres being
clamped at their two ends in the probe cavity. Individud fibres can be fastened in
close contact with the metalic substrate provided that the two ends are correctly
secured. In the case of a bunch of fibres dl the threads cannot possbly be
podtioned in contact with the substrate. Fibres are therefore not dl in the same
plane, and some might even be loose a one end. When drands of millimetric
thickness are sudied, the surface of the sample bulges out of the sample cavity. A
gngle fibre of ca 10-30 micrometers in thickness can be eadly locdised under
microscopic magnification and pogtioned in the laser beam thanks to the XY
manipulation system of the probe. The diameter of the laser beam corresponds
approximatdy to the thickness of the individud fibres.

4.3.4. Masscalibration

A mass cdibration for TOF-MS measurements was redlised before each
sies of measurements to obtain optimad mass accuracy. Two samples of
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polyethylene glycal (PEG) with a molecular weight digribution of averaging nvz
400 and 1000 respectively served as cdibrant. MALDI measurements were
peformed with a mixture of a ImM ethanol solution of PEG and a 1M ethandl
solution of DHB. The mixture was deposited on the surface of the probe and the
ethanol vehicle was left to evaporate. Calibration was redised with pegks from the
DHB and the PEG at regular intervas in the m/z range [0-1500].

M® M’ +e (Eq. 1)
M7*+M ® (M-H)® + [M+H]" (Eq. 2)
M+e® M” (Eq. 3)
M+ Na"® [M+Na]* (Eq. 4)
(M-H)? + € ® [M-H] (Eq. 5)
2M* ® [M-H] + [M+H] (Eq. 6)

Table4.1 Activation and ionisation mechanisms.

4.4. Characterization of flavonoid aglyconeswith LDMS

A fird series of experiments was conducted to assess the potentid of
LDMS in the invedtigation of flavonoid aglycones. Samples incude kaempferol,
fisdtin, luteolin, gpigenin, genigein, morin and quercetin. Andytes were andysed
in LDI and MALDI experiments with the two mass andysers — TOF-MS and
ITMS — and for different laser power dendty ranges. Multiple-stage mass
spectrometry (MS") was performed on the ITMS to provide additional structural
information. DTMS andyses with the sector ingrument in MS and MSMS mode
were performed additiondly to confirm the results obtained with LDMS.

Paticular atention is given to the mass spectrd information as a function
of the flavonoid group since previous MS dudies have shown that aglycones
within a same group have smilar fragmentation paterns 3 32, Havonoid
aglycones andysed incdude two flavones (gpigenin and Iuteolin), four flavonols
(fisetin, kaempferol, morin, and quercetin) and one isoflavone (genistein). The
posshility to diginguish between flavonoid dructurd isomers (molecule of
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identicd mass but different Structures) was researched, as this information would
make it possble to trace the biologica origin of a naturd organic yelow pigment.
Havonoid aglycones under investigation here include isomers belonging either to
the same flavonoid group or to different groups keempferal, fisgtin and Iuteolin a
m/z 286; gpigenin and genigein a m/z 270, morin and quercetin a m/z 302
(Figure 4.1).

441 Laser Desorption and lonisation (LDI)

Samples were al prepared and measured under the same experimentd
conditions. Photoionisation spectra were obtained for each sample working a low
laser power dendty. High intendty of the sgnd gives evidence for good response
of the flavonoid a both 337nm (nitrogen laser in TOF-MS experiments) and
355nm (Nd:YAG laser in ITMS experiments). This is explained by the highly
conjugated sructure of the flavonoid compounds and their strong absorption in the
UV range (one of their biologicd functions). LDMS spectra obtained for the
different flavonoids present many smilarities (Table 4.1). Kaempferol is presented
as arepresentative case.

LDI-TOF-MS

A typicad photoionisation spectrum of kaempferol obtained with LDI-TOF-
MS is shown in Figure 43A. Three different regions can be distinguished, which
correspond to different ionisation mechanisms. A series of peaks in the range of
the molecular mass (m/z 286 and above) represent the bulk of the sgnal observed
in this spectrum. In the lower mass range [M/z 0-286] a few fragment ions are
observed at m/z 143, 165, 229 and 271 as well as sodium and potassum ions. Only
few ions with very low abundances corresponding to dimeric species are observed
in the mass region from m/z 600-650. Such a spectra distribution — with prevaent
detection of intact-molecules — is evidence for a soft ionisation process. In the
mass spectrum, we can identify different ionisation processes.

In the range of the molecular mass, the radica cation M’* is observed at
m/z 286 with only a negligible abundance. Dominant pesks a m/z 287, 309 and
325 are assigned to the protonated molecule [M+H]" at m/z 287, the sodiated
molecule [M+Na]" and a water adduct [M+H+H,O]". The smultaneous formetion
of the radical cation, protonated and sodiated ions indicates that different ionisation
processes take place a the same time during LDI.

The negligible proportion of ions detected at m/z 286 corresponds to direct
ionisation to the radica cation M”*. Energy of one single photon (3,68eV) emitted
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by the nitrogen laser a& 337nm is not sufficient to ionise the flavonoid compounds .
The radicd cation must result from a multi-photon ionisation (MPI) process (Table
4.1).

[M+H]* .
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6000 T

4000
1K L—b—-—h"»

Fragments 290 300 310

2000 —

M]*

] E[Mmar
f [M+K]*

W
R
=}
2
N

Saturation of the detector

30000 1

25000 5 B

20000 1
Fragments
15000 A
/'—)%
10000 A
Dimers Trimers
5000 1
L) PO T ST Llil_.ll.lj.“. i
200 400 600 800 m/z

Figure4.3  Direct LDI-TOFMS of pure kaempferol with a UV laser emitting at
337nm: just above the desorption threshold (A) and with a higher
laser power (B). In both cases, 150 shots were accumulated and
averaged to improve the signal to noise ratio. Note that at high
laser power the detector reaches saturation around 30000u.

To explan the formation of protonated molecules, we propose that
kaempferol acts as its own proton donor % °  The conjugated structure of the
flavonoid molecule combined with the various hydroxyl subdtituents mekes the
molecule a good proton donor. Supportive evidence is provided by the negative ion
spectrum, where intense peaks at m/z 285 (base pesk) and 286 (50% relative

" The ionisation potential (IP) of kaempferol in the gas phase is estimated - through comparison
with molecules of similar structures to be in the order of 7-8eV. Photon ionization a UV
wavelength of 337nm (3,68eV) and 355nm (3,49eV) requires therefore at least two photons. In the
condensed phase, it ismore likely that LDI of kaempferol requires more than two photons.
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intensity) are assigned to the radicd anion M”™ and to the deprotonated molecule
[M-H]". We speculate that the formation of [M-H]™ results from eectron capture
from the intermediate species (M-H)’. The grest smplicity of the negative ion
spectrum suggests that this mode could be preferred for rapid identification.

Cdionization by dkdi ions is common in LDMS expeiments and
formation of sodium and potassum adducts is explained by the presence of sodium
and potassum in the sample. This is supported by intense pesks a m/z 23 and 39
assigned to Na' and K*. Formaion of sodium and potassum adducts most
probably corresponds to akdi ion attachment to neutrds in the ablation region, or
desorption of pre-formed salts from the condensed-phase.

At higher laser power dendties (Figure 4.3.B) the desorption and ionisation
process becomes more energetic and new features can be observed in the spectra
lon intendties increase dgnificantly and the genera profile of the spectra becomes
more complicated as numerous additional ions are detected.

Groups of ions are observed in the mass spectrd region where dimers and
trimers are expected. All ions assgned in these regions have a sodium or
potassum ion incorporated. We assume that this condition is necessary for the
dability of the dimeric species. Pesks a m/z 595 and 611 are assigned to the
sodiated and potassiated adduct of the dimer [2M+Na]™ and [2M+K]*. A mgority
of the additional peaks can be assigned to species containing more than one akali
ion. For instance a pesk at m/z 617 is assigned to the ions [(M-H)Na(M)]Na'. This
complex dimeric species is the result of sodium ion atachment on a st molecule
composed of deprotonated molecules and a sodium ion. The relative abundance of
these ions sgnificantly increases when higher laser power dengties are employed.

Additiond dimeric species with multiple akdi aoms are assigned a m/z
633 to [(M-H)K(M)]Na', a m/z 649 to [(M-H)K(M)IK*, a m/z 655 to [(M-
H)Na(M-H)K]Na", a m/z 671 to [(M-H)K(M-H)K]Na'. With high laser power
dengty, the same phenomenon is observed in the mass range corresponding to
trimeric species. lons are assigned a m/z 903 to [(M-H)Na(M)(M)]Na’, at m/z 919
to [(M-H)K(M)(M)]Na', at m/z 935 to [(M-H)K(M)(M)]K*, a m/z 957 to [(M-
H)K(M-H)K(M)IN4'".

We propose that formation of such ions is the result of laser-solid
interaction in the condensed-phase during LDMS andyss with laser shots in close
successon (typicdly 2Hz in this series of TOF-MS experiments). Formation of
these ions is explaned by pre-formation in the ablation region of excited species
[M-H?] followed by subsequent dimerisation and alkali attachment.

Identica formation of dimeric and trimeric species with multiple dkdi ions
was adso obsarved for the two isomers of kaempferol, i.e luteolin and fisetin, as
well asfor the other flavonoid species.
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LDI-ITMS

Kaempferol was deposted on the probe in an identical fashion as for TOF—
MS experiments and andysed with the ITMS dightly above the desorption
ionisation threshold. Figure 4.4.A demondrates that the pure reference compound
is successfully desorbed and ionised with a Nd:YAG laser operating a 355nm
yielding the same protonated molecule as in the LDI-TOF-MS spectra. In the
threshold spectrum, a strong preponderance of protonated molecules, negligible
radical caion and fragment ions is evidence for a soft desorption and ionisation
mechanisn in good agreement with the LDI-TOF-MS results. Characterigtic
fragment ions (not visble in Figure 4.4.A), are detected at m/z 121, 153, 165, 213,
259 and 271 with arelative abundance <1%.

Abund. 4
100 ]
80 (A) Kaempferol

60 |

40

20 ] [2M+Na]*

P |

[M+H]*

100 [M+H]+
80 (B) Fisetin
60 [2M+Na]*
40 7
20 ] L | |
100 ] [M+H]*
80 (C) Lutedlin
60 ]
40 ]
20

[2M+Na]*

| /. PRRRETRIY W) n " _L_,_, " P " M 1 L._-..
200 300 400 500 Mass [u]

Figure4.4  LDI-ITMSof kaempferol (A), fisetin (B) and luteolin (C).

In the higher mVz range, the sodiated dimer [2M+Na]* is detected a m/z
595. This further supports the hypothesis of Na ion incorporation in the dusters.
Additiond ions a m/z 580, 564 and 548 are presently unidentified. The stability of
the sodiated dimer was demondrated in an MSMS experiment where
fragmentation of the dimeric gpecies (m/z 595) yielded fragment ions assgned to
the loss of one and two carbonyls.
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DHB lons [M+H]*
1.07 (—H '+f
+
O(\I
[M+H] T
0.8 §>/[M+Na]+
M@«M
0.67 —— —
260 280 300 320 340
[M+DHB]*
0.41

0.21

| -

0.0+ - - ‘ - - ‘ - - -

0 100 200 300 400 500 600 700 800 900 m/z

Figure45 MALDI-TOF of pure Kaempferol in a 2,5-DHB matrix. 150 shots
were accumulated to obtain this spectrum at similar laser power
densities used to obtain Figure 4.4. The peaks marked with “ ~" are
matrix peaks that were also found in the blank matrix experiments.

In concluson, LDIHTMS and LDI-TOF-MS experiments performed at
low lasr power dendty provide smilar dructurd information. Mass spectra
display essentiadly protonated molecular ions [M+H]" with litle additiond
diagnogic fragment ions. As a rexult, LDl spectra do not provide sufficient
dructurd  information to podtively  didinguish  between  different  structura
isomers. In order to increase the sructurd information in LDl experiments, the
MSMS capabilities of the ITMS were therefore employed (Section 4.5). For this
purpose, a series of additiona MS experiments were first performed in order to
sdect optima LDI experimenta conditions (pressure, laser power dendty, etc) to
optimise the production of precursor [M+H]" ions for MS/M S experiments.

44.2 Matrix Assisted Laser Desorption lonisation (MALDI)

MALDI-TOF-MS and MALDIHTMS experiments — with DHB as a
matrix — were conducted with the same series of flavonoid samples and results
were compared with LDI data. A representative MALDI-TOF-MS spectrum at low

79



Chapter 4

laser power dengty, illustrated with kaempferol (Figure 4.5), shows the flavonoid
aglycone to be almost exclusvely detected as the protonated molecule. Smilar to
the LDI experiments both water and sodium adducts are found (Table 4.1). An
abundance of matrix-related pesaks is detected that can be readily assigned through
comparison with a mairix blank experiment. In contrast to the LDI experiments,
oligomeric clusters are not observed. This supports our earlier assumption that
these species are formed by laser-solid interaction in multiple shot andyses.
Absorption of the photon energy by the DHB matrix prevents these phenomena In
MALDI-ITMS, the <oft naure of the MALDI process is confirmed snce
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Figure4.6  Low-energy CID spectra of the protonated molecular ion of the
three structural isomers kaempferol, luteolin and fisetin in an
MSMS experiment with the ITMS Diagnostic fragment ions
marked with an arrow make it possible to distinguish the three
Isomers.
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kaempferol shows up exclusvely as protonated and sodiated molecular ions,
wheress fragment ions are dmogt totally absent. The matrix (DHB) is essentially
observed by a pesk a m/z 137, whereas in MALDI-TOF-MS the digribution of
matrix ions is much broader.

45. Sructural analyss of flavonoid aglycones with multiple-
dageLDIHTMS

LDMS data presented above are not informative enough to conclusvely
differentiate flavonoid of the same dementd compodtion in samples with an
unknown compostion. The isolation and dissociation capabilities of the ITMS
were therefore employed for dructurd examination of flavonoid isomers. A
dandard multiple-stage mass spectrometric  strategy  described in - Chapter 2,
involving sequentia  ionisdtion,  purification, dissociaion and  product ion
detection, was employed in these LDI-ITMS experiments. Tuning the laser power
densty dightly above the desorption threshold dlows for minimd internd energy
depogtion in the andyte molecules and limited sample consumption. Multiple-
dage DTMS experiments with a sector indrument were additiondly performed to
better understand the formation of ionsin LDMS experiments.

451 Multiple-stage LDI-ITMS of kaempferol

Protonated molecules of kaempferol (m/z 287) were isolated in the ITMS
cdl and fragmented using collisonad induced dissociation (CID). Spectra of the
isolated species were recorded to confirm that the parent ion was correctly isolated.
Sdection of the ion in the trgp was achieved within a standard range of
Dm/z=10Da. The base pesk dafter isolaion is the protonated molecule, but a minor
contribution of the radical cation cannot be avoided .

Figure 4.6.A shows the MSMS spectrum of keempferol a low energy CID
averaged over severd laser shots with optimised conditions (resonance excitation
voltage and low mass cut-off). Results obtained a low-energy CID are found to be
in good agreement with fragmentation of the molecular ion obtaned by FAB
tandem mass spectrometry reported by Maet al. 1%,

" The isolation capabilities of the ITMS in this experiment have a mass range of approximately
10Da, which means that the protonated molecule is not isolated from the radical cation. In the CID
experiment only the protonated molecules at m/z 287 are excited and fragmented however.
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Fragment ions are labelled according to the nomenclature proposed by
these authors (Figure 4.7). The YA* and "B* labels indicate fragment ions
containing intact A and B rings, respectively. The superscripts i and | indicate the
postion of the C-ring bonds that have been broken. The additionad loss of smdl
neutrd molecules such a CO from A" is smply noted %?A*-CO. For smplicity,
the ions formed by the direct loss of radicds or smdl neutrd molecules (eg. a
carbonyl) from the radical cation [M+H]", are not indicated with specid labels.

1,3A+

13B+
—

Figure4.7  Nomenclature (according to Ma): cleavage of the C ring in 1/3
yield M3A* (fragment with intact A ring) and **B* (fragment with
intact B ring).

The low-energy CID spectrum of [M+H]" of keempferal is illustrated in
Figure 4.6.A. Man characterigic fragment ions ae liged in Table 4.3. lons
corresponding to the (combined) loss of H,O and CO from the protonated
molecule [M+H]" were assigned to the following fragment ions [M+H-H,O]" at
m/z 269, [M+H-CO]* a m/z 259, [M+H-H,O-COJ]" a m/z 241, [M+H-2CO]" at
m/z 231 and [M+H-H,0-2CO]" at m/z 213.

The presence of an intense pesk & m/z 258 can be explained in different
ways. This ion can amply be the result of the loss of a carbonyl from radicd
cations tha have not been discarded from the trap during the isolation step. Since
the population of radica cations was low in the MS spectrum after isolation, we
raher assume that the loss of cabonyl from the protonated molecule is
accompanied by the loss of a proton. Experiments were performed with DTMS to
support this assumption (see below).
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The remaning fragment ions can be explaned by two different
fragmentations of the C-ring, namely cleavage in 1/3 and cleavage in O0/2. The
fragmentation pathway with the 1/3 cleavage corresponds to a retro Diels-Alder
fragmentation (Figure 4.8). Fragment ions resulting from this cleavage are
identified as A" at m/z 153, (*B*-2H) at m/z 133 and (**A*-C,H,0) at m/z 137.
Fragment ions resulting from the 0/2 deavage are identified as %2A* a m/z 165,
(®?A*-CO) a m/z 137 and °°B* & m/z 121. Ma et al.** have proposed a
fragmentation pathway, involving the protonation a the C-3 and C-2 postion
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Figure4.8 Comparison of the retro DielsAlder fragmentation of protonated
fisetin, kaempferol and luteolin showing the similarity and
dissimilarity of the resulting A" and °B* fragment ions.
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followed by cleavage of bonds O and 2 in the C-ring. This mechanism would be
characterigtic of flavones.

Advantageoudy, these diagnogtic ions contain intact A and B rings tha
provide us with information concerning the oxygenation paitern in the parent ions.
Inthis case, dructurd informetion is sufficient to pogtively identify kaempferol.

452 Multiple-stage LDI-ITMS of luteolin and fisetin

MSMS experiments were conducted under identical conditions with fisetin
and luteolin, two gtructurd isomers of kaempferol (Figure 4.1). Fisgtin belongs like
kaempferol to the group of flavonols, wheress lutedlin is aflavone.

Kaempferol Fisetin Luteolin

[M+H-H,0T" 269 269 269
[M+H-COJ" 259 259 259
[M+H-C,H,OT" 245 245
[M+H-H,0-COJ" 241 241 241
[M+H-2COT" 231 231
[M+H-C2H20-C2H2]+ 219
[M+H-H,0-2COJ" 213 213
[M-C,H,0-C,H,0]" 203
02pt 165 149

92A*-CO 137 121

L3p* 153 137 153
L3A*-C,H,0 111

04g+ 179
04B*.H,0 161
02g+ 121 137 137
13g+ 135
13B*2H 133 149

Table4.3 Attribution of the fragment ions in the CID spectra of luteolin,
fisetin and kaempferol (labelling according to the nomenclature
proposed by Ma et al.).

The low-energy CID spectra of (pseudo)-molecular ions of the three
dructurd isomers are illustrated in Figure 4.8, and acomparative overview of nan
characteridic fragment ions is given in Table 4.3. It is gpparent that the multiple-
dage MS gpectra of the three isomers are sufficiently different for postive
discrimination Diagnogtic fragment ions used to digtinguish the three isomers are
marked in Figure 4.8 with agrey arrow.
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Fisetin presents a fragmentation pattern characterigic of flavonols and a
padld can be drectly edablished with kaempferol to assgn the different
charecterigtic fragment ions. On basis of ther MSMS spectra, the two molecules
can be unequivocdly diginguished. The number of hydroxyl group subdituents
present on the A-ring for the two isomers is immediatdy reveded through
cleavage of the C-ring. For ingance, kaempferol, that is doubly oxygenated on
positions 5 and 7, yidds %2A* fragment ions a nvz 165, wheress fisdtin, thet is
only oxygenated on position 7 yields 2A* fragment ions a nvz 149.

Lutedlin has a different fragmentation pattern specific for the flavone group
(Figure 4.7). A third fragmentation route involving cleavage of two C—C bonds at
postion 0/4 of the C ring is additionaly observed. This pathway corresponds, like
the cleavage in 1/3, to a retro Diels-Alder fragmentation. The peak observed a mv/z
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Figure4.9 DTMS of kaempferol performed at 16eV electron impact ionisation
with a JEOL SX 102A double focusing mass spectrometer with B/E
geometry. Total lon Current (A) and mass spectrum (B).
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161, corresponding to ¢*B*-H,0) fragment ions is distinctive of luteolin and is not
observed in the spectrum of the two other isomers. A second characteristic
difference for molecules belonging to the flavone group concerns the absence of a
hydroxyl group in postion 3. A loss of 42 Da (C,H-0), explained by protonation at
C-3 and subsequent cleavage of two C—C bonds a position 24 3% reaults in
fragment ions a m/z 245 [M+H-C,H,0]". This 2/4 cleavage does not occur for
flavonols where the C-3 is oxygenated. Additiona characterigtic fragment ions
corresponding to the extra loss of C,H,O or CyH, are observed at m/z 203 for
[M+H-2C,H,0]* and 219 for [M+H-C,H,0-CoH,] ™ respectively.

453 DTMSand DTMSMS of kaempferol

Low-energy CID spectra of kaempferol, fisgtin and luteolin shows the
presence of two pesks at m/z 258 and 259. The pesk a m/z 258 has a higher
relative intendty in the case of kaempferol. DTMSMS anadyses were performed
on a sector ingrument to obtain a better insght into the fragmentation pattern of
kaempferol. Figure 4.9 shows the DTMS spectrum for kaempferol (IE=16eV). The
dectron ionisation yidds the radicd molecular ions M?* a m/z 286 and the
deprotonated molecule [M-H?]* a mvz 285. Isolation and fragmentation of these
ions in an MSMS experiments (collison energy of 8KV) shown in Figure 4.10
yields 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
good reasons to believe that the two pesks a& m/z 259 and 258 in the LDI-
ITMSMS of [M+H]" correspond to the losses of CO and CO+H respectively. It is
likely that that the proximity of two hydroxyl groups (in postion 3 and 5) around
the carbonyl (in position 4) enhances the probability of a CO+H loss in the case of
kaempferol. This probability is smdler in the case of Iuteolin and fisetin, which
only have one hydroxyl group in the vicinity of the carbonyl (in postion 5 and 3
respectively).

454 Multiple-stage LDI-ITMS of quercetin and morin, apigenin and genistein

MSMS experiments were conducted under identical conditions with two
supplementary sets of flavonoid isomers. (1) morin and quercetin and (2) apigenin
and genigein. The two flavonols morin and quercetin differ in the podtion of a
gngle hydroxyl group, Stuated on the C-ring in podtion 22 and 3 respectively.
Apigenin and genigein, a flavone and isoflavone respectively, differ in the podtion
of the phenyl group (B-ring) on the benzopyran-4-one (C-ring), in 2 and 3
respectively.
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Under smilar CID conditions, morin and quercetin (two flavonols) yieds
B* fragment ions that are stereo-isomers of each other and can therefore not be
discriminated.  Unfortunately, fragmentation is not  sufficently  structurdly
informative to infer the exact position of the two hydroxyl groups on the C-ring.

Although apigenin and genisein belong to different flavonoid groups, no
diagnogtic difference could be detected that would lead to a clear didtinction
between the two dereo isomers. Structurdly informative fragmentation obtained in
identicd MSMS experiments is not specific enough to determine the exact
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postion of the phenyl group on the C-ring. It is therefore impossible to digtinguish
between the two isomeric precursors. In these two cases, the MSMS methodology
successfully employed in the previous section did not provide the means to
diginguish between the dructurd isomers. This is problematic for diagnogtic
reasons because it would not be possble to make a distinction between gpigenin
from Reseda luteola L. and genigtein from Genista tinctoria L.

455 Influence of the collisional energy on structural information in MSYMS

experiments

Since no dructure specific ions could be obtaned in the previous low
collisond energy conditions, we invedigated the effect of higher callisond
enagy on the spectrd information. In the following experiment quercetin was
investigated in MSM S experiments at different excitation voltages.

Figure 4.11 shows three low-energy CID spectra a excitation voltages 1.6,
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Figure4.11 Low energy CID spectra at different excitation energies of the
isolated pseudo-molecular ion of quercetin (nM/z 303).
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1.7 and 1.8 V, with the three spectra plotted on the same verticd scale to facilitate
the comparison of peek intengties. In this figure we can dearly see digtinct interna
energy ranges. Figure 4.11.A a 1.6 V shows that the protonated molecule stays
moglly intact and only few fragment ions are found. Increasing the callison energy
improves the sgnd to noise raio of the fragment pesks and provides optimd
MSMS conditions (Figure 4.11.B). Increesng the excitation amplitude even
further to 1.8 V results in a decrease in precursor ions but does not enhance the
formation of diagnostic fragment ions (Figure 4.11.C).

This experiment shows that the excitation amplitude has to be optimised for
eech multiple-gage MS experiment in the ion trap. Tuning of the collisond energy
makes it possble to obtain an optima ratio between dissociation products and
precursor ions. The energies that were probed reveded no additiond specific ions,
but the quantitative differences observed with ITMSMS could be linked to
dructurd festures in the andyte. If the energy regime in the ITMS could be
cdibrated accurately we think that it would be possble to obtain characteritic
information about the different stereo-isomers of the same group.

4.6. Characterisation of flavonoid-O-glycosdes

Flavonoids are often present as glycosdes in plant extracts used for the
preparation of dyes and pigments. A typica example is the case of black oak
whose dyeing properties were discovered at the end of the 18" century. Quercitrin,
a mgor compound of black oak is the quercetin-3-L-rhamnosde, which is a
glycosde of quercetin. Interestingly, both quercetin and quercitrin are used to dye
wool snce the glycoside quercitrin and its aglycone quercetin do not have the same
colouring characterigtics (tint and lightfastness). On basis of data presented for the
aglycone moiety quercetin, we explore in this section the LDMS characterization
of flavonol-O-glycosides.

46.1 LDI

Figure 4.12.A is the LDIHTMS spectrum of quercitrin at low laser power.
Sodiated [M+Na]™ and potassiated [M+K]" molecular ions are observed a m/z 470
and 486 respectively. No radical cations or protonated molecules are detected. The
base pesk is observed for the aglycone moiety (quercetin) with pesks a m/z 303
corresponding to the protonated ion and at m/z 325 for its sodium adduct. A few
characterigtic fragment ions of the aglycone moiety are dso obsarved with very
low intensity: cleavage of the Gring in 1/3 leads to m/z 111 (*A*-C,H,0); and in
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aglycone moiety at mv/z 303 was further isolated and fragmented by
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02 to miz 165 (*?A*) and 137(®A*-CO, or %?B*). Addtiond ions
corresponding to the loss of HO and CO are assigned as follows, [M+H-H,0]" at
m/z 285, [M+H-COH]" a m/z 274, [M+H-H,O-CO]" a m/z 257, [M+H-2CO]" at
m/z 247 and [M+H-H,0-2CO]" a& m/z 229. In summary, the fragmentation pattern
of the glycosde is in pefect agreement with the fragmentation pattern of the
aglycone.

462 MSMS

Multiple-stage mass spectrometry was employed for the controlled
fragmentation of the ions a& m/z 303. CID of the isolated ions leads to the spectrum
depicted in Figure 412B. MSMS of the precursor ions & m/z 303 closdy
matches the CID of the isolated molecular ion of quercetin shown in Figure 4.12.C.
The dgnd-to-noise ratio for the diagnodic fragment ions of the aglycone is
increased by roughly a factor of three in the MSMS spectrum. This experiment
demondrates that the aglycone moiety of a glycosde has the same fragmentation
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Figure4.13 LDI-ITMS (A) and LDI-TOF-MS(B) of a Reseda luteola L. extract.
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pattern as the reference aglycone. This experiment demondrates the vaue of
LDMSin the authentication of flavonoid-O-glycoside.

4.7. Analyssaof complexsamples

In this section we study the applicability of our LDMS gpproach to the
andyds of complex samples such as flavonoid plant-extracts, mordanted pigments
(colouring materid fixed on a subdrate) and paint recondructions. Extracts of
flavonoid plants and their lakes were prepared after traditiona recipes.

471 \Weld extracts

An extract of Reseda luteola L. was anadysed in a LDIHTMS experiment.
The principd component of Reseda luteola L. is lutedlin, in the form of aglycone,
mono- and di-glycosde. Figure 4.13 shows the LDIHTMS spectrum of a weld
extract. The dominant pesk is assgned to the protonated molecule of lutedlin.
Additiona pesgks in the mass range [100-300] are assgned to fragment ions of this
protonated luteolin (153, 179, 213, 258, 271). The peak a m/z 369 is attributed to
[(M+2Na+K™)-2H"]. In the higher mass range a group of ions is assigned to
dimeric species.

In an unknown sample, where an organic ydlow is suspected, the detection

Abund. -
153

100 7
80 7
60 7

40 7
J 258

135 161 269 287
20 1 171

100 125 150 175 200 225 250 Mass [u]

Figure4.14 LDI-ITMSMS of a Reseda luteola L. extract after isolation and
fragmentation of the ion species at m/z 287. Peaks below 10%
relative intensity are instrumental noise.
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of this particular mass could however dso suggest the presence of kaempferol or
morin. The presence of fragment ions a& m/z 153 and 179 dreedy points to the
presence of lutedlin identified by ions of dass “*A* and %“B*. However, their low
relative intendties make it rather improbable to reach the same conclusion in the
cae of a complex mixture, and in the absence of a predominant confirmatory
fragment ion it would remain uncler which of the three isomers is present.
Therefore, the m/z 287 ions were isolated and fragmented by CID in an MSMS
experiment with the ITMS. The resulting spectrum (Figure 4.14) reveds additiond
fragment ions characterigtic d lutedlin: 1*B* a m/z 135, (*B*-H,0) at m/z 161, as
well as peaks a 241, 258 and 269. Additional structura information provided by
MS/MS makes it possible to postively identify luteolin.

The LDI-TOF-MS spectrum of the weld extract dso gives evidence for the
presence of the protonated molecule of luteolin at m/z 287.

47.2 Flavonoid lakes

Neither LDI-ITMS (Figure 4.15) nor LDI-TOF-MS spectra revesled the
complex form of the weld lake. The ITMS spectrum shows an intense pesk a m/z
287 that is assgned to the protonated molecule of luteolin. Pesks in the dimeric
regions of the TOFMS spectrum support the presence of luteolin with peaks
dmilar to its TOMS spectra We infer that only the uncomplexed form of
luteolin is desorbed and ionised.
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Figure4.15 LDI-ITMSof a Reseda luteola L. lake
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4.8. Analyssfibresdyed with flavonoids

Invedtigation of dyes from ancient faoric requires extracting sufficient
colouring materids from the fibres prior to andyss Spatidly-resolved LDMS
andyss was explored for the study of mordanted flavonoid directly a the surface
of wool fibres. In this case the gpatid resolution of the mass spectrometer is
employed to target the surface of an individud fibre for anadlyss (see section 3.2)
and the sample holder can be monitored during andyss to move the fibre while
keeping it in focus of the laser beam.

An dum-mordanted quercetin dyed wool was anaysed by LDI-TOFMS,
and its spectrum is shown in Figure 4.16. Characteristic pesks of quercetin are
observed a m/z 303 for the protonated molecule [M+H]*, m/z 341 [M+K]", m/z
285 [M+H-HOJ]", m/z 591 [2M-2H,O+Na]*, m/z 629 [2M-2H,O-H+Na+K]".
Aluminium ions are detected a m/z 27. Again no complex form of the aglycone
was identified in the TOFMS spectrum. This experiment shows that organic
flavonoids can be successully identified by LDMS directly performed a the
surface of asinglewod fibre.
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Figure4.16 LDI-TOF-MS of an alum mordanted quercetin dyed wool.
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4.9. Investigation of cross-sectioned sanples

In spite of various attempts with recondructions and easd painting
samples, paint cross-sections containing flavonoid lakes could not be successfully
andysed with LDMS. The limitations met with the study of flavonoid lakes
discussed in the previous sections dready cast doubt on the adequacy of the
method for the identification of lake pigments in complex mixtures such as paint
samples The findings indicate though that surface andlyss is possble and that the
uncomplexed form of the lakes could be detected. Evidently, one explanation for
the non-success of the andyses could be that the lake is not ionised whatsoever.
Another hypothess holds that the very smdl amount of materid present a the
aurface of pant samples do not produce sufficient ions for detection. Further
investigations discussed in the remainder of this thess bear upon surface andyss
of cross-sections comprising other types of colouring materids.

4.10. Concluson

In this chapter we have employed laser desorption mass spectrometry
(LDMS) in the andyss of flavonoids compounds traditionaly encountered in
atig’'s pigments and textile dyes. A saries of characteristic flavonoids aglycones
were successfully andysed both in LDI and MALDI. lons in LDI ae
predominantly formed as protonated molecules and akali adducts. Soft ionisation
achieved with low lasr power dendties affords the formation of sufficient
amounts of intact (pseudo-) molecular ions to subsequently peform MSMS
andyses. CID experiments produce diagnostic fragment ions — hardly observed or
absent in the MS spectrum — that provide essentid information for Sructurd
ducidation. Multiple-stage mass spectrometric  capabilities of the ITMS were
successfully  employed to  pogtively  differentiate  the three isomers  lutedlin,
kaempferol and morin. However, MSMS andlyses cannot differentiate quercetin
from morin, and apigenin from genigein. The MSMS procedure was further
applied to identify luteolin in a weld extract and to characterise the aglycone
moiety of a flavonoid-O-glycosde. The potentid for spatialy-resolved andyss of
LDMS was demongrated with the andysis of a flavonoid at the surface of a wooal
fibore dyed according to traditiona recipes. LDMS did not produce spectra that
could lead to the identification of a complex form of a flavonoid in the form of a
lake and invedtigation of paint cross-sections remained so far unsuccessful.
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An LDMS investigation of traditional colouring
materials - Part I1: Anthraguinones

In this chapter, LDMSwas used for the investigation of red natural organic
colouring materials traditionally used as artist’s pigment and textile dye. It is
shown that alizarin is amenable to characterization with ultraviolet LDMS but the
interpretation of the spectra is not straightforward. Alizarin was detected in
mixtures with linseed oil in naturally aged samples, as well asin two alizarin lakes
samples. In-situ LDMS analyses of madder lakes at the surface of dyed wool fibres
were demonstrated. Molecular structures are proposed to explain the coordination
of characteristic ions detected in LDMS of alizarin lakes.
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5.1. Introduction

Anthraquinone red organic colouring materids are known since antiquity
and have been traditionally used as dyes for textiles and pigments for paintings™®
28 Their manufacturing process and use bear a strong resemblance to flavonoids.
The colouring materid is extracted from plants or animas and rendered insoluble
by preparation of a lake. Various possible biologica sources, substrates and modes
of preparation cregte a large range of potentid chemicd compostions of the
origind lake.

In easdl paintings, red lakes were extensvely used over opaque underlayers
to add richness and depth to the panting of dreperies They were especidly
aopreciated for ther reative tranducency when combined with the painting
medium (the subgrate itsdf is then trangparent), dlowing their use as a glaze. It is
well known that red lakes present in museum objects are prone to severe
degradation with ageing. Over the years origind red colours irreversbly fade
away. There is therefore a great need for better understanding of these degradation
mechaniams.  Unfortunatdy technicd invedigation is paticulaly problematica
with samples that are microscopic in Sze, are build-up as a very complex stack of
layers and/or contain only a very smdl amount of the colouring materid. This
chapter explores the analyss of red organic materidswith LDMS.

Fird, reference materids were andysed incuding commercid dizarin as
well as lakes of dizarin and madder prepared in the laboratory, to establish
whether LDMS can detect anthraguinone. Then, atificialy aged recongtructions of
dizarin mixed with linseed oil were invedtigated to evaduate the goplicability of the
method to the detection of anthraguinones within a pant medium. Findly LDMS
was employed for the in-situ identification of anthraguinone lakes on the surface of
dyed wool fibres, using the accurate sample-pogtioning festure for Spetialy-
resolved targeting of the laser beam onto the sample.

5.2. Anthraguinone pigments

5.2.1. Materials and practice

Among the large number of biologicd sources containing red organic
colouring maerids, a andl group has been mostly used in Europe to produce
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pigments for easd paintings and dyes for textiles (see Table 5.1). This group
comprises red pigments of vegetable origin, such as madder roots and Brazil wood,
and red pigments of anima origin such as cochined, lac and kermes. Higtory,
preparation and use of red organic colouring materids have been discussed in the

literature 1,2,5,17, 22, 23, 27, 144.
Name Major component(s)

Madder roots Alizarin, Purpurin

Plant (RubiatinctoriumL.)

origin Brazil wood Brazilin
(Caesalpinia brasiliensis L.)
Kermes insect Kermesic acid
(Kermes vermilio Planchon)
American cochinea Carminic acid

Animal (Dactylopius coccus O. Costa)

origin Polish cochineal Carminic and kermseic acid
(Porphyrophora polonica L.)
Lac insect Laccaic acids
(Kerr lacca Kerr)

Table5.1 Principal sources of organic red colouring materials for the
preparation of dyes and pigments.

Red organic colouring materids ae modly anthraquinone dyeduffs.
Anthraguinones have a molecular dructure based on a quinone with two andlated
benzene rings on dther sde '*°. Subgtitutions on the two benzene rings give the
paticular colour properties to the pigment. Like flavonoids, anthraguinone
dyestuffs are soluble in water and therefore must be prepared under the insoluble
foom of lake to be used as dyes or pigments. Dyestuffs are first extracted in
olution from the biologica source, and the resulting colouring meaterid in solution
IS co-precipitated with an inet inorganic subdtrate. In this fashion, insoluble
particles coloured with the dye are formed. These coloured particles are collected,
washed and dried as a solid pigment. Possble substrates include calcareous
materids such as chdk or gypsum, hydrated dumina derived from rock dum, and
occasondly lead white. When dum was used, the product of the reaction is a
complexation between the colouring material and the metd ion produced by aum.
The technique is cdled mordanting snce it is common to the dying of textile
where the substrate, called mordant, is used to fix the dye on to the textile. Red
colouring materids were usudly re-extracted from dyed fabrics to produce
pigments a lower cods It is likdy that fabrics dyed with different organic reds
could have been used as a re-extraction source. The resulting pigment is then a
mixture of coloured materias originating from different biologicd origins.

99



Chapter 5

In this chapter, LDMS experiments have been conducted with colouring
materids obtained from the madder plant Rubia tinctorium L.1%°. Madder, a
Rubiacae plant, was the largest source for the manufacture of red pigments. Its root
contains principaly dizain (shown in Fgue 51) and sved other
anthraguinones in minor proportion such as purpurin, pseudo-purpurin, dizarin 2-
methyl ester, rubiadin and munjistin 1*®. LDMS investigations were focussed here
on the dizarin, the main colouring matter in the madder lakes.

O OH
900
O

Figure5.1  Alizarin (m/z 240, C;4HgO,) is the principal compound of the red
organic pigment extracted from the Rubiacae plant Rubia tinctoria.
Alizarin (1-, 2-dihydroxyanthragquinone) is a tri-cyclic aromatic
diketone with two hydroxyl substituents.

Alizarin is a transparent crimson, moderately saturated to moderately
unsaturated. It is the most fugitive pigment sill in common use 3% 3% 35 39 |t fades
rapidly in tints, but is more sable in mass tone. Alizarin of synthetic nature is
known in the Colour Index of the Society of Dyers and Colourists 147 under the
name of PR83 (Pigment Red 83)". Alizarin was one of the first synthesised organic
pigments and was obtained by Gragbe and Liebermann as early as 1871. Next,
gynthetic dizarin lakes have repidly supplanted organic reds of natura production.
Moden chemisry has found excdlent light-fas replacements for fugitive
anthraguinone red pigments, such as quinacridone and pyrrolidone. Despite of its
lightfastness problems, treditiond dizarin remains however a popular pigment
among professond artigs.

Molecular sructures of red lake pigments found in panting are so far
poorly understood. Generaly the source of the red pigment is unknown and
therefore the colouring matters that have been used as darting materid. In addition
the preparation method is dso unknown and therefore the origina composition of
the reallting pigments. To compound the problem, it is most likdy that
degradation with time has induced severe molecular trandformation to the pigment.
Molecular structure for reference materias have been given by Kid 48 149 who

" PR83 is the synthetic compound corresponding to the traditional organic pigment called madder
lake. PR83 is the calcium lake (aluminium complex) of the 1,2-dihydroxyanthraquinone, commonly
known as alizarin.
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proposed CaAl(OH)(Az)2.xH,O for the dructure of an dizarin lake (Figure 5.2)
prepared with the addition of an dkdi and duminium hydrate. Here covaent and
coordination bonds fix the duminium aom to two deprotonaed dizarin
molecules, with the additiond adjunction of water molecules. The model adopted
by Butler and Furbacher **° proposes gpart from auminium that forms chemica
bonds with dizain, dso cdcum tha bridges the dizains by their 2-hydroxy
groups.

(LI

9 L o
" }d oH Ca’™, 3H;0

Figure5.2  Alizarin lake bound to a fibre with a mordant (A) and lake pigment
after precipitation in presence of alum and calcium (B), (after Kidl).

5.2.2. Molecular analysis of anthraguinone pigments

Current methods of analyss for the identification and characterization of
red organic colouring materids in consarvaion stiences have been reviewed by
Schweppe 1" 1% . Determination of the molecular composition of red organic lakes
in pantings and historicad textile is problematica, for the same reasons as
discussed for the flavonoids in the previous chapter.

Various andytica techniques are currently in use. Spectroscopic methods
of invesigaion ae UV-VIS ' solution spectrophotometry %% 34 infrared
spectroscopy  with FTIR & 33 3% 67 gnd three-dimensiona fluorescence 7. An
investigation of colour changes has been reported by Kirby 32. Chromatographic
techniques, which afford the separation of the different anthraguinone components,
have provided the most detailed molecular andysis so far. TLC “° was mostly used
in early days, whereas today HPLC "t 7274 7679 gands out as a method of choice. In
the case of dyed fibres, extraction of the dye is required prior to andysis 5. A
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common observation however is that chromatographic andyses could fal to
identify anthraquinone components in complex samples obtained in too smal
quantity. When samples are not avalable for dissection, authentication of the red
organic lake has been proposed by the dementd analyss of the subdrate with
techniques such as EDX and XRF. Ladly, DT-MIKES and high-resolution DTMS
has been successfully used by Van den Brink *®! to investigate ageing of dizarin in
egg tempera matrices. The viability of LDMS has been demondrated earlier by
Bennett with L°TOF-MS 33 and LDMS®’.

53. BExperimental

5.3.1. Instrumental set-ups and mass calibration

Anthraguinone samples were analysed by LDMS on the ITMS with a UV
laser emitting a 355 nm and on the TOF-MS with a UV laser emitting a 337 nm.
For adetailed description of both instruments we refer to Chapter 2.

A mass cdibration for TOF-MS measurements was realised before each
saies of measurements to obtan optima mass accuracy. Two samples of
polyethylene glycol (PEG) with a molecular weight didribution of averaging mvz
400 and 1000 respectively served as calibrant. MALDI measurements were
performed with a mixture of a ImM ethanol solution of PEG and a 1M ethanol
solution of DHB. The mixture was deposited on the surface of the probe and the
ethanol vehicle was left to evaporate. Cdlibration was redised with pesks from the
DHB and the PEG at regular intervasin the m/z range [0-1500].

By accurate postioning of the probe under the laser beam individud lake
particles (typicaly 10-50 mm) or a sngle wool fibre can be easly targeted with a
spatid resolution of 10-30 micrometers. The diameter and form of the laser beam
as well as the camera output (sharpness, clarity and centring) were controlled
before each set of andyses to guarantee optima observation of the sample and
accurate targeting with the laser.

5.3.2 Samples

Synthetic dizarin (1,2-dihydroxyanthraquinone) was obtained from Fuka
Commercid dizarin cacum lakes PR83 (duminium complex) were provided by
Tom Leaner (Tae Gdley). An dizain lake (recondruction prepared and
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graefully supplied by Jana Sanyova, Royd Inditute for Culturd Heritage,
Brussels) was prepared by adding dum to a suspenson of synthetic dizarin and
subsequent neutradisation with the addition of potassum carbonate. The 25 years
old naurdly aged sample of dizarin in linseed oil pant was obtaned from the
Von Imhoff collection kept a the CCl (Ottawa). Fibres supposedly from ancient
Peruvian divilisatiorP®, dyed with a red organic lake, were supplied by A. Wallert
(Rijksmuseum, Amgterdam). Fibres dyed with a madder lake were provided by Dr.
Quye (Edinburgh).

Alizarin was deposdted on the dainless sted probe in solution (dissolved in
a droplet of water). After evgporation of the solvent, dizarin forms thin particles
adsorbed on the surface. Insoluble lakes and paint samples were adsorbed on the
surface of the probe by depostion of a droplet of water with discrete particles in
suspension, and subsequent evaporation of the water vehicle. Since anthraguinones
lakes are insoluble in water it is supposed that only additives or contaminants are
brought into solution during sample deposition.

The MALDI experiments were peformed in a dmilar fashion as with
flavonoid samples (see section 4.3.3) using 2,5-dihydroxybenzoic acid (DHB) as a
matrix. A thin layer of the sample is first absorbed on the surface of the probe and
subsequently, athin matrix layer is deposited on top of the sample.

54. LDl andMALDI of Alizarin

54.1. Synthetic alizarin

The LDI-TOF-MS spectrum of synthetic dizarin (C14HgO4; mw 240) at
low laser power dengty is presented in Figure 53.A. The dominant pesks & m/z
241 and 242 are assigned to the protonated molecule [M+H]* and its C isotope.
Sodiated and potassiated molecules [M+Na]* and [M+K]" are observed at m/z 263
(high intendty) and 279 (low intengty). Additiond smadler pesks are assgned to
the following species (M-H?)Na" a m/z 262, [(M-H’)Na]Na" at m/z 285, [(M-
H?)NalK* a& m/z 301 (negligible). These ions are in agreement with the ion
formation model proposed in Chapter 4 where labile hydrogen atoms are
subgtituted by dkai atoms forming an organic sdlt.

The same synthetic dizarin andysed under MALDI-TOF-MS conditions at
low laser power densty is presented in Figure 5.3.B. Many of the main pesks are
due to the DHB matrix. A strong [M+H]" ion of dizarin is observed while sodiated
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Figure53 LDI-TOFMS (A) and MALDI-TOFMS (B) of alizarin at low laser

power density.

or potassated ions are suppressed or absent due the sample preparation method.
Alizarin in very low concentrations however may be hard to discriminate from the
matrix pesks (identified with an agterisk).

The LDI-ITMS spectrum of synthetic dizarin a low laser power densty
presented in Figure 54 is puzzling. In the mass range from 150-300 we observe a
very low pseudo-molecular ion at m/z 241 that can be assigned to [M+H]" of
dizarin. The ion & m/z 257 cannot be interpreted in a sraightforward way. If we
assume that the dizarin has taken up one oxygen implying that the sample is
oxidatively degraded to purpurin, we can interpret the m/z 257 as an [M+H]" aso.
Mass differences of 16 Da between ions aso appear a m/z 285 and 301 and at
higher mass between the high intensty ions m/z 487, 503 and 519. The m/z 503
and myz 519 can be nominaly assigned to [2M+N&]™ and [2M+O+Na | The m/z
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487 cannot be easly explained in the same manner. Further work using the MS’
cgpabilities of the ITMS to resolve this matter would have been the logicd next
step but this became impossible due to irreparable falure of the instrument.

Abund. 1
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. 285
20 139 241 2301 w7 4(°
157 185 213 336 36383 431

150 200 250 300 350 400 450 500 m/z

Figure54  LDI-ITMSof alizarin at low laser power density.

The question was aso explored whether dizarin could be traced when
present in oil paint. Figure 5.5 shows the MALDI-TOF-MS spectrum of a 25-year-
old pant-out of dizain in linseed oil. The protonated molecule of dizain is
detected at m/z 241 [M+H]" between some pesks from the DHB matrix (identified
with an aderik) which demondrates that dizarin can 4ill be identified with
LDMS when found mixed in an aged oil medium. There is dso a very smdl pesk
for [M+Na]* a m/z 263. Other pesks of interest are indicative characteristic of the
oil: diacylglycerols around 600 Da (labelled d) and triacylglycerols around m/z 900
Da (labelled t). These ions were dso detected in commercid oil pant samples
(data not shown). Similar ions have been reported by Van der Berg usng MALDI-
TOF-MS of linseed oil 2. It should be noted that the ions observed are only a
fraction of the total number of different triglycerides that are present.
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Figure55  MALDI-TOF-MS of a 25 years old mixture of alizarin and linseed
oil.
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54.2. LDI of an alizarin lake

Alizarin is usudly not used as such in pants but is present as lake pigment.
In the view of the successful LDMS of the dizarin reference compound, the same
sample methodology was agpplied to dizarin as lake pigment. The dizarin lakes
were only invedigated with LD-TOF-MS a 337 nm. Two different samples were
investigated. One sample is an dizarin lake prepared in the laboratory (courtesy of
J Sanyova) wheress the second sample is PR83, a commercidly available
gynthetic dizarin lake precipitated as cdcium sdt. The samples were investigated
as received.
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Figure5.6  LDI-TOF-MSof an alizarin lake prepared in the laboratory

The LDI-TOF-M S ectrum a low laser power dengty of the dizarin lake
prepared by Sanyova in the laboratory is presented in Figure 5.6. Many of the
pesks cannot be directly related to the earlier data on free dizarin. Protonated
dizarin is not observed. However, sodiated and potassiated dizarin is observed at
m/'z 262 [M-H’]Na" and mvz 279 [M-H’]K". The peaks a m/z 543 and 581 are
aso attributed to the dizarin lake. The pesk a m/z 543 corresponds numericdly to
[C2gH1208,AI(OHNaA)]" and the pesk a m/z 581 corresponds numericaly to
[C2gH1208,AI(OKNa)]". These ions imply that two dizarin molecules are bridged
by duminium with sodium or sodium plus potassum as counter ions. According to
the formula, four hydrogen atoms are involved in binding. In the case of m/z 381,
one of the hydrogens is exchanged for potassum assuming that sodium is the ion
forming aom for the MS. Therefore three of the hydroxyl groups of the dizarin
must be involved in ionised form as bonds with duminium. This explanation does
not agree with the model proposed in the literature. The model proposed by Kid
148 149 g)ggests that duminium is only bound to one of the hydroxyl postions of
the dizarin molecule and bonded with a wesker Van der Wads bond to the
carbonyl of the dizarin. In the case of m/z 543, the potassum is replaced by a
proton. There are no larger ions in the TOFMS data that could eucidate other
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forms of the complex. Severd smdler ions were detected a m/z 495, 429, 410 and
317. The m/z 317 can be explaned as a sodiged ion of dizain duminium
hydroxide complex [C14HsO4,Al(OHNA)].
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Figure5.7  LDI-TOF-MSof an alizarin lake PR33.

ahl g1, il

The LDI-TOF-MS spectrum of the reference compound PR83, a cacium
complex of dizarin duminate in Figure 5.7 diglays severd dominant pesks with a
mass difference of 278 Da up to mass m/z 1923. Peaks a m/z 821 and 1099
correspond to mass differences of 278 Da with respect to m/z 543. The pesks
darting & m/z 1144 with 1422, and 1700 and the pesks dtarting at m/z 1366 with
1644 and 1923 dso present mass increments of 278 Da The mass difference of
278 Da can be assigned to a monomeric block [C14HsO4Cal. The modd used by
Butler and Furbacher *° proposes that cacium not only binds dizarin molecules
via the meta hydroxide group but dso forms a bridge between the duminium
hydroxide that complexes two dizarins. Our spectrum supports the idea that
cacium bridges the dizarin. The pesk a m/z 321 is assgned to the ion [C14H50;-
Al-OCa]* supporting the exisence of auminium in hydroxide form. The pesk at
m/z 543 is assgned to a cdcum complex of an dizarin-duminium-dizarin with
the proposed formula of CygH1204-Al-Ca This formula suggests that duminium is
not present in a hydroxide form and is bound to more than one hydroxy group of
the aizarin. The ions a 821 and 1099 support the proposd that two calcium-
dizarin complex units are connected to the dructure of ion m/z 543. The ions a
m/z 1144 and 1366 would be larger starter nuclei for the addition of Alizarin-Ca
units. We infer that LDMS makes only a few ionissble parts visble of a more lake
substance that probably conssts of much larger complexes that are not eesly
ionised by laser induced ionisation.
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55. Alizarinlakeinoil paint

Samples from dizain lake in aged oil paint obtained from a panting by
Frank Stella did not produce any sgnificant ions (data not shown). MALDI-MS
with DHB produced a pattern of ions at m/z 413, 429, 441, 457, 471 and 485 but
these have no gpparent relationship to the MS data of dizarin nor to the dizarin
lake dtandard samples. It is possble that a chemicad treatment of the sample
surface would have released ions reminiscent of dizain or dizain derived
chemicd compounds, but this was not the purpose of the experiment, which
intended to explore the direct anayss with the laser beam. Remarkably, the same
ion pattern was observed when MALDI-MS with a DHB matrix was applied to a
synthetic madder lake prepared by Dr. J. Sanyova.

In view of these negative results no experiments with lake pigmented
layersin paint cross sections were undertaken.

5.6. Analyssof natural dyedfibres

LDMS andysis was dso explored for the study of the surface of dyed wool
fibres usng a sample holder that alows targeting of the laser on the fibre. Two
cases were investigated that involved dyeing with dizarin or with madder. Madder
is not one substance but a mixture of dizain and hydroxylated and acidic
derivatives of dizarin.

Figure 5.8 shows the LDI-TOF-MS spectrum of an ancient Peruvian red
dyed fibre provided by Dr. A Walert (Amgterdam). A dominant pesk is observed
a m/z 241, which was assgned to the protonated molecule of dizarin. Sodiated or
potassiated dizarin is not observed. There are quite a few other mass pesks in the
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Figure5.8 LDI-TOF-MSof a fibre from an ancient Peruvian civilization dyed
with red organic colouring material of unknown origin.
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goectrum that ae not essly assgned. The m/z 521 is assignable to
[C2gH1208AIOH]H" which implies that an aduminium containing mordant would
have been used. The man point of our result is that it seems feasble to andyse dye
subgstance directly from a dngle fibre. However, fibres from controlled dye
experiments are desirable for comparative studies.
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Figure59 LDI-TOF-MSof afibre dyed with a madder lake.

Figure 5.9 shows the LDI-TOF-MS spectrum of a fbre dyed with madder
usng an Al/Sh mordant provided by Dr. A. Quye (Edinburgh). The spectrum is
remarkably different from the Peruvian fibre shown above. The spectrum shows
peaks series around the 300, 470-560 and near 738-800 mass range. The mass
difference between m/z 315 and 554 is 239 Da, while the difference between m/z
554 and 794 is 240 Da These mass differences suggest that one or two dizarin
molecules are grafted to a parent structure of 315 Da. Unfortunately, none of the
ion structures proposed above for the dizarin experiments discussed earlier can be
fitted to this ion. A formula [C14HsOs-Al-OH] H can be fitted to m/z 315 but no
feasble dructure is evident. An ion a m/z 287, which is 28 Da lower in mass,
suggests that CO can be logt from the parent ion dructure during anayss.
Remarkably, the high intendty ions a m/z 470, 498, 526 and 554 dso have mass
differences of 28 Daand smilarly theionsat m/z 738, 766 and 794.

These results demondrate that dthough promising spectra can be obtained
from dyed fibres, the interpretation of the ion digribution in the LDMS spectrum is
not a dl draightforward. Further studies would require a closer ingpection of the
dye compounds that actudly bind to the fibre and a prior understanding of the
nature of the coordination complex with other methods before LDIMS from a
specific spot on thefibre is undertaken.
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5.7. Conclugon

In this chapter we have employed laser desorption mass spectrometry
(LDMS) for the andyss of anthraguinone compounds traditiondly encountered in
atigs pigments and textile dyes. Alizarin, a main component in madder dyestuff
was successfully analysed with LDI and MALDI. Alizarin was aso detected in a
25-year-old dizarin/linseed oil pant paint-out. LDMS spectra of aizarin lakes are
shown to be far more complicated. The two lakes investigated show evidence for
dizarin duminium complexes. In the case of a commercid cdcium dizain lake
(PR83) evidence for cadcium bridged aizarin molecules could be deduced from the
spectra as well. Anthraguinone lake pigments in aged oil pant faled to produce
any relevant ions. Experiments with dyed wool fibres produced evidence for
dizarin or complexes with dizarin showing the potentid of the LDMS approach
for these systems.

Although laser desorption approach is able to produce relevant ions in a
number of the cases that were explored, the ion identification process needs further
atention for example by andyss of ion under high resolution conditions in order
to prove elemental composition or by MSMS andysis.
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An LDMS investigation of traditional colouring
materials - Part |11: Indigoid dyes

LDMS is used for the investigation of indigo, a blue natural organic
colouring material used traditionally as artist's pigment and textile dye.
Fundamental studies of synthetic indigotin and natural indigo samples performed
with TOF-MS and ITMS address the ion formation during the LDI process.
Analysis of complex paint mixtures explores the influence of lead white and linseed
oil on the LDI process of indigoids. The spatial resolution provided by a spot
analysis with an ultraviolet laser beam makes it possible to directly identify indigo
from the surface of wool fibres or from specific paint layersin cross-sections from
painting reconstructions.
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6.1. Introduction

6.1.1. Materials and practice

Indigo, one of the oldet naurd dyeduffss was known to ancient
divilisations in Asia, Egypt, Greece, Rome, Britain, and Peru'® 28, Indigo has been
used to prepare traditiona artist’s pigments and textile dyes 2 16 27 153155
Accordingly, the Color Index of the Society of Dyers and Colorists™’ dasdfies
indigo both as a pigment (Cl Naturd Blue 1) and as a vat dye for textile (Cl Va
blue 1). The blue colouring materid indigo’ — indigatin - is the molecular species
C16H10N 202 with agtructurd formula shown in Figure 6.1.

0O

(L=
NH

//
0

Figure6.1 Indigotin (MW 262Da, CieH10N20O2, C.I. vat blue 1; C.I. 73000)
also commonly called indigo or indigo blue, is a blue colouring
material traditionally prepared from plants extracts. The pigment is
used as such and does not need a mordant.

Indigoid dyestuffs, commonly named indigo, were traditiondly obtained
from plants The man indigo-producing plants and their geogrephicd didribution
have been recently surveyed by Bafour-Paul'®3. The indigo-plant Indigofera
tinctoria L. grown in India and the woad Isatis tinctoria L. grown in Europe have
been the most widely exploited biologicd sources. Synthetic indigo — indigotin -
was among the very firsg synthetic pigments. It was produced as early as 1883 by
Adolf von Baeyer and within only a few decades it dmost completely replaced
indigo of naturd origin'®3. Today synthetic indigo is produced on a large industria
scae and has obtained aworldwide popularity in Denim garmernts.

The manufacturing procedure of indigo dyestuff from woad and the indigo-
plant implies a redox reaction. In a first step, fermentation of plant materid’ yields
the reduced form of indigo, leuco-indigo (leucos = white bright) (Figure 6.2). In

" Indigoid dyestuffs are commonly referred to asindigo. Synthetic indigotin aswell.
T Classification of indigo among vat dyes evokes the vats where fermenting was taking place.
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the indigo-plant the precursor of the reduced form is indican (indoxyl-[3-D-
glucosde) wheress in woad it is adso isstan B (indoxyl-5-ketogluconate).
Enzymatic hydrolyss during fermentation bresks the glucosde or ester bonds
yidding the indoxyl precursor molecule. Indigo is subsequently formed by
oxidation on exposure to ar (dehydrogenation with atmospheric  oxygen)
producing the blue colour.

Naturd indigo was habitudly traded in the form of lumps to be ground for
use as pigment, or reduced again in an dkdine solution to obtain a dyeing bath.
The dyeing procedure conddts in steeping pieces of fabric in this leuco indigotin
solution and to let them dry. Oxidation on ar exposure fixes the colouring metter
by absorption of the dyestuff onto the fibres. Note that this procedure does not
imply the use of a mordant, as it is the case for ydlow flavonoids and red
anthraquinones (see Chapter 4 and 5).

In addition to variations inherent to the type of indigo-producing plants,
ther growth conditions and cultivation, the manufacturing process of the colouring
materid itsdf plays an important role in the qudity of the atis’'s pigment. The
indigo-plant produces indigo of higher purity than woad, but on the whole natura
indigo adways contans impurities originaing from the plait maerid itsdf.
Adulteration was common practice and pigments retailled under the labd ‘pure
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Figure6.2  Indoxyl released by fermentation from indican or isatan B oxidises
to indigotin.
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indigo’ were in fact often mixed with impurities of various kinds such as ashes,
sand, soot, resin, etc *°. In the pure form, natura indigo is a dark blackish blue
powder. The colour of naturd indigo can have a more coppery, reddish or violet
tone depending on the biologicd origin and the manufacturing process.

6.1.2. Technical investigation of indigo in Conservation Sciences

Technicd invedigetion of indigo in museum artefacts concern essentialy
ancient textiles and paintings, where indigo was used as early as the 15" century
and probably even earlier.

Identification of indigo in pantings is very problematic since the pigment
is genedly found in vey smdl amounts mixed with various other pant
compounds and samples removed for technicd invedtigation ae often of
microscopic Sze. Extraction and derivetization of indigo from dyed fibres for
andyss " 1% s problematic because the indigo is only (partly) soluble in asmal
range of organic solvents. To compound the problem, indigo is a fugitive dyestuff
that dramaicaly deteriorates with the passng of time. The blue colouring
materids dters - manly under the effect of light - into colourless products, a
process cdled fading 31%°. Little is known about degradation products of indigo
and fading mechanisms in complex sysems such as paintings . The role of the
manufacturing process, the preparation of the pigment-oil mixture, and the role of
the media and additives on the degradation of indigo are dill very poorly
understood. Studies are underway to investigate the degradation of indigo by
FTIR, mass spectrometry (DTMS and ESI-MS) and HPLC-M S 82 156,

Vaious andytica techniques tha have been successfully used for the
invedigation of indigo in museum objects were reviewed in a monograph by
Schweppe “°. Non-destructive techniques such as Raman spectroscopy %, 1°7,
infrared spectroscopy 7, or UV/VIS spectroscopy °® can be used with negligible
damage to museum artefacts. Unfortunatdly, these techniques often fal to ascertain
the presence of indigo in complex samples, and cannot unravel complex molecular
degradation processes. More detailed andytica information can be obtained when
sanples ae removed for technica invedigation. Sufficent materid is raey
avalable to peform X-ray andyss, but chromatographic methods - such as TLC
and HPLC ™ " - and mass spectrometry have been proved to be adequate
techniques.

Mass gpectrometry of indigo has been discussed earlier in the literature by
different authors, notably by Mc Govern **° who has shown successful results with
dectron impact, and Gibbs 1°® who has identified indigo from ancient paper using
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FAB after derivatization of the dyestuff. More recently, Van den Brink et al. *?
have addressed discoloration of indigo in the paint matrix with DTMS.

6.1.3. LDMSof indigo and indigo-containing samples

Invedtigation of indigo presented in this chepter is pat of a
multidisciplinary project that ams at a better underdanding of artists use of indigo
as well as the discoloration of the pigment in paintings °°. Here we will explore
laser desorption mass spectrometry (LDMS) as an andyticd tool for investigation
of indigo in museum artefacts and pant recondructions. Spatidly-resolved LDMS
is employed with the am to develop in-situ mass spectrometric anadyss of indigo
a the surface of complex samples. More paticulaly we are interested in the
andyds of indigo in individud layers of pant cross-sections, and in the direct
identification from the surface of individud dyed fibres **8 without the need of
extraction or derivatization.

Firdly, we have investigated the desorption and ionisation behaviour of
indigo with LDMS usng a nitrogen laser (337nm). Anayses concern indigo as
pure reference compound and indigo in mixtures, i.e. in the presence of other
inorganic  pigments  (leed white) and/lor a binding medium (oil). Careful
comparison between different naturd and synthetic indigos examines the
posshility to identify the naure or biologicd origin of the pigment. Particular
attention will be given to the role of additiond compounds in the LDI process.
Deposition of matrix at the surface of indigo samples has been tested to determine
whether the procedure can assst the LDI process and improves the andytica
information. The ITMS andyser equipped with a Nd:YAG laser (355nm) was used
to provide MS" andysis (up to the fourth) in order to get a better insight into the
fragmentation paitern of indigo in LDMS. The applicability of spatidly-resolved
LDMS is demongrated for in-situ anadyds of indigo a the surface of paint cross
sections and dyed fibres.

6.2. BExperimental

6.2.1. Samples

Reference maerids indude synthetic indigo (Huka), and natura indigo
samples acquired from different manufacturers — namely Kremer, De Kat, and De
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Spod - dl of which are declared to be manufactured from indigo plant Indigofera
tinctoria L. Indigo is ddivered in the form of a thin powder with differing grain
Szes depending on the manufacturer.

“Mixed samples’ incude synthetic and naurd indigo mixed with lead
white (Kremer), linseed oil or both lead white and linseed ail. Lead white is basc
lead carbonate 2PbCO3.Pb(OH),, a white inorganic pigment that was commonly
mixed with indigo to obtan lighter shades of the blue colour. The fird st of
sample was prepared in the laboratory. Indigo was mixed to lead white in different
ratios (1/64 wiw, 1/32, 1/16, 1/8 and 1/4) and these mixtures were thoroughly
ground in a mortar to obtain an homogeneous blend. Indigo and indigo/lead white
mixtures were dso blended in a droplet (a few microliters) of linseed oil and
andysed immediately. The second set of samples was obtained from the collection
of Ms van Eikema-Hommes. These samples belong to a series of recongruction
experiments  that were undertaken to investigate vaiaions induced in time by
different parameters, such as the type of raw materids and their preparation, paint
application, conservation and restoration treatments, light ageing, etc °°, 44,

The textile samples consst of two sets of dyed fibres: (1) wool fibres dyed
with synthetic indigo in the laboratory (supplied by A. Quye, Edinburgh) and (2)
wool fibres dyed with naturd indigo from ancient Peruvian divilisation (supplied
by A. Walet, Rijksmuseum)®®. The first set of samples is pat of a sudy
conducted on the fading of fibres dyed with natura colouring materids.

6.2.2. Instrumental set-ups

Two ingrumentd set-ups were employed to peform LDMS sudies of
paint materials and paint cross-sections, one with a TOF-MS andyser and one with
an ITMS andyser. For a detailed description of both instruments we refer to
chapter 2.

Andyss were peformed a two different wavdengths in the ultraviolet
range a 355 nm (Q-switched Nd:YAG laser) on the ITMS set-up and a 337 nm

" The complete collection of reconstructed samples includes various types of indigo
(synthetic and natural) mixed in different proportions with different media (various types of qils,
egg tempera, water, etc) and different types of additives (lead white, chalk, verdigris, smalt, etc).
Samples were prepared in duplicate by application of the mixture on a cardboard with different
layer thickness. Each sample was artificially aged under controlled conditions, a copy being saved
as reference. These experimental specimens have been studied in paralel with case studies of
seventeenth century Dutch paintings, notably concerning the use of indigo by Frans Hals.
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(N2 laser) on the TOF-MS set-up. Desorption and ionisation was performed
directly (LDI) or with the assstance of a matrix (MALDI). Measurements were
performed ether in positive or in negative mode.

Comparative measurements were aso performed with Direct Temperature
Mass Spectrometry (DTMS) on a sector instrument Jeol SX102-102A (BEBE) to
obtan better indght into the effects of ionisation and fragmertation processes.
Samples are deposited at the tip of a direct insertion probe fitted with a resgtively
heatable platinum/rhodium (9/1) filament (100 mm diameter). The probe filament
was temperature programmed to heat a a rate of 0.5 A min " (gpproximately 8°C
s to a find temperature of about 800°C. lons were generated by eectron impact
ionisation (E).

6.2.3. Sample preparation

Indigo samples were ether andysed as thin particles absorbed at the
asurface of a ainless sted probe, or in-situ that is by drect LDI of the surface of
the sample (cross-sections and fibres).

To absorb particles of indigo on the surface of the probe, a suspenson of
indigo in water was prepared and a few microliters were deposited with a pipette.
Subsequent evaporation of the water vehicle left the particles adsorbed a the
surface of the probe. Indigo/lead white mixtures are deposited onto the surface of
the probe in a smilar manner. Suspensons of pigment in (wet) uncured oil were
deposited as a thin film on the probe. Surface tensgon keeps the fluid mixture in
postion during messurement (the surface of the probe is postioned verticdly in
the TOF-MS configuration). By accurate postioning of the probe under the laser
beam individud paticles of indigo (typicdly 10-50 micrometers) were eesly
targeted.

The other samples were andysed in-situ. For indigo-containing mixtures
painted on a cardboard, touch-dry pieces of the paint film were cut out from the
cardboard. The piece was then fixed to the surface of the probe with adroplet of
Technovit (a light curing resn) to peform surface analysis. Alternatively the
sample was embedded and sectioned to investigate as cross-sections clamped in
the cavity of the probe. Wool fibres dyed with indigo were clamped a their two
ends h the probe cavity. Individuad fibres can be fastened in close contact with the
metallic substrate provided that the two ends are correctly secured (see Chapter 4).

DHB (dihydroxybenzoic acid) was used as a matrix to perfform MALDI
experiments. With thin films of indigo on a probe, a solution of DHB in ethanol
was deposited on top of the layer of indigo and Ieft to dry. In this fashion, thorough
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and homogeneous blending of the matrix with the sample is not obtained, but the
procedure is presumed to match closdy the conditions of mairix depostion in the
case of MALDI of pant cross-sections. For cross-sectioned samples, matrix (20m
of a 0.1M DHB solution in water) was deposited on the surface of the sample by
means of a home-build nitrogen driven pneumatic spray system.

6.2.4. Masscalibration

A mass cdibration for TOF-MS measurements was redised before each
series of measurements to obtain optimal mass accuracy, especidly in the presence
of lead white. Two samples of polyethylene glycol (PEG) with a molecular weight
digribution of averaging m/z 400 and 1000 respectively served as cdibrant.
MALDI measurements were performed with a mixture of a 1mM ethanol solution
of PEG and a 1M ethanol solution of DHB. The mixture was deposited at the
surface of the probe and the ethanol vehicle was left to evaporate. Cdibration was
redised with pesks from the DHB and the PEG a regular intervas in the m/z
range [0-1500].

6.3. Analyssof syntheticindigo

6.3.1. LDI-TOF-MS

Synthetic indigo (Fluka) was andysed a low laser power densty with the
TOF-MS. A high degree of anayticd reproducibility was observed. Figure 6.3
shows a characteristic LDI-TOF-MS experiment a low laser power dendty with
spectral data averaged over 10 shots. This spectrum illustrates clearly that synthetic
indigo desorbs and ionises stidfactorily a a UV wavdength of 337nm. Different
types of ions are observed that correspond to different ionisation mechanisms. A
first group of dominant pesks is assigned to the radical cation M** a m/z 262, the
protonated molecule [M+H]" a m/z 263, the sodium adduct [M+Na]* a m/z 285
and the potassium adduct [M+K]" a m/z 301. At higher mass range we observe the
sodiated dimer [2M+Na]® a mvz 547. The presence of these different types of
indigo ions is evidence for Smultaneous ionisation processes. M** is the result of
multi-photon ionisation (MP1)" 1. For protonated molecules, we propose that

" lonisation potential of indigo has been measured in the gas phase to 7,31 eV (Bauer et al.)
indicating that photon ionization requires at least two photons at UV wavelength of 337nm
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Figure6.3 (A and B) LDI-TOF-MS in the positive mode of synthetic indigotin

at low laser power; (C) LDI-TOF-MSin the negative mode.

indigo acts as its own proton donor. Lability of the hydrogen atoms in the indigo
molecule is explaned by the formation of an intramolecular oxygenhydrogen
bond, between —CO and —NH groups of the two heterocyclic rings (Figure 6.4). In
dl likdihood, gability of this dructure is provided by the combined planar naure
of the indigo molecule and its excited dectronic date. The sodium and potassum

(3,68eV) and 355nm (3,49eV). Desorption and ionisation of indigo in the condensed phase most

likely necessitates more than two photons.
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adducts are explained by cationization with Na and K from sdt contaminants in the
sample or on the probe surface. This is supported by pesks a m/z 23 and 39
assigned to Na" and K. Pesks a m/z 284 and 300 are assigned to the species [M-
H]N&* and [M-H]K**.

Formation of these ions is explained by formation of excited species [M-
H]? followed by dkdi addition . Supportive evidence is provided by the
negative ion spectrum shown in Figure 6.3.C. Intense pesks a m/z 262 and 261 are
assigned to the radicd anion M’ and to the deprotonated molecule [M-H]J.
Formation of [M-H] results by dectron capture from the intermediate species [M-
H?]. The great smplicity of the negative ion spectrum suggests that this mode is to
be preferred for rapid identification.

An additional group of pesks in the positive mode a m/z 306, 322 and 338,
is assigned to the species [M-2H+2Na]’*, [M-2H+K+Na]** and [M-2H+2K]’*. We
propose here a cation exchange during the ablation process (Figure 6.4). In this
unusud ion formaion mechanian, the two labile hydrogen a@oms of the radica
caion are exchanged for dkai cations present in the solid phase. The resulting
ablated species are in dl probability di-sdts where the dkali is attached through an
ionic bond.

An as-yet-unidentified pesk in Figure 6.3.A is observed a m/z 360. In a
higher mass range, related ions are observed a m/z 378 (360+H,0), 382 (360-
H+Na), 398 (360-H+K), 400 (360+H,O-H+Na), 416 (360+H,O-H+K). The

B

Figure6.4 Cation exchange under laser MPI conditions leads to the
substitution of hydrogen with sodium, potassium or lead atoms
during the LDMS experiment.
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relative abundance of these ions increases with a higher laser power. The presence
of these adducts suggests that mvz 360 is the radica cetion of an impurity in the
indigo sample. Enhanced desorption and ionisation of this component by REMPI
(resonance-enhanced multi-photon ionisation) a the particular waveength used in
the experiment is proposed to account for the high intensties. This hypothess is
supported by low voltage DTMS spectra, where a compound with a molecular
weight of 360 is absent.

LDI-TOF-MS spectra obtained at low laser power do not display numerous
characteridic fragment ions, as for ingance in DTMS andyses. Synthetic indigo
was therefore andysed a the maximum laser power dendty of the nitrogen laser
(ca. 70mJpulse) in an atempt to induce fragmentation (spectra not shown).
Predictably, the spectrum obtaned under this condition shows a dggnificant
increase of the reldive intendties in the range m/z [360-500]. In the mass range [O-
300] however, no fragment ions could be detected with a reative intendty above
1%, giving evidence for a particularly soft ionisation mechanism.

5
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= 20000 (300, 301, 302)
= 15000 W Sodiated

© 10000 (284, 285, 286)
c

2 5000 EM* and [M+H]*
oo (262, 263, 264)
(@] T T
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Number of laser shots

Figure6.5 Relative ion abundance in sequential bunches of 50 laser shots
during LDI-TOF-MS of synthetic indigotin.

LDI-TOF-MS of synthetic indigo was conducted for the duration of 300
laser shots at a fixed pogtion of the probe surface. Spectra were averaged for
cycles of 50 successive laser shots. Comparison of the mass spectra shows that the
goectrd information is quite reproducible in time. The ratio between the three
principa pesks [M+H]"/[M+Na]*/[M+K]" says approximately the same. In the
course of the measurements the number of ions per shot (totd ion current)
decreases substantidly. This is illusraed in Fgure 6.5 by plotting the evolution in
time of three prevaent groups of ions M?* and [M+H]" (with their corresponding
isotopes ) for m/z 262, 263 and 264; [M-H’]Na" and [M+Na]* for m/z 284, 285
and 286; and [M-H’]K* and [M+K]" for m/z 300, 301 and 302. Figure 6.5 shows

" The peaks at 264, 286 and 302 correspond to the isotopic distribution of indigo, essentially due to
the presence of the carbon isotope *C. *2C and *3C arein a100:1.1 ratio.
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that the absolute intensity of these three groups of characteritic ions decreases
with successve bunches of 50 shots. The tota ion current of the different series of
ions decreases proportiondly with each other, and only moderate variations of the
ratio between relative intendties are observed (<10%). The totd ion current evens
out a 1500 Da after 200 shots and sufficient Sgnd is till observed after 500 shots.

Smilar measurements sgnd averaged in smdler bunches of laser shots (1,
5 and 10 shots) confirm the initiad downward dope of the curve. More than 40% of
the ions are produced in the firg 10 shots of a bunch of 50 laser shots. The
decrease of the total ion current can be judtified by sample consumption, but we
believe that the modification of the surface condition of the sample adso contributes
ggnificantly to this phenomenon. From these expeiments we come to the
concluson that best andyticd information is recorded during the initid laser shots.
When aufficient dengty of materid is present a the surface of the probe, it is
possble to move the sample to offset the diminution of rddive intendty. This
dternative is however not concelvable in the case of spatidly-resolved andyss of
heterogeneous materids where moving the sample often implies a different andyte
compogtion.

6.3.2. MALDI-TOF-MS

As expected, peeks dominating the LDI spectra are dso observed in the
MALDI spectra (Figure 6.6): m/z 262, 263, 264 for the radicd cation and
protonated molecule; m/z 284, 285, 286 for the sodiated species, m/z 300, 301, 302
for the potassiated species. The ions at m/z 360, 361, m/z 378, 382, 398, 400 and
416 remain unidentified. The relaive ratio between radicad cations and protonated
molecules is comparable to the LDI spectra This is evidence supporting the
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Figure6.6  MALDI-TOF-MSof synthetic indigotin.
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ionisation mechanism proposed for LDI with dominant proton trandfer from indigo
itsdf (indigo acting as its own métrix). The dsolute intengty in MALDI is only
moderately higher than in LDI. Typicdly the factor of amplification of the sgnd
goes from 1,5 to 5. This difference is atributed to the fashion in which the matrix
mixes with the andyte after surface depogtion. The ratio of the sodium and
potassum adduct to the protonated indigo was found to be roughly smilar. Thus,
the use of a MALDI matrix does not dgnificantly improve the andyticd
information. On the contrary it introduces pesks characteristic of the matrix, which
may complicate the interpretation of the spectrain unknown samples.

6.3.3. Multiple-stage LDI-ITMS

Synthetic  indigo was further invedigated by multiple-stage mass
spectrometry  (MS") with the ITMS in order to get a better insight into the
fragmentation pattern. In the ITMS experiment, the sample was desorbed and
ionised with a Nd:YAG laser working a 355 nm. At low laser power, indigo
desorbs  satisfactorily, supporting the observetion that the molecule is a good
chromophore in this ultraviolet range. Figure 6.7 shows the LDI-ITMS spectrum of
indigo a low laser power. The spectrum displays dominant pesks for the
protonated molecules [M+H]* a m/z 263 and the radical cation M** at m/z 262.
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) 190
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Figure6.7  LDI-ITMSof synthetic indigotin at low laser power

Fragment ions were assigned as follows [M+H-COJ" at my/z 235 and [M-
COJ" a m/z 234, [M-2CO]" a myz 206 and [M-H-2CO]" a m/z 205. Assignment
of the peak a m/z 219, which corresponds to a loss of 43 Da, is not straightforward
(see below). Peaks at m/z 165, 180 and 190 remain unidentified.
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An MS' experiment was performed by first isolating protonated molecules
a m/z 263, followed by collisonrinduced dissociation (CID). Figure 6.8 shows
the result of a MS' experiment conducted in four stages. CID of the protonated
molecule in Figure 6.8.A yidds [M-CO]" a m/z 234, [M-2CO]" a m/z 206, and
[M-CO-COH]" a m/z 205. The pesk a m/z 246 is not identified. The presence of a
pesk a m/z 219 confirms this ion as a fragmentation product of indigo and is not
an impurity. We propose a loss of [CHNO] from the molecular ion, but this cannot
be verified with current experiments. CID of the solated fragments at m/z 234 and
235 in Figure 6.8.B yieds [M-CO-COH]" a m/z 205 and [M-2CO]" a m/z 206.
CID of fragment ions m/z 205 and 206 in Figure 6.8.C yidds fragment ions & m/z
178 with an assgned eementd compogtion CizHgN. The peaks a m/z 169 and
196 remain unidentified.
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Figure6.8  Multiplestage LDI-ITMS of synthetic indigotin (Fluka): (A) MS of
the protonated ions at m/z 263, (B) MS’ of the fragment ions of m/z
263 at Mz 234, and (C) MS' of the fragment ions of m/z 234 at m/z
205.

" The isolation capabilities of the ITMS in this experiment have a mass range of approximately
10Da, which means that the protonated molecule is not isolated from the radical cation. Spectra of
the isolated species revealed however a minor contribution of the radical cation. In the CID
experiment only protonated molecules at m/z 263 are excited and fragmented.

124



Indigo

Abund. 1

100 |

1 A.LD-EI
80 ]

[\S]
)
N

60 |
40 | 234
] 178
20 ]
150 200 250 300 Mass [u]
x5 x10/|262

100 7

|
80 ] B. DTMS |
60 1 234 |
40 - 103 !

|

] 93

b 131 205 :

] 157 179 i

1 s by |.||. — l’ L |: ity I, Iy ||.I | L . .

50 100 150 200 250 m/z
1

~¥  C.DTMS/IMS

a2 4 189
L

i 157
1 70 159 h

1 L/ 17
17 3z 25 215 2497
. iV o) ' ..J'm.lu'l n.l.l.u’u]h et e b L peidorsd | ,
[} 2 1P 6P ea 16a 120 L42 LEB (1:]:] a8 220 244 264 28P aep
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indigotin (Fluka).
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6.3.4. LD-El withthel TMS

When podst-El ionisation (25eV) is used, the spectrum of synthetic indigo
(Figure 6.9.A) displays four magjor pesks a m/z 178, 205, 234 and 262. Additiona
peaks are observed at 115 and 138, 165. These results are in good agreement with
El proposed by Gibbs et al.'®® and DTMS(MS) with 16eV El ionisation (Figure
6.9.B and C).

6.3.5. Conclusion

In this series of experiments, LDMS proves to be a successful technique for
the investigation of synthetic indigo. An UV laser beam employed a a low power
dendty produces oft ionisation that affords podtive identification of the molecular
species. LDI-TOF-MS spectra display intense pesks for protonated, sodiated and
potassiated species. Negative ion spectra are Smpler in gppearance, with only one
pesk for indigo. Use of a DHB matrix did not improve the andytica information.
Fragmentation is negligible under the TOF-MS conditions but is diserved in ITMS
experiments where the andyte is subjected to higher internad energy deposition
conditions. The use of multiple-stage MS in the ITMS made it possble to follow
the fragmentation route in aMS"* experiment.

6.4. Analyssof natural indigos

Natura indigo is the manufactured product obtaned from the
transformation of plant materias. According to the biologica source and the
manufacturing process various additiond compounds may be present in the
reulting pigment. In the following experiments a series of three naura indigo
pigments obtained from different suppliers were andysed by LDMS under the
same conditions. The three pigments are reportedly obtaned from the same
biologicd source (indigo-plant Indigofera tinctoria L.), but detals of their
manufacturing process have not been disclosed to us.

Figure 6.10.A digplays the LDI-TOF-MS spectrum of natural indigo (de
Ka) measured a low laser power dendity. In comparison with synthetic indigo,
only a negligible contribution of sodium and potassum adducts (respectively at
m/z 285 and 301) is observed indicating that lower concentrations of these akali
are present in the sample. The unidentified pesk a m/z 360 detected earlier in
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Figure6.10 (A) LDI-TOF-MS and (B) MALDI-TOF-MS of natural indigo (de
Kat).

gynthetic indigo has here much smdler ion intengty. Naturd indigo displays a
dominant pesk a m/z 232 that remains unidentified. Since this ion is dso obsarved
in DTMS experiments, we dgrongly suspect the presence of an  additiond
compound. Presence of a pesk at m/z 232 in MALDI spectra (Figure 6.10.B),
where the formation of fragments ions is not likdy, drongly supports this
assumption. As is the case for synthetic indigo, MALDI spectra closdy match the
LDI spectra. Sodium and potassum adducts (m/z 285 and 301) as well as species
observed in the range [450-500] have a higher intendty. The negative mode spectra
revea pesksat m/z 261 and 262 for the deprotonated molecule and radical anion.

On the bass of LDI and MALDI-TOF-MS andyses no molecular
dgnature could be identified in naturd indigo that would identify the different
manufacturers (De Spod and Kremer). It is supposed that the unidentified m/z 232
ions is not the product of indigo fragmentation but raether an additional compound
which production is enhanced in LDI. It may therefore possbly serve as narker for
indigos of naturd origin.
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6.5. LDMSof indigo at the surface of dyed fibres

In fibres dyed with indigo, the colouring materid is fixed to the fibre by
oxidetion in ar, and no mordant is used. Snce LDMS of indigo is rdatively
graightforward, we have investigated whether indigo present at the surface of a
fibre can be desorbed and ionised in an LDI experiment.

Two sats of dyed fibres were analysed in a spatidly-resolved experiment:
(1) wool fibres dyed in the laboratory with indigo (unspecified origin) and (2) woal
fiores dyed with naturd indigo (uncertain biologica origin) from an ancient
Perwian divilisatior?®. Accurate aming of the laser made it possible to interrogate
one snglefibre (10-30mm).
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Figure6.11 LDI-TOF-MS of (A) wool fibres dyed in the laboratory with indigo
(B) wool fibres dyed with natural indigo from ancient Peruvian
civilisation (sample provided by A. Wallert).

A bunch of woal fibres dyed in the laboratory with indigo were analysed by
sampling one sngle oot and averaging the mass speciral information over 25
shots. Characteristic spectra were obtained near the LDI dendty threshold, but LDI
a dightly higher power dengties vishbly improve the dgnd-to-noise ratio. The
LDl spectrum (Figure 6.11.A) displays a particularly clear digtribution of pesks
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with characterigtic ions readily atributed to naturd indigo (m/z 232, 263, 285 and
524). A mass shift (up to ca 1 mass unit) was observed in certain postions of the
sample, and that required interna cdibration after anayss. The poor mass
accuracy was attributed to the pogtion of the fibre on the probe. The part of the
fibore sampled during LDMS might ggnificantly bulge out of the probe cavity,
inducing a <hift in the time of flight (see section 3.2). Experiments were aso
conducted with one single fibre clamped on the probe Results are identicd,
dthough the rdative intengty of the ions is srongly diminished, which makes the
identification of the dyestuff less certain.

LDMS of wool fibres dyed with naturd indigo from ancient Peruvian
cvilisstion were successful as wel. Figure 6.11.B shows the LDI-TOF-MS of
indigo samples directly from the surface of one sngle fibre. Characteristic peeks
are found a 262 [M]°*, 263 [M+H]*, 284 [M-H’]Na’, 285 [M+Na]*, 300 [M-
H?1K*, 301 [M+K]", 360. The spectrum is very clear and no degradation product
could be identified here. The absence of a pesk a m/z 232 combined with the
presence of a pesk a m/z 360 questions the authenticity of the naturd origin of the
indigo.

In conclusion, LDMS appears to be a suitable technique for rapid in-situ
identification of indigo a the surface of dyed fibres. The procedure does not
necessitate any prepardion of the anayte. The andyticd method is nont
dedtructive, and does not necesdtate prior extraction or derivatization of the
dyestuff. At low laser power, indigo desorbs preferentidly and spectra pogtively
attest the presence of indigo. No interference is observed from the fibre materid.
Although andyss of an individud fibre is possble, andyses will be preferentidly
performed with multiple fibres Pogtioning in the sample holder is much esder
than for an individud fibre, and aming of the laser is smplified because of the
larger surface of materia exposed.

6.6. LDMSofindigoinail paint

In pantings, indigo is rady used as a pure substance but occurs in
mixtures with other painting materials. Because the presence of the additional paint
materids might influence the LDI behaviour of the blue organic pigment, we
explored LDMS of indigo in the presence of (1) lead white (basic lead carbonate),
an inorganic pigment and drier of oil pant, and (2) linseed oil, a prevaent medium
used in easd panting. Samples conss of indigo mixed with ether lead white or
with oil, and with both lead white and oil. Recondructions were made on atists
board painted with thin films of such mixtures.
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Figure6.12 LDI-TOF-MS of a 1:8 (w/w) indigo/lead white mixture. In the first
shots indigo is predominantly observed with peaks corresponding to
protonated (m/z 263), sodiated (m/z 285), and potassiated (nVz 301)
species. Later, indigo is observed as indigo-lead salts (m/z 468, 490
and 506).

These complex samples were investigated by LDI and MALDI-TOF-MSin
different forms. (1) no preparation; (2) paint materia removed from its support
(carved out with a scapd), ground, and prepared as a suspenson in water; (3)
paint materid removed from its support, embedded in a supportive resn and cross-
sectioned. Reference spectra of pure lead white were acquired in LDI and MALDI-
TOF-MS for comparison (data not shown).

6.6.1. LDMSof indigo/lead white mixtures

The fira LDI-TOF-MS experiment concens a 1.8 (w/w) synthetic
indigo/lead white mixture. Analyss was conducted at low laser power density with
multiple laser shots in close successon (frequency of ca 2Hz) on one fixed
pogition in the sample. A series of spectra were registered averaging mass spectra
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Figure6.13 LDI-TOF-MS of a 1:8 indigo/lead white mixture in the mass range
m/z [260-265], showing the isotopic distribution of PbOK™ and
indigo.

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

At low laser dendty, desorption and ionisation is intense showing a good
repponse a the UV lasr wavelength (337nm). Surprisngly, the spectrd
information ggnificantly varies in time. In the fird spectrum averaging the initid
five laser shots, the molecule of indigo can be readily identified. Characterigtic
peaks at m/z 262, 263 and 264 can be assigned to the radical cation and protonated
molecule; m/z 284, 285 and 286 are assigned to sodiated species; m/z 300, 301 and
302 are assigned to potassated species. We dso observe the unidentified species at
360 and 361, 382 (360-H+Na) and 398 (360-H+K). At this stage, characteristic
pesks for lead white are observed with very low reldive intensity.

In the following shots with the same power dendty, the absolute intengty
of the diagnodtic ions of indigo decreases sgnificantly, whereas the intendity of the
lead white derived ions increases. Notice in Figure 6.13 that TOF-MS provides the
necessary resolution to separate [PoOK]" from indigo, which shows up in the same
mass range with a theoreticd difference of only 0.14 m/z (Table 6.2). The LDI of
lead white itsalf produces a broad set of characteristic ions assgned to the lead ion
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species m/z* species m/z species m/z
Pb* 208 | (PbO)," 894 | (PbO)sK* 1155
(PbO)Pb* 430 | (PbO)sNa' 917 | (PbO)s' 1340
2PbO" 446 | (PhO)K” 933 | (PbO)4Pb,Os" 1356
(PbO),Pb" 654 | (PbO)s’ 1116

Table6.1 Dominant lead white derived ions detected in a LDI-TOF-MS
analysis of a 1:8 indigo/lead white mixture ¢ m/z of the most
abundant isotopic peak isindicated).

| sotope Indigo PbOK
Da relative int. Da relative int.
M 262.07 83 260.93 22
M+1 263.07 15 261.93 20
M+2 264.07 2 262.93 50

Table6.2 Theoretical isotopic distribution of indigotin Ci6H10N2O,, and
PbOK.

(m/z 207) and various lead oxides (see Table 6.1). The presence of lead in these
compounds is easly identified because of the characteridtic isotopic digribution of
the lead atom . We speculate that the grest variety of lead related species is the
result of laser induced chemica reactions in the ablation region. The presence of
Pb™ points to redox processes. The appearance of demental Pb on the surface has
been proposed in a sudy of the reduction mechanism induced by an IR laser by
Pouli et al. 12, It is dso known that PbO is formed when lead white is heated at
low temperature and that higher temperature converts PbO to PbzO, 3. we
suggest that lead white decomposes after repeated exposure of the lead white to the
UV laser into PbO and PbCOs by releasing water and CO,. Clugters of PbO are
indeed seen in the spectra (see Table 6.1). It is unclear whether Pb" is produced
directly from Pb?* or indirectly from metalic lead. Further evidence for changes in
the surface composition is deduced from the presence of sodiated and potassiated
lead oxide clusters.

" Abundance for isotopic peaks of lead is as follow: 2°Pb (1,4%) 2°°Pb (24,1%) 2°"Pb (22,1%) 2°2Pb
(52,4%).
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With the increase of the number of laser shots the ions indicative of sdt
[M-H?]Pb" become more prominent in the spectra with a multiplet of pesks
ranging from m/z 467 to 471 (m/z 469 is the highest peek). Peaks a m/z 491 and
m/z 507 correspond to a mass difference of 22 and 38 Da respectively. These peaks
are dtributed to the ions [M-2H+Pb+Na]™ and mvVz 506 [M-2H+Pb+K]*. Smilarly,
a pesk a m/z 674 is assigned to [M-2H+2Pb]*. The isotopic distributions of these
ions cdosdy maich the theoreticd digribution (Figure 6.14). Formation of these
ions is in good agreement with the mechanism proposed earlier (section 6.3.1.) in
which indigo form bridges with meta ions [M-H’]Pb" is formed by addition of
leed to the species [M-H’]. Other indigo containing ions are explained by the
caion exchange mechanism proposed above (Figure 6.4), which results in the
subgtitution of one or two labile hydrogen atoms. Whereas the abundance of
sodium and potassum subdtituted species decreases with the successon of laser
shots, the abundance of mono and di-lead substituted species increases.
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Figure6.14 LDI-TOF-MS of a 1.8 indigo/lead white mixture in the range nvz
[665-690]. Isotopic distribution of the series of peaks around m/z
675 matches the theoretical distribution of [CigHi1oN2Oo-
2H+2Pb] ** shown ininset.

Evolution in time of the mass spectrd sgnd for the 1.8 indigo/lead white
mixture is illudrated in Figure 6.15, which shows the tota ion current (TIC) for
two groups of pseudo-molecular ions of indigo: sodium adduct species (m/z 284-
286), and lead adduct species (m/z 466-469). The summed TIC of the Na adducts
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decreases over the successive laser shots, wheress the lead adducts increase. This
is evidence for a preferentid desorption of the indigo molecule in the firs laser
shots, followed by the gppearance of newly formed lead complexes. This delay in
detection supports the assumption that formation of lead species results from laser-
matter interaction in the condensed-phase during experiments with multiple laser
shots in close successon. We suspect that this interaction depends on the energy
depostion during the LDI process. In the following experiments the sample was
therefore invedtigated a different laser power dendties averaging a fixed number
of shots.

4000 -
3000 —\
: —— ,
5 2000 [284-286]

& —— [466-469]
1000 -

O L) L) L) L) L) L) L) !
5 10 15 20 25 30 35 40

Number of laser shots

Figure6.15 LDI-TOFMSof a 1:8 indigo/lead white mixture: total ion current of
indigo pseudo-molecular ions: sodiated species (284-286) and lead
species (466-469).

6.6.2. Effect of laser power density

The desorption and ionisation process for an indigo/lead white mixture
(1:16) was invedtigated in a LDI-TOF-MS experiment a different laser power
densty, as illugrated in Figure 6.16. The rdative contribution of ions derived from
the lead white increases with higher laser power dendty. Absolute intendties of
sodiated indigo species decrease whereas absolute intendties of lead-adduct indigo
species increase. The species with lead and sodium (at m/z 490) and lead and
potessum (a m/z 506) maximise a atenuation 29 with no increese dfter
atenuation 20. This feature is explaned by a higher laser-matter interaction a high
enagy. The stronger increase in redive intensity of Pb™ in comparison with Na
and K™ gives statistically more probability of alead subgtitution.
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Figure6.16 Effect of the laser power density on the formation of Na and Pb
adduct and substituted species. sodiated species decrease with
increasing laser power density, whereas lead species increase
dramatically (the detector saturatesat attn 20).

6.6.3. Influence of the ratio of lead white to indigo

A st of samples with naturd indigo (de Kat) and leed white in different
ratios was anadysed by LDI-TOF-MS as shown in Figure 6.17. The st includes
naturd indigo and pure lead white, plus mixtures of the two compounds in ratio of
indigo to lead white 1.4, 1.8, 1.16, 1:32 and 1.64 (w/w). A low amount of lead
white, eg. 1 to 4 (indigo/lead white) does not affect the mass spectrum of indigo
very much. Since naturd indigo is used we see the m/z 232 as a mgor pesk (see
section 6.4). Indigo become less obvious to identify in the spectrum of the sample
with the raio 1:32. The spectrum of pure lead white shows lead, lead oxide and
lead oxide clusters with sodium and potassum. These same ions begin to appear in
the spectrum of a mixture with a 1.8 ratio of indigo to lead white. Evidence for
indigo lead [M-H’]Pb" a mvz 469 is recognizeble in the mixtures with the ratios
1:410 1:32.
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Figure6.17 Semi-quantitative analysis of natural indigo and lead white (LW)
mixtures.

6.6.4. LDMSof aged indigo/linseed oil mixtures

Two recongructed films of indigo in oil were invesigated by LDMS. The
firg sample (supplied by M. Eikema was prepared with 1g of synthetic indigo
mixed in 1.5 ml cold pressed linseed ail, painted on atist’s board, and atificidly
aged. The second sample is a recongructed mixture of synthetic indigo in cold
presed linseed oil (originating from the Von Imhoff collection kept a the
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Canadian Conservation Inditute, Ottawa) that has undergone a naturd ageing of 25
years old. In both cases, a chip of the paint layer was carved out of the support and
ether andysed as such (in-situ) or was findy grounded in a mortar and deposited
on the surface of the probe as a suspension in water.
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Figure6.18 LDI-TOF-MS of synthetic indigotin mixed in oil: sample artificially
aged (A) and sample naturally aged for 25 years (B).

The LDI-TOF-MS spectrum of the firg sample by averaging on 10 laser
shots is shown in Figure 6.18.A. It displays a series of peaks that can be readily
atributed to indigo and afford its postive identification. Characteristic ions are
found at m/z 262, 263, 284, 285, 300, 301, 334, 360, 378, and 398. No molecular
dgnature reating to ageing could be identified. The spectrum is paticulaly clear,
disolaying no fragment ions or dimers. In the negative mode an intense pesk a m/z
262 supports this identification. MALDI of the cardboard after spraying with DHB
also leads to podgtive identification thanks to pesks at m/z 263, 284, 301, 360, but
no additiond sructurd information was identified.

The LDI-TOF-MS spectrum of the second sample is shown in Fgure
6.18.B. Agan, indigo is readily identified with pesks & m/z 262, 263, 284, 285,
300, 301, 306, 322, 360. When the sample is ground and deposited as a suspension,
the absolute intengty of the dgnd is threefold higher. Pesks at m/z 232 and 248
suggest the presence of degradation products. Tryptantrin (m/z 248), a degradation
product of indigo, has been identified by DTMS and HPLC in aged indigo **°. The
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presence of m/z 232 suggests at this stage that the ion could be a degradation
product of indigo.

6.6.5. LDMSof an indigo/linseed oil/lead white mixture

Two types of recondructed samples of indigo/lead white/oil mixtures were
investigated by LDMS andlysis.

The fird sample was prepared in the laboratory by mixing indigo and lead
white (1:16 w/w) and then adding a droplet of linseed oil to this mixture. This
mixture made with uncured oil was directly deposited on the probe for LDI-TOF-
MS. The spectrum was recorded for a period of 60 laser shots (60s) averaging the
mass spectral data for every 5 shots In the first gpectrum corresponding to the
initid 5 laser shots, indigo can be identified as main component with pesks a m/z
263, 285, 301 and 360. This observation is supported by the mass spectrum in the
negative mode with a pesk observed a m/z 262. In the subsequent spectra
however, no characterigtic ions of indigo are observed anymore and only lead-
related pesks are present. The absolute intensity of the lead pesk Pb" increases as
shown in Figure 6.19. Dday in the formaion of Pb* can be judtified by the
necessary therma effect of repeated laser shots in close succession. In this case no
lead adducts of indigo were observed. This result demondtrates that indigo desorbs
preferentidly in the first laser shots, but soon leaves way to lead related species.
We propose that after surface ablation in the first shots, no more indigo is present
a the surface. In addition we suspect a surface curing effect of the UV laser on the
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Figure6.19 Evolution of the absolute intensity of the peak Pb* in an indigo-lead
white-linseed oil mixture during an LDI-TOF-MS analysis. Data
averaged every 5 laser shots.
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linseed oil. Polymerisation of the oil a the surface woud sed off the surface and
prevent further indigo to being ablated in the successive laser shots.

The second sample was prepared with synthetic indigo and lead white 1:16
blended in cold pressed linseed oil. This mixture was painted on an atists board
with a paint layer thickness of ca 30 mm and the layer was sampled when touch
dry. LDI-TOF-MS was peformed by directly targeting the surface of the
cardboard with the laser. A spectrum representing 50 shots averaged, shown in
Figure 6.20, displays characteristic pesks for indigo a m/z 263, 285, 301, 360,
378, 382, 399 and 469. The lead adduct of indigo is detected a m/z 469, with its
characterigtic isotopic digtribution. Lead related species, namey PbO, PbONa,
Po(PbO)K are dso identified.
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Figure6.20 LDI-TOF-MS of an indigo and | ead white mixture (1:16) blended to
cold pressed linseed oil.

6.6.6. Conclusion

In this series of LDMS experiments, we have shown that indigo could be
identified when thoroughly mixed with the pigment leed white, as wdl as a the
surface of a sample of linseed ail paint that contains lead white. We have observed
that preferentid desorption of indigo is redised in the firgt laser shots wheress lead
substituted indigo and lead white related peaks are produced a a later stage. At low
laser power only negligible fragmentation is observed. We assume that laser-matter
interaction a the surface of the sample is respongble for chemica modification in
the condensed-phase. This accounts for the increase in time of lead-related species
during multiple shot andyses, including notably the formation of lead adducts of
indigo. Experiments conducted with increasing laser power dendty have shown the
role of the energy deposition within this process.
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Figure6.21 Spatially-resolved laser desorption of an embedded paint cross-
section containing a mixture of indigo and lead white in linseed oil.
Image obtained with the CCD camera (A); detail showing the
indigo layer painted on the cardboard paper (B).

6.7. Spatially-resolved LDMSof cross-sections

LDMS has given very promising results when the surface of samples and
indigo-containing mixtures are examined. Because samples removed from easd
pantings ae usudly avalable in the form of embedded cross-sections, it was
necessary to invedtigate if the methodology of LDMS would work with sectioned
samples. Two samples investigated in section 6.6., i.e. thin films panted on atis’s
board, were therefore further investigated as sectioned samples. Figure 6.21 shows
the surface of a cross-sectioned sample as observed with the viewing system of the
LDMS. Paticular dtention was given to the polishing procedure because the
smoothness of the surface is crucid to the success of the andysis. In a second
series of experiments, a thin film of matrix was deposited by pneumatic Spraying

" Absence of residual embedding material on the surface of the sample must be ensured.
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on the surface of the sectioned samples to investigate if this procedure coud
enhance the anadytica information when MALDI would be performed.

The firg sample is a mixture of indigo in oil panted on a cardboard paper
as dready described in section 6.6.4. The indigo/oil layer was investigated in a
gpatidly-resolved experiment, and mass gpectrd information was averaged over
100 laser shots. Indigo is identified with peaks at m/z 262, 263, 284, 285, 300, 301,
360, 378. In the negative mode peaks are observed at m/z 261 and 262. The signal-
to-noise ratio is much smaler compared to direct andyss on the cardboard. The
absolute intendgty is goproximately twofold smdler for 10 times the same number
of laser shots. We assume that this phenomenon can be explained by the smaler
amount of materid avalable a the surface of the sample. Only indigo present a
the surface is detected. As a matter of fact, depodtion of matrix a the surface of
the sample did not improve the anaytica information.

The second sample is a mixture of indigo and lead white in oil painted on a
cardboard paper, dready described in section 6.6.5. The cross-section was
andysed by LDI-TOF-MS in the podtive and negative mode, the spectra are

[M+H]
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L b 1 ul
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Figure6.22 Spatially-resolved LDMS of the surface of the cross-section of an
indigo/lead white/oil reconstruction shown in Figure 6.23. Positive
ion mode, 10 shots on indigo layer (A); negative mode, 19 shots on
indigo layer (B).
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shown in Figure 6.22. Indigo is identified thanks to pesks a m/z 262, 263, 284,
285, 301 and 360. Lead white is identified with a series of pesks (assigned to Pb’,
PbOH®, PbONa", PbOK*, Pb,", Pb(PbO)’, (PbO),", Pb(PbO)K", Pb(PbO),",
(PbO):H*, Pb(PbO)s*, (PbO)s". It is apparent in Figure 6.22 that the TOF-MS
provides sufficient resolution to separate POOK from indigo. LDI-TOF-MS in the
negative mode pogtively identifies indigo with its parent ion [M-H] a m/z 261
Here no overlapping exists with lead related pesks. Formation of indigo ions was
not aways successful. We assume that indigo is only detected, where particles are
present a the surface of the cross-section. It might be possble that indigo a the
surface suffers from the grinding and polishing process.

In concluson, we have shown that indigo can be identified in a thin layer
(15mMm) of a complex mixture directly a the surface of a paint cross-section. This
experiment demondrates that LDMS should be a feasble approach to the
investigation of easd panting samples prepared as thin cross-sections. With soft
materids as indigo it seems wise to keep the sample preparation as mild as
possible to avoid surface scouring.

Unfortunately indigo could not be detected so far in samples obtained from
17" century paintings One explanatory hypothesis assumes that only indigo
present at the surface of the cross-section ®uld be detected. This would mean that
in the samples invedtigated no indigo was present a the surface. Further
investigation will be needed to confirm this assumption.

6.8. Concluson

This chapter demondrates the successful use of LDMS as method of
invedtigation of indigo. Firs, we have shown that indigo is readily amengble to
characterisation by LDMS as a pure compound. Different ionisation mechanisms
were identified that lead to the formation of intact molecular species. Spectra are
ample in gppearance dthough additional unidentified compounds ae observed.
Spectra recorded in the negative mode are in good agreement, and are not
complicated by pesks related to lead compounds. Indigo of natura origin was adso
successfully investigated with LDMS. Again, additiona components were detected
but those could not be identified. No digtinctive molecular signature could be
identified that relates to indigo of different manufacturers. Natura and synthetic
indigo were differentiated but the mass spectrometric signature, however, cannot
be assgned to specific Sructures yet. The multiple MS capability of the ITMS was
employed to interrogate the fragmentation pattern of indigo molecular ions.
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Indigo has been identified in painted films in the presence of ol or lead
white. When mixed with lead white a drong contribution of the lead reated
species was observed. Lead adducts of indigo were detected in a multiple laser shot
experiments with increesing intengty as a function of time. We suspect that
gonificant induced surface modifications are induced in the condensed phase
under the action of the UV laser.

Spatia resolution provided by the UV laser beam was proved to dlow the
direct authentication of indigo from the surface of wool fibres and of cross
sectioned pant samples. In sectioned samples, a large atenuaion in the sgnd
intengty was observed in comparison to “bulk” andyss. Irregular production of
the ions from the surface of sectioned samples emphasises the importance of the
surface preparation. Use of a thin film of matrix deposited a the surface of the
section did not improve the results, which suggests that indigo might not be present
at the surface anymore due to surface scouring.

The nonsuccess of LDMS for the andysis of cross-sections with 17
century paintings questions whether the technique can be used a dl for the
andyss of museum samples. Andyss of pant crosssections was however
demondrated for indigo with recondructed samples. Therefore the low
concentrations and uneven digribution of the pigment at the surface of the samples
looks the most likely explanation. The next chepter will discuss further attempts in
the surface andlys's of museum samples with modern materids.

" A homogenous distribution of photon flux across the laser beam is another crucial factor.
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LDMS of modern synthetic artists pigments

LDMS was applied to the analysis of synthetic organic pigments employed
in modern artists' paints. UV-LDI and MALDI-TOF-MS were successfully used for
the identification of a series of reference organic pigments belonging to the azo
pigments, phthalocyanine, quinacridone, dioxazine, perylene and diketopyrrolo—
pyrrole. Analyses were then extended to the investigation of commercial acrylic
and oil tube paints where the pigment is mixed in a binding medium. Results show
that a nitrogen laser (337nm) used at low power density selectively desorbs and
ionises synthetic pigments present in a binding medium. This makes LDMS a
particularly attractive method for the investigation of complex samples where
FTIR analysis fails because of strong interferences with additional materials found
in the paint (binders and fillers). We will show that sufficient resolution of the
mass analyser makes it possible to recognise the different substitution patterns of
chlorine and bromine in phthalocyanines, whereas sensitivity and mass detection
range makes it possible to identify trace amounts of PEG and PPG used as
additives.
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7.1. Introduction

The production of first synthetic pigments goes back to the mid 19 century
with the beginning of the era of dentific chemisry ! 2°. Organic synthetic
pigments have been modly used as atid’'s materids since the 1950s. A
condderable number of pigments has been synthessed in the laboratory ataining
a present severd tens of thousands of different compounds. Within a particular
chemicd class, wide vaiatons of the colour propeties are obtaned with the
introduction of additional chromophore or auxochrome groups. Only a smdl
portion of these compounds, however, has been marketed %°, and even a smaller
range used in atis’s materids. The history and use of modern organic pigments by
painters has been recently surveyed by De Keijzer 1. Prevalent chemica classes
are azo pigments (reds, oranges and ydlows), phthaocyanines (blues and greens)
and quinacridones (violets, reds, oranges) and to a lesser extert dioxazine, perylene
and anthraguinones. Today, modern synthetic pigments are ubiquitous and retailed
off-the-shelf in the form of paint tubes, i.e. dready mixed with an oil or synthetic
binding medium (such as acrylic, polyvinyl acetate, polyester, etc) 1% 164,

Synthetic  organic pigments usudly have a wdl-known sructure, their
nomenclature is standardised, and they are listed in the Colour Index (Cl.) 7
published by the Society of Dyers and Colourist. Each pigment is given a Cl.
generic name and a C.l. conditution number, eg. PR122, which stands for pigment
red number 122. Commercidly available artiss paints, however, are formulated
according to proprietary methods, and their exact compostions are often unknown.
A great diversty of suppliers exiss, and it is not uncommon that various
commercid names refer to the same organic pigment. For ingance the
quinacridone pigment PR122 is retaled under diverse appelations such as
magenta, rose violet, or purple. Poor labeling of paint materids by manufacturers
often add to the confusion concerning their compogition.

Vaious andyticd methods of andyds have been successfully used for the
study of synthetic organic pigments 18 47 52, 8789, 133, 165, 166 phyqcg and structurdl
Characterization is essentidly addressed by microscopic techniques and  X-ray
diffraction, whereas chemicd andyss and colour measurement is peformed by
spectroscopic methods, such as VIS spectrophotometry, IR, NMR, dectron spin
resonance, emisson reonance and MS. The use of MS for the analyss of
synthetic 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
strong absorption in chromophores, e.g. -NH,, —OH, —Br, —Cl, -NO,.
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emphass on the benefits of various ionisstion methods. Admittedly, LC-MS and
GC-MS ae useful techniques for the anadyss of dyes in complex mixtures snce
mass spectrometry can be carried out with additiona chromatographic separation.
LDMS is a promising technique for the direct analyss of synthetic dyes absorbed
on surfaces (including covaently bound colorants). Bennett et al. 8 used UV-
LDMS (265nm) to detect dyes present in a multicomponent mixture. Dde et al. 8
133 used two-step laser desorption photo-ionisation (L°TOFMS) to examine azo,
anthraguinone, phthalocyanine and coumarin dyes. A pulsed IR laser (wavelength
10.6mm) was used to vaporise the samples as intact molecules, which were
subsequently  photo-ionised using ether 193- or 266-nm UV laser radiation.
Qullivan et al 8 used negaive MALDI for the andysis of polysulfonated azo
dyestuffs. The vdue of MSMS andyss for dructurd determination was aso
demondrated with the production of fragment ions when only molecular ion
species are formed as ionised species 17,

In easd pantings, authentication of modern organic pigments is an
andyticd chdlenge because of the smdl scde and grest complexity of the
samples. Organic pigments ae found entangled in complex mixtures of
components of the synthetic polymeric or ol medium, inorganic pigments,
extenders and various additives *°8. Only litlle information is provided by optica
or microscopical investigations because of the fine divison of the particles, leaving
spectrometric and spectroscopic techniques as methods of choice. FTIR is a
particularly useful method to conservation scientists %4, since most of the modern
atigs pigments can be identified from the FTIR fingerprint. FTIR offers the
posshility 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 pant
layer that it is virtudly impossble to detect them. In addition, many samples
removed from museum easd pantings have an FTIR spectrum dominaed by the
binder and fillers (eg. chak or barium sulphate)’, so much so that the sharp
organic pigments pesks are often hard to distinguish from noise '°. FTIR s
therefore a good analytica tool for bulk composition. Py-GC(-MS) 8% 189 js quite
successful in the invedtigation of pyrolytic fragments of most azo pigments but
inadequate for the invedtigation of other pigments. The use of Py-GC has been
demonstrated by Sonoda et al. for the invedigation of acrylic pants (reference
samples and samples removed from modern paintings). Recently DTMS 19 170 has
been shown to be a very effective technique for modern pant andyss. Organic

" The 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 phtalocyaninesin acrylic
polymer 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 siica type and found
in small amounts. They do not interfere excessively with the peaks from organic pigments and
FTIR analyses are feasible.
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Chemical class C.l. Pigment C.I. Constitution Molecular
hame number Weight (MW)*
Azo (Naphtol) PR 188 12467 642
Azo (Diarylide) PY 83 21108 816
PV 19 73900 312
PR 122 73915 340
Quinacridone PR 209 73905 378
PR 207 73906 312 + 378
(Quin. Quinone) PR 206 73920 312 + 342
Dioxazine PV 23 51319 588
Perylene PR 178 71155 750
Diketopyrrrolo- PR 254 56110 356
Pyrrole (DPP)
Anthraguinone PR 83 58000:1 240
Phthal ocyanine PB 15 74160 575
PG7 74260 1118 (May 1127)
PG36 74265 see table 7.3

! Here we give the mono-isotopic molecular weight MW,,. In the case of the chlorinated
compound PG7, MW, is given for Cu-C3,NgCl15. MW, is the average molecular weight

Table7.1 Reference compounds.

pigments can be identified a extremely low concentration and in the presence of
binder (medium) and fillers (additives). DTMS can resolve the components of a

heterogeneous sample using a temperature ramp 1'%

In this chapter we explore LDMS as a tool for the molecular identification
of modern synthetic organic pigments. Andyses are peformed with LDI and
MALDI ether in the podtive or in the negaive mode. The fird series of
measurements concerns a st of reference pigments belonging to the principa
chemicd dasses of gsynthetic atist’'s pigments namey azo pigments,
phthalocyanine, quinacridone, dioxazine, perylene and diketopyrrolo—pyrrole. In a
second stage, commerciad paints (acrylic and oil media) containing one or severd
of these pigments will be andysed. We will notably demondrate that mass
soectrometry  can  eadly  diginguish  the different  subgtitution  petterns  in
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phthdocyanines, which enables the differentistion of the different commercid
blues and greens. In a last stage we will employ LDMS for the in situ investigation
of crosssectioned multi-layered sysems. This latter category  concerns
reconstructed models prepared in he laboratory and microscopic samples removed
from works of art.

7.2. Sanples

A szies of reference compounds covering the principa chemical classes
encountered in synthetic organic pigments were andysed by LDMS. Samples are
listed in Table 7.1, and are classfied according to their chemicad conditution. In
Table 7.1, each reference pigment is given with its Colour Index 47 generic name
and number. For example PY83 dands for Permanent Yedlow number 83, from
which its chemicd compogdtion and molecular mass can be looked up in the
Chemicd Index. The table dso includes the molecular weight of the colouring
materid(s).

A rough digtinction can be made between azo pigments, and non-azo
pigments dso known as polycydic pigments 8. Azo pigments under investigation
can be further clasdfied according to ther sructurd characterigtics into disazo
pigments (diarylide yelows) and naphtol AS pigments (ngpthol reds). Other
samples fdl into the caegory of polycylic pigments and belong to one of the
following chemica Classes phtha ocyanine, quinacridone, perylene,
anthraquinone, dioxazine, and diketopyrrolo-pyrrole.

Figure7.1  Azo pigment red PR188 (napthol), Molecular composition and
monoisotopic weight, Cs3sNyOsCloH24, MW 642 Da. Fragment ions
refer to the MS fragmentation.
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7.2.1. Azo pigments

Artigs azo pigments ae produced in many different colours, most
importantly reds, orange and ydlows They can be cdlassfied in monoazo and
disszzo pigments, with one or two azo functions (-N=N-) respectively. Two
prevaent classes of atist’s azo pigments are the diarylide yellow pigments and the
naphtol red pigments. In this chapter one pigment of each class has been andysed
by LDMS: (1) Napthol red PR 188, an intense yelowish red pigment with very
good lightfastness properties. It is a naphtol red pigment (Figure 7.1). (2) Hansa
ydlow PY 83, the sandard pigment within the reddish ydlow range It is a
diarilyde ydlow pigment of which the Structure is presented in Fgure 7.2. It
posseses  excdlent fastness propertties, which make it dmost  universdly
applicable

OH HO
HaC CH,
187 N N
H.CO ;;_ "‘\\N N// NH OCH
3 ) i \ -: / 3
| N
Y172 O 933 o
cl cl
cl OCH, H4CO cl

Figure7.2  Azo pigment yellow PY83 (diarylide), C3eNeOsCl 4H32, MW 816 Da.

7.2.2. Phthalocyanines

Artigs phthaocyanine pigments are blue and green. The phthaocyanine
dructure is a tetra-aza-tetrabenzoporphine and artists pigments are al based on the
copper (I1) complex structure shown in Figure 7.3. This molecule (Cu-C32NgHig) is
the copper phthaocyanine blue PB15. The blue colour of phthalocyanines can be
dtered to various shades of bluish and ydlowish green by subdtitution with
chlorine and/or bromine atoms on the four outer benzene rings. PG7 are chlorine-
subgtituted  phthalocyanines (Cu-C32NgH16-nCln). The number of subdtitutions is
generdly n=15, but 14 and 16 are dso possble. Figure 7.4 shows the n=16
subgtituted molecule. PG36 is a chlorine and bromine—subgtituted phthalocyanine.
The more chlorine atoms are replaced by bromine, the yelower the colour
becomes.
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Figure7.3  Phthalocyanine blue PB15, Cu-Cs,NgH16, monoisotopic molecular
weight MWy, 575 Da (average molecular weight MW, 576 Da).
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Figure7.4  Phthalocyanine green PG7. Cu-CxpNgClis, MW, 1118 Da
(dominant isotopic peak MWy 1127 Da).

151



Chapter 7

Phthalocyanine can be identified by FTIR, but the technique does not give
aufficient gructurd informetion to indicate the subdtitution pettern in the molecule
nor the presence of additives Beddes, FTIR often fals to characterise
phthaocyanine pigments in paints because of the low pigment concentration
(phthalocyanines have a high hiding power). In addition, other paint compounds,
such as fillerdextenders and binders can produce gstrong interference with the
pigment sgnd. There is therefore a great need for a technique tha would
podstively identify phthdocyanines in a cosssection when FTIR  remans
unsuccessful.

A vaiety of phthdocyanine-containing pigments, obtained from different
manufecturers, were andysed by LDMS. High resolution of the TOF-MS is used
for the characterisation of chlorinated and brominated phthadocyanines (PG7 and
PG36). Two PG7 samples obtained from Winsor & Newton (Harrow, UK)
(PG7WN), and Cornelissen (London) (PG7C) and were andysed in order to
investigate whether a difference in composition could be detected.

7.2.3. Quinacridones

Quinacridone pigments represent a large range of pigments, al based on
the same dructure, a linear sysem of five andlated rings shown on Figure 7.5.A.
This molecule itsdf is a violet shade, pigment PV19 (quinacridone violet). Many
other pigments of different colours and shades, from deep reds to golden oranges,
are produced by subditutions on the two end benzenes. PR122 is the 2,9
dimethylquinacridone (C22H1sN202 ) (Figure 7.5.B). It offers a very clean bluish
shade of red, which is usudly referred to as pink or magenta. PR207 is a mixed

C) (D)

Figure 7.5 (A) quinacridone PV19, CxH1,N,O,, MW 312 Dg;
(B) 2,9 di-methylated quinacridone PR122, Co2H16N202, MW 340 Da;
(C) 4,11 di-chlorinated quinacridone, C0HgN.O,Cl, MW 378 Da;
(D) quinacridone quinone, CyoH10N>0O4 MW 342 Da.
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phase pigment made from unsubdituted and 4,11-substituted dichloro-
quinacridone (Figure 7.5.C). PR209 is the 3,10-dichloro-quinacridone, mixed with
18 and 1,10-dichloro-quinacridone. PR206 is a mixed cydd phase of
unsubdtituted quinacridone with quinacridone quinone (Figure 7.5.D). Recent
dudies have shown that Py-GC-MS fals to characterise quinacridone-containing
acrylic paints *°

7.2.4. Perylene red pigment

Perylene pigments are diimides of perylene tetracarboxylic acid. PR178
(C4agH26N604) is the perylene red with a molecular structure as shown in Figure
7.6.

77
NE*]
O™

Figure7.6  Perylene PR178, C4gH26N6Os, MW 750 Da.

397 CzH 5

Figure7.7  Dioxazine PV23, C3H»N40.Cl,, MW 588 Da.

Figure7.8  Diketopyrrolo-pyrrole (DPP) PR254, CigH10N.O-Cl,, MW 356 Da.
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7.2.5. Dioxazine pigment violet PV23

The dioxazine violet pigment PV23 (CsgH22N402Cl) is a bluish violet
shade commonly referred as carbazole violet. It is derived from triphenodioxazine,
a liner system of five andlated rings. Its molecular sructure is shown in Figure
7.7. The pigment is particularly important in sysems based on TiOJ/rutile. PV23 is
a favourite shading pigment for use in emulson pants and is used to lend a
reddish tinge to phthaocyanine blue shades. LD/FTMS spectra of PV23 have been
presented by Aaserud 172,

Manufacturer Name Pigment(s)
(C.l. name)
Light Magenta PR207, PR188 (PW6Y)
Medium Magenta PR122 (PW6)
Vivid Orange PY83, PR188
Liquitex Brilliant Purple PV23 (PW6)
Phthal ocyanine Blue PB15
Phthal ocyanine Green PG7
Golden Pyrrole Red PR254
Grumbacher Perylene Red PR178
Thalo Blue PB15
L ascaux Permanent blue Unspecified Phtalo
Flashe (L efranc & B.) Hoggar blue Unspecified Phtalo
Polyflashe (L efranc &B.) Brilliant blue Unspecified Phtalo
Winsor & Newton Permanent Green Unspecified Phtalo
Van Gogh Oil Paint Permanent Red Violet PR122, PV23
(Talens) Rose Madder PR3, PV 19

1 PWe is titanium white.

Table7.2 Acrylic (or PVA) emulsion paints.
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7.2.6. Diketopyrrolo Pyrrole Pigment Red PR 254

The basic skeleton of this recently developed group of pigments conssts of
two fused five-membered rings, each of which contains a carbonamide moiety in
the ring. PR254 (C13H10N20,Cly), with a molecular sructure as shown in Figure
7.8, provides medium shades of red.

7.2.7. Acrylic polymer emulsions (commercial tube paints)

The vag mgority of acrylic media used for atigs meterids are emulson
paints, dso referred to as disperson paints. These cordst of findy dispersed
droplets of acrylic polymer in a continuous water phase that is dabilised by
aurfectants.  The polymer component is usudly a copolymer of methyl
methacrylate (MMA) and a softer acrylate monomer such as ethyl- (EA) or butyl
acrydte (BA), dthough styrene-acrylic and vinyl acetate-acrylic copolymers can
aso be used. Acrylics fuse as the water evaporates, and pigments particles remain
trapped in the dry film.

A sies of aoylic emuldon pants contaning a leest one of the
aforementioned synthetic pigments were investigated by LDMS. Samples are listed
in Table 7.2 and given by thar commercid name. They are classfied according to
thar manufecturer and brand name dnce the nature of the acrylic medium is
assumed to be consstent within the same product series: Liquitex (Piscataway, NJ,
USA), Lefranc & Bourgeois (Le Mans, France), Golden (New Berlin, NY, USA),
Grumbacher  (Bloomsbury, NJ, USA), Lascaux (Brittisdlen, Switzerland),
Pigment composition is given asindicated on the paint tubes.

Samples from a sculpture and two modern easd paintings discussed in
section 7.6.2 were kindly provided by Tom Learner (Tate Galery, London).

7.3. Experimental conditions

MS dudies of modern organic pigments were peformed by LDI and
MALDI with a TOF-MS ingtrument. For a detailed description of both instruments
we refer the reader to chapter 2.

Samples were investigated as a thin film or as cross-sections in the TOF-
MS indrument, a commercid Bruker Biflex TOF-MS (Bruker-Franzen Analytik,
Bremen). We refer the reader to Chapter 2 for a detailed description of the sample
preparation and the different possble configurations of the probe. Thin films were
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deposited either at the surface of a sainless stedl probe, or at the surface of a TLC
plate coated with cellulose. TLC probes and embedded paint cross-sections are
placed in a home-built sample holder. A cdibrant is deposited at the same leve as
the sample surface. The probe is introduced in the ionisation chamber through a
vacuum lock and postioned in the focus of a N2 laser beam (working a& 337 nm).
Microscopic probe pogtioning is achieved thanks to an XY manipulator and the
digitd output of a CCD (Charge Coupled Device) camera for observation.
Desorption and ionisation were performed directly (LDI) or with the assstance of
a DHB matrix (MALDI) and measurements were performed ether in postive or in
negative mode.

In LDMS experiments, reference samples were deposited as a thin or thick
film ether on a danless sed probe or on TLC plates coated with cdlulose
(reference components only). A few micrograms of the sample were mixed with
ethanol. The suspenson was homogenised usng a vortex mixer. About 5
microliters of this solution or suspenson were depodted onto the probe with a
pipette and dried in vacuum. For thick films a few micrograms of pigment were
deposited directly on the surface and a few microliters of ethanol were deposited to
smultaneoudy disperse and adsorb the sample on the surface of the probe.
Pigmented paint in an acrylic or oil medium were gpplied directly onto the surface
of the probe and spread with the tip of a scdpd to obtan a thin film. When
aufficient materid was avalable, it was raher panted with a thin brush. MALDI
experiments were peaformed usng excusvely 25-dihydroxybenzoic acid (DHB)
as the marix. A thin layer of the sample is first absorbed on the surface of the
probe as for LDI experiments. Subsequently a thin matrix layer was deposited on
top of the sample. This gpproach was chosen to mimic as much as possible the way
in which amatrix would be gpplied when andysing a paint cross-section.

74. Analyssof referencesanples

In this section, a series of reference organic pigments were investigated by
LD-TOF-MS. Reference samples were obtained from various manufacturers or
were provided by Tom Leaner (Tae Gdley). Samples ae dther sngle
compounds (e.g. PY83) or mixtures of different compounds (e.g. PR206). For each
sample andyses were carried out with LDl and MALDI, both in the postive and
the negative mode. Laser power densty was tuned just above the desorption
ionisation threshold.
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Figure7.9 TOF-MS of napthol AS pigment red PR188: positive LDI (A),
negative LDI (B and inset a), theoretical isotopic distribution of
PR188 C33N4O6Cl2H 24 (inset b), and MALDI (C).

7.4.1. Napthol ASpigment red PR188

Napthol AS pigment red PR188 (C3a3N4OgCloH24) successfully desorbs and
ionises under the LDI conditions (low laser power dendty, nitrogen laser working

a 337nm). The pogtive ion spectrum of napthol red PR188 (MW 642 Da) is
smple in appearance (Figure 7.9.A). The sodiated species [M+Na]" is observed at
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m/z 665 and potassiated species [M+K]" a 681, whereas the protonated molecule
a m/z 643 is obsarved with only a smdl rdative intendty. This suggeds that the
mogt likey mechanism for ionisation is tha of cation atachment. Dominant peeks
are observed a m/z 23 and 39 for the sodium and potassum ions. Loss of a
hydroxyl radicd OH® from the parent radica cation (m/z 642) is observed a mvz
625 . The dominant pesk a& m/z 520 results from cleavage of the amide bond on
the side of the B ring (Figure 7.1). No ions from cleavage of the amide bond on the
gde of the A ring (with the two chlorine substitutions) could be detected. Cleavage
of the phenyl-amide bond (on the sde of the B ring) yields m/z 492 (smdl rdative
intengty). The pesk a 469 is unidentified. The negative ion spectrum (Figure
7.9.B) shows exclusvely a base pesk assgned to the radica ion [M]?_ a m/z 642.
No characterigtic fragment ions are observed, except pesks at m/z 35 and 37 which
are assgned to chlorine anion.

The podstive MALDI spectrum (Figure 7.9.C) shows dominant pesks for
the protonated (m/z 643), sodiated (m/z 665, base peak) and potassiated (m/z 681)
molecules. Surprisngly, an additiond group of pesks is detected in the mass range
[270-330], which was not observed in LDI. We assume that odd-electron ions a
m/z 306 result from the photolytic cleavage of the azo bond by resonant absorption
of the chromophore group (m/z 329 is assigned to the sodiated species). Cleavage
of the azo bond is only possble after isomerisation of (-N=N-) to (=N-N-).
Smilar fragmentation has been reported for other azo containing anions usng
desorption ionisation methods 7. In the mass range [1000-1800] a sequence of
pesks with regular interval of 44 Da gives evidence for the presence of
polyethylene glycol (PEG) with average molecular weight MW,, of 1300 Da. PEG
is probably awetting agent in the pigment sample.

7.4.2. Diarylide pigment yellow PY83

In the podtive ion spectrum of the diaylide pigment yelow PY83
(C36NgOgClsHsp) (Figure 7.10.A), protonated molecules are observed a m/z 817
with low rddive intendgty. A sronger sgnd (3 to 5 times higher) is obtained in
MALDI (with DHB as a matrix) (Figure 7.10.B), with the sodiated parent ion at
m/z 839. The dominant pesk is observed a m/z 187 corresponding to the (3
cleavage of the amide bonds with transfer one hydrogen atom (Figure 7.2). Loss of
the aromatic sde group by cleavage of the N-phenyl bond with transfer one
hydrogen atom yidds m/z 172 (smdl rdative intendty). Cleavage of the azo bond
yidds m/z 533 indicatiing retention of the pogtive charge on the chlorinaed

" LDI induces fragmentations in the molecule, which have been indicated numerically without
implying any mechanisms.
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fragment. In the mass range [400-800] of the MALDI spectra a sequence of peaks
with regular interval of 44 Da gives evidence of the presence of polyethylene
glycal (PEG), which is supposed to be present as additive in the pigment.
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Figure7.10 TOF-MSof diarylide pigment yellow PY83: LDI (A) MALDI (B).

7.4.3. Cu-Phthalocyanine green PG7 (chlorine substituted)

Cu-phthaocyanine green PG7 from two diffeent suppliers were
successfully desorbed and ionised in an LDI experiment. Figure 7.11.A shows the
LDI mass spectrum of PG7C (Cornelissen) in the mass range [m/z 800-1400]. The
dominant series of pesks a m/z 1127 s assigned to the hexadeca-chlorinated
phthaocyanine species Cu-C32NgClis, (labdlled Clig in the figure). Additiond
series of pesks are assgned to various other chlorine subdtitutions of the copper
phthaocyanine Cu-Csz2NgH16.nCly. Vaues of n are identified for dominant peeks at

" Cu-C3NgClyg has a monoisotopic mass MW= 1118 Da with a relative abundance of 0.6%,
whereas the dominant isotopic peak MWy= 1126 Da has an abundance of 16.1% (see inset Figure
711.A).
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Figure7.11 Phthalocyanine green PG7: supplier Cornelissen (A) and supplier
Winsor & Newton (B). In inset, the theoretical isotopic distribution
Cu-C3NgCl6, with the monoisotopic (MW, 1118 Da) and the
dominant isotopic peaks (MWy 1126 Da).

m/z 1092 (n=15), 1056 (n=14), 1022 (n=13), 990 (n=12), 956 (n=11), 922 (n=10).
A sequence of pesk series is aso observed in the mass range [500-600] that can be
assgned to the unsubstituted copper phthaocyanine Cu-C3oNgHig (n=0). We
assume that the different species are present in the sample as such and are not the
result of fragmentation and rearrangement during the LDI process. If this were the
case fragment iors of the different brominated species would be expected with an
andogous digribution (eg. ChsBri would yidd Ch4Bri, ClisBry, and so forth,
which is not the case). In the mass range of [0-500] a series of ions are detected
that remain unidentified: 102, 158, 165, 176, 199, 220, 305, 319, 327, 341, 437,
493, 518, 560. We do not expect extensve fragmentation under our LDI
conditions.

A series of peaks around MW =1169 are attributed to Cu-C32NgClisBr,
giving evidence for a phthdocyanine containing bromine subdituent. This is
ascertained in the negative mode, where characteristic distribution of pesks & m/z
35, 37 and 79, 81 is asdgned to the chlorine and bromine atoms. Note that the
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nomenclature PG7 does not imply that brominated subdituents are present. In
MALDI spectrano additiona structura information was identified.

PG7WN has a LDI spectrum (Figure 7.11.B) in good agreement with
PG7C. In the mass range [800-1600], however, a dgnificantly different
subdtitution pattern is observed. Additional subgtituted species are identified at mv/z
887 (n=9) and 853 (n=8). Bromine/chlorine substituted species Cu-CszoNgHi6-m-
nBrmCln are observed for the following (m,n) values: (5, 11) at m/z 1348, (4, 12) a
m/z 1304, (3, 13) a m/z 1260, (2, 14) a m/z 1216, (1, 15) a m/z 1172. In the
negative ion mode a characteristic distribution of pesks at m/z 35, 37 and 79, 81
can be assgned to chlorine and bromine resulting from diminaion from the
subgtituents.

Intens. | 1127
Clig
— —~
1000 1 ‘
Ll
1120 1130 1140
] Cl.,Br
600 14,771
A N
400
200 1 \J
1115 1120 1125 1130 1135 1140 1145 1150 m/z

Figure7.12 Detail of phthalocyanine green PG7 in Figure 7.12. In inset, the
theoretical isotopic distribution of the hexadecachlorinated Cu-
phthal ocyanine Cu-Cs2NgClis (MW 1126). A shoulder in the peak
sequence gives evidence for the presence of Cu-Cz;NgHBrClig
(MW 1136).

Figure 7.12 shows the mass range [m/z 1115-1150] in more detal. The
dominant pesks are characteristic of the hexadeca-chlorinated phthaocyanine
gpecies Cu-C32NgClig. A close look at the theoretica isotopic digtribution of the
molecule (shown in the inset) reveds a shoulder around m/z 1136 in combination
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with pesks in excess of 1140. This is indicative of the subdituted species Cu-
C32N8HBrCI14 (1,14)

The didribution of brominated species gives evidence for the presence of
dl the different chlorine subgtituted species in PG7, rather than being the result of
chlorine loss during the LDI process. If this were the case, a Smilar chlorine loss
would be expected for the brominated species. In the mass range [0, 500] a smilar
series 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.
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Figure7.13 Phthalocyanine green PG36, Cu-C32NgH16.mnBrnCln (mass peaks of
theions are labelled with their m,n values).

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

Figure 7.13 shows the LDI-TOF-MS spectrum of PG36. This spectrum
bears much resemblance to the spectrum of PG7. The series of ions in the range [O-
600] is in good agreement with PG7, with notably a pesk at m/z 575 assgned to
the unsubgtituted copper phthalocyanine. In the mass range [800-1200] a sequence
of peaks is attributed to the isotopic distribution of the chlorinated species: n=16 at
m/z 1126, n=15 at m/z 1092, n=14 a m/z 1058, n=13 at m/z 1023. Bromine and
chlorine substituted species Cu-Cs2NgH16-m-nBrmCl, are identified a mv/z 1171 (1,
15) and 1216 (2, 14). In the mass range [1200, 2000], a sequence of characteristic
peaks of PG36 is observed that corresponds to brominated and chlorinated species.
The hexadeca-brominated species Cu-C32NgBris (16,0) is observed with a series of
peaks about m/z 1838. Other species are detected for (m,n) values at the m/z vaues
listed in Table 7.3, with sodiated adducts indicated in brackets. A difference of
3ADa edablishes that we are here deding with a mixture of different brominated
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m/z (m,n) m/z (m,n) m/z (m,n)

1794 15,1 1590 12,2 1385 (1408) 93

1749 14,2 | 1545 (1568) 11,3 1341 (1364) 8,4

1705 13,3 1518 12,0 1314 91

1680 14,0 1474 (1497) 11,1 1270 (1293) 8,2
1634 (1657) 13,1 1430 (1453) 10,2

Table7.3 Cu-CxNsH16.mnBrnCln  species identified in the LDI-TOF-MS of
PG36. Sodiated adducts are indicated in brackets.

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

7.4.5. Quincacridones:PV19, PR206, PR207 and PR209

The LDI of the unsubgtituted quinacridone PV19 (CyoH12N20»,) (Figure
7.14.A) is dominated by an intense pesk for the protonated molecular ion a Mz
313, and a minor contribution for the sodiated adduct a m/z 333. Dimers [2M+H]"
are observed a m/z 625 with the sodium adduct [2M+Na™ a& m/z 647. The
negative mode (data not shown) presents a dominant peak a m/z 311 assgned to
[M-H]" suggeding that quinacridone ionises according to a Smilar mechanism as
described for indigo with the andlyte acting as its own matrix (proton donor).

The quinacridone PR209 (Figure 7.14.B) displays dominant pesks of the
protonated and sodium species at m/z 381 and 403. Dimeric species observed in
the range [650-750] are assigned to [2M-HCI]* at m/z 724 and [2M-2HCI]" & m/z
688. In the negative mode pesks are attributed to the radical ion and deprotonated
molecules with a characteristic quadruplet.

The quinacridone mixture PR207 (Figure 7.14.C) shows a pesk for the
unsubgtituted quinacridone a m/z 313 and 335 (sodiated), the di-chlorinated
gpecies at m/z 381 and 403 (sodiated), and a mono-chlorinated species at m/z 344
and 366 (sodiated). The negative mode provides sipportive evidence with pesks at
m/z 311 and the quadruplet a 379 (data not shown).

Quinacridone PR206 (Figure 7.14.D) shows the quinacridone m/z 313 and
the quinacridone quinone a m/z 343 (protonated), 365 (sodiated), 381
(potassiated) and 387 (di-sodiated). The MALDI spectrum reveds the presence of
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Figure7.14 LDI-TOF-MS of quinacridone: PV19 (A); PR209 (B); PR207 (C);
PR206 (D).
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the same molecule specific ions and points to additional compounds that remain
unidentified.

7.4.6. Perylene pigment red: PR 178

The LDI gspectrum of perylene pigment red PR178 (CagH2sNeO4) (Figure
7.15) displays a dominant peak a m/z 751, assgned to the protonated molecule.
There are severd fragmentation pathways opened by LDI which are thought to be
caused by solid-phase absorption of UV photons. Loss of Hy is observed a mv/z
749. Fragmentation of the amine-phenyl bonds yields m/z 77 and 645 (Figure 7.6).
Both ions correspond to a moiety that does not include the N=N bonds. The pesk at
m/z 540 is assgned to the loss of two phenyl radicas by fragmentation of the
amine-phenyl bonds on both ddes of the molecue. The pesk & m/z 556 is
assigned to the fragmentation of the amine on one sSde and the fragmentation of
the amine-phenyl group on the other sde of the molecule. Multiple loss of a
carbonyl is observed at m/z 722 (750-28), 630 (658-28) and 617 (645-28). A peak
a m/iz 1393 is bdieved to be the radica cation of an unidentified photo-
synthesised compound.
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Figure7.15 LDI-TOF-MSof perylene pigment red PR178.

7.4.7. Dioxazine pigment violet PV23

Dioxazine pigment violet PV23 (Cz4H22N402Cl) (Figure 7.16.A) displays
a dominant peak a m/z 589 for the protonated molecule, with a typica Cl pattern.
Dominant pesks at m/z 554 and m/z 520 are assgned to the loss of chlorine atoms.
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A pesk a m/z 575 is assgned to the loss of a methyl group. In the negative mode
(Figure 7.16.B), fragment ions are only observed for the bss of one ethyl group a
m/z 559 and two ethyl groups a& m/z 530. An additional pesk is observed a m/z
397 numericdly assgned to the fragment ion resulting from cdeavage of the O-C
and N-C linkagesin the sx membered heterocycle (Figure 7.7).
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Figure7.16 LDI-TOF-MS of dioxazine PV23. positive mode (A) and negative
mode (B).

7.4.8. Diketopyrrolo Pyrrole Pigment Red PR 254

Diketopyrrolo Pyrrole Pigment Red PR254 (C1gH10N202Cl) (Figure 7.17)
displays a dominant pesk a m/z 357 with a characterigtic isotopic didribution
assigned to the protonated molecule. Peaks a m/z 379 and 401 are assigned to
sodiated and di-sodiated species [M+Na]® and [M-H+2Na]*. Fragment ions are
accounted by the loss of CO a m/z 330 and Cl & m/z 322. The smdl pesk a m/z
138 is attributed to GHsN2O2 resulting the loss of both GsH4Cl groups, a process
that we postulate to occur in the solid phase by exposure to UV photons.
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Intens.
10000
800023
6000
4000
2000 A
{1 39 138
N e S——
50 100 150 200 250 300 350 400 m/z

Figure7.17 LDI-TOF-MS of diketopyrrolo pyrrole pigment red PR254.

7.4.9. Conclusions

This sat of measurements demondirates that a series of pure pigments from
the mgor chemica classes of modern synthetic pigments were dl amenable to
characterisation by LDI and MALDI-TOF-MS. Using a nitrogen laser (337nm) at
low power dendty, mass spectra reveal a soft ionisation process. Dominant pesks
are observed for the intact molecular or pseudo-molecular ion, and fragmentation
was observed only to a limited degree. Negdive ion spectra produce
complementary information in the case of the brominated and chlorinated Species.
The use of a matrix did not sgnificantly increase the desorption and ionisation of
the pigment, but made it possible to revea the presence of additives such as PEG
and PPG in the pigments. In many spectra, additional pesks could not be assgned
on bads of the molecular gtructure of the pure pigments. We assume that additiond
compounds are being made due to exposure to the UV light.

7.5.  Acrylic polymer emulsonsand oil paints

7.5.1. Phthalocyanine acrylic emulsion paints

A st of dffeeent phthaocyanine-blue emulson pants was examined.
According to the labd, the Grumbacher sample is known to contain PB15 (Cu
C32NgHi6) plus the red pyrrole PR254 (C18H10N202Cl,). The three other paints
from Lascaux, Flashe and Polyflashe contain unspecified phthaocyanine pigments.
A typicd LDI-TOF-MS spectrum is shown in Figure 7.18 in the case of the
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Figure7.18 LDI-TOF-MS of a phthalocyanine blue emulsion paint (Thalo blue
from Grumbacher) shows a dominant peak at m/z 575 for Cu
Cs2NgH16 characteristic of the pigment blue PB15.
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Figure7.19 Detail of the LDI-TOF-MS of four different phthalocyanine blue
emulsion paints. (A) Polyflashe brilliant blue, (B) Grumbacher
thalo blue, (C) Flashe hoggar blue and (D) Lascaux permanent
blue, showing their characteristic distribution of mono-, di- and tri-
chlorinated phthalocyanine (marked Cl 4, Cl,and Cl3).
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Grumbacher sample. The spectrum displays dominant pesks a m/z [574-576]
assigned to the blue pigment Cu-C32NgH16 (PB15).

The four emuldon pants under invedtigation disolay characteristic
differences. Figure 7.19 shows in padle the four LDI-TOF-MS spectra in the
mass range m/z [550-700]. The Polyflashe sample shows a particularly “dean”
spectrum (Figure 7.19.A), suggesting that pure Cu-C32NgH1s was employed in the
manufacture of the emulson paint. In the spectra of the other paint samples
(Figures 7.19.B to D), additional pesks are observed indicative of the presence of
chlorinated or brominated phthadocyanine compounds. These additives modify the
physca and chemica properties of the emulson paint, and give the colour a more
greenish shade. The Hashe and Lascaux spectra reved the presence of mono- di-
and tri-chlorinated species at m/z 609 and 643 and 677, marked Cl;, Cl, and Cl; on
the spectrum. The Grumbacher and Hashe samples display a series of pesks
around m/z 1146, which are assgned to the dimer (data not shown). In this mass
range, the Lascaux sample displays a ries of peak at m/z 1146, 1180 and 1214.
The isotopic digtribution of the series of peak at m/z 1146 indicates the presence of
a dimeric species (rather than a brominated species such as Cu-C32NgH2Cli2Br»).
The species a m/z 1180 and 1214 correspond to two additiond chlorine
subdtitutions.

No characterigtic pesks of the medium could be observed in the LDI-TOF-
MS of these diverse phthaocyanine emulson pants Structura information
concerns exclusvely the pigment. This sdectivity is a great advantage to andytica
purposes. Selective desorption and ionisation of the pigment can be explained by a
grong response of the pigment to the ultraviolet laser light, and conversdy by a
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Figure7.20 MALDI-TOF-MS of phthalocyanine blue emulsion paint
(Grumbacher) in the mass range [600-1800] Da showing a
sequence of peaks with regular interval of 44 Da, characteristic of
polyethylene glycol (PEG) additives with average molecular weight
of 600 Da and 1700 Da.
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poor response of the medium itsdf. This feature is highly beneficd to the
investigation of the pigment dnce it is habitudly present in very smdl proportions
and difficult to identify in FTIR because its Sgnd is masked by the medium.

In MALDI spectra, a series of pesks with regular increment of 44 Da are
assigned to the polymeric compound PEG (polyethylene glycol). PEG is present
with average molecular weight of m/z 600 and 1700 in the Grumbacher sample
(Figure 7.20), m/z 1000 in the Polyflashe, and m/z 600 in the Lascaux sample. No
PEG was detected in the Flashe sample. PEG is a common additive to acrylic
pants to improve disperson in the emulson. LDMS is a very sendtive method for
the detection of PEG. In addition to the high ionisation efficiency of PEG, it is
assumed that the sample preparation in MALDI experiments contributes to the
high abundance of the ions. When the matrix is gpplied, PEG is probably extracted
from the pant by the solvent (ethanol) and migrates to the surface of the sample
where it concentrates prior to andyss. MALDI does not fecilitate the production
of characteristic pesks of the medium'.
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Figure7.21 LDI-TOF-MS of a phthalocyanine green emulsion paint
(Winsor& Newton), with peaks labeled according to their degree of
chlorine substitution.

Smilar results are obtaned with phthaocyanine-green acrylic emulson
paint from Winsor & Newton (London), as shown in Figure 7.21. Dominant peaks
ae assgned to Cu-C32NgHi6 (576 Da) and CU-C32N8C|16 (1127 Da). Additiona
pesks found in the mass region m/z [900-1200] ae assgned to different
chlorinated species with n=[10-13]. In the mass region [1050-1070], it is possible
to distinguish ions a m/z 1058 and a m/z 1064 corresponding to the signds of the

" Acrylate media have very high molecular mass (MW>500.000 Da). They are not expected to
ionise under the conditions of the experiments and cannot be detected in this mass window. DTMS

studies of acrylic emulsion have been recently reported *’>.
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chlorinated species Cu-C32NgClisH2 and GoNgClig. C32NgClig corresponds to the
elimination of Cu from the parent molecule. It is not clear whether the copper can
be diminated as aresult of the anaytica methodology.

7.5.2. Acrylic emulsion paintswith azo, quinacridone, dioxazine, perylene, DPP and

anthraquinone

Following the example of the phthaocyanine containing paints, a series of
acrylic emulson paints were interrogated with LDMS. The genera appearance of
the spectra confirms findings described in the previous section. The LDI process
results in the sdective desorption and ionisation of the organic pigments, wheress
the acrylic medium is not observed. Under MALDI conditions the presence of PEG
or PPG is occasiondly detected in addition.

Identification of the pigments is based on comparison of LDI and MALDI
spectra with the data gathered for pure compounds. Since the spectra present an
uncomplicated profile, the identification is generdly sraightforward.

Light magenta (Liquitex): in LDI (Figure 7.22) the napthol red PR188
(C33N406CloH24) is identified with two dominant pesks & m/z 665 and 520
assigned to the sodiated pseudo-molecular ion and a fragment ion resulting from
the cleavage of the amide bond. Pesks a m/z 543 and 559 are asdgned to the
sodiated and potassiated fragments. According to specification the quinacridone
PR207 should be present but mass spectrometric evidence for this compound could
not be obtained. At higher laser power, a PEG 1500 can be detected in trace
amounts.
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Figure7.22 LDI-TOF-MSof light magenta paint (Liquitex).
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Medium magenta (Liquitex): the LDI spectrum (Figure 7.23) shows the
protonated molecule of di-methylated quinacridone PR122 (C2HisN202 ) & mvz
341 dong with a pesk & m/z 313 assgned to CyoH12N2O, from protonated
quinacridone PV19. In MALDI, PEG with average molecular weight MW,,=1700,
and PPG with MW,,=1200 are identified as additives.
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Figure7.23 LDI-TOF-MS of medium magenta paint (Liquitex).

Vivid orange (Liquitex): the LDI mass spectrum (Figure 7.24) reveds the
presence of the two pigments PY83 (C3sNeOsClsHs2) a m/z 187, 251, 276 and
533, and PR188 at m/z 520 ad 665 (low intengty). In MALDI pseudo-molecular
ions of the two pigments could be seen a m/z 665 for PR188 and 817 and 839 for
PY83. PEG with average molecular weight MW,,=1700, and PPG with MW,=700
are detected.
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Figure7.24 LDI-TOF-MSof vivid orange paint (Liquitex).
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Figure7.27 LDI-TOF-MSof perylene red paint (Grumbacher).
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Brilliant purple (Liquitex): (Figure 7.25) PV23 (CsaH22N4O2Cly) is
identified in the paint with pesks & m/z 589 and 555 assgned to the protonated
molecule and an ion due to loss of a chlorine radica. In MALDI, PEG with
average molecular weight MW,,=1650 is identified as an additive.

Pyrrole red (Golden): (Figure 7.26) PR254 (C1gH1oN20-Cl,) is identified
with pesks at 357, 379 and 401. In the MALDI spectrum, PEG with average
molecular weight MW,,=600 and MW,,=1700 are identified as additive.

Perylene red (Grumbacher): the LDI spectrum (Figure 7.27) is in good
agreement with the spectrum of the pure compound PR178 (CsgH26N6O4) (Figure
7.15). The pigment can be identified by a large number of diagnostic pesks (m/z
540, 556, 645, 722, 751, 827). In the MALDI spectrum, PEG with average
molecuar weight MW,,=1700 isidentified as additive.
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Figure7.28 LDI-TOF-MS of permanent red violet oil paint (Van Gogh series
from Talens).
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Figure7.29 LDI-TOF-MS of rose madder oil paint (Van Gogh series fom
Talens).
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7.5.3. Oil paints

Two oil paints from the series Van Gogh, Royd Tdens (Apeldoorn) were
investigated.

Permanent Red Violet (Van Gogh): (Figure 7.28) Evidence for
quinacridone is found a m/z 313, 341 and 379, indicating the presence of
quinecridone, and the di-methylated and di-chlorinated species. The dioxazine
PV 23 (C34H22N40,Cly) wasidentified with a mass pesk at m/z 589.

Rose madder (Van Gogh): (Figure 7.29). The quinacridone PV19
(C20H12N20y) is identified with pesks at m/z 313, the dichloroquinacridone PR209
is identified with pesks a 381 and the anthraguinone PR83 is identified with pesks
at m/z 285 and 544

From these andyss we can conclude that desorption and ionisation is aso
successful with modern pigments in an oil medium but the LDI efficiency is quite
low and the processis far less sdlective than in the case of acrylic emulsions.

7.5.4. Conclusions

In this section we have demondrated the gpplicability of LDMS for the
identification of commercidly avalable tube pants contaning modern pigments.
Laser desorption ionisation leads to the formation of the intact molecular ion,
which afford a draightforward identification of the pigments. Fragment ions are
rarely observed if a dl, and no diagnostic ions d the medium (acrylic or ail) have
been identified. The presence of unidentified pesks in the higher mass range was
explaned by the presence of unknown additiond compounds in the paint
formulaion.

LDl provides a sdective desorption and ionisation technique for the
invedtigation of the modern pigments by mass spectrometry. This feature looks
paticulaly promisng for the in-situ identification of cross-sectioned samples
gnce current methods of invedtigation (FTIR) often fal to identify the pigment
because of drong inteference of additiond pant meaterids lonisation efficiency
was proved to be poorer in oil mediathan in acrylic emulsion ones.

LDMS experiments with blue phthdocyanine acrylic pants have
demondrated that the degree of haogenaion of the blue pigment can be
determined in a Smilar way as dready described for pure pigments A variety of
subdtitution patterns have been identified showing the degree of impurity of the
PB15 (CuCs32NgHig). Different petterns of haogenation were identified for
pigments in acrylic emulson obtained from different manufacturers.
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Some pigments indicated by the manufacturer were not detected in the
acrylic emulson or ol pants. This can have vaious reasons. Unfortunately no
information was available about the quantity of these pigments in the tube.

The use of a MALDI matrix did not significantly increase the desorption
and ionisation of the pigment, but made it possble to sdectively ionise additives
such as PEG and PPG in the pant formulation. These compounds play a role as
compatibility agent in the emulsion.

7.6. Jatially-renlved LDMS analyds of cross-sectioned paint
samples

One added benefit of our LDI-TOF-MS set-up is the possihility to perform
goatidly resolved andyss with a resolution down to 10 micrometers. In this
section we explore the applicability of the LDMS approach to the study of multi-
layered samples. Paint recondructions were prepared by superimposing thin layers
of two different phthalocyanine acrylic emulson paints. LDMS of this system was
used to test the applicability of the technique to the study of the surface of cross-
sectioned samples, and assess the gpatid-resolution. The technique was further
applied to the study of paint samples removed from easd painting supplied by the
Tate Gdlery.

7.6.1. Reconstructed stacks of phthalocyanine layers

A mult-layer mode was prepared by superimposing thin layers of two
different emulson paints, namey Liquitex phthdocyanine blue (PB15, Cu
C32NgH16) and Liquitex phthalocyanine green (PG36). The sample was left to cure
until being touch-dry and was then embedded and cross-sectioned. The sectioned
sample viewed under the microscope shows a successon of uniform layers of circa
100 micrometers in thickness. Previous experiments have shown that the
phthdocyanine blue emuldon pant can be eadly didinguished from
phthaocyanine green. A dominant contribution of the multi-halogenated species in
the green compound is not observed in the blue compound. The laser beam was
amed a the middle of a blue layer. The spectrd information is in perfect
agreement with spectra of the individud tube paint andysed as thin film deposted
on a metad plate. PB15 is pogtively identified with a series of pesks a m/z 576
(base peak) and m/z 479, 520, 560 (low relative intengty).
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From this result we can conclude that LDMS is a suitable technique for the
investigation of modern paint materia in the form of an embedded cross-section.
The preparation of the sample did not hinder the authentication of the blue
phthaocyanine PB15. Sdective desorption ill holds for sectioned samples, and
no characterisic ions of the medium could be identified. In addition we have
shown that the gpatid resolution of the LDI-TOF-MS set-up affords the
characterisation of an individud layer of approximatdy 100 micrometers. No
interference of the adjacent layer was observed in this case. Spatid-resolution in
this series of experiments was roughly estimated to 20-50 microns.

7.6.2. Samplesremoved from easel paintings

Spdidly-resolved  LDI-TOF-MS  was  further  employed for the
investigation of two samples obtained from the Tate Gdlery. The firg sample is
from the sculpture Dunstable Reed (T01361) of Phillip King (1934-). A layer of
magenta colour was sampled with the laser. The LDMS spectrum reveds the
presence of protonated quinacridone PV19 (C22H16N20-) with a peak at m/z 313.

Figure7.30 Surface of a cross-sectioned sample (“Interior with a picture” of
Patrick Caulfield, Tate Gallery T07112) analyzed by spatially-
resolved MS analysis The estimated diameter of the laser beam
(grey circle) overlaps several coloured layers.

The second sample was taken from the painting Interior with a picture
(TO7112) of Patrick Caulfidd (1936-). The cross-sectioned sample displays a
series of layers as shown on Figure 7.30. Spatialy-resolved andyss was used for
the identification of the different layers 1™*,*°. A series of spectra was taken as a
line scan from the top layers to the back layers. Undoubtedly, the compostion of
the spectra information changes according to the postion where the sample is
amed a. Bedt results were obtained for the top layers of the paint. The two
pigments PY3 and PR170 can be readily identified in the LDI-TOF-MS spectrum
(Figure 7.31) by comparison with the LDMS of the corresponding pure pigments
138 \When deeper layers of the sample are andysed, the signad corresponding to this
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Figure7.31 LDI-TOF-MS of the top layer of the Caulfield sample (TO7112.N).
The spectrum displays characteristic ions for the two pigments PY3
and PR170.

two pigments decreases and findly disgppears. This phenomenon is accounted for
by the sze of the laser beam, which desorbs and ionises areas covering severd
layers (Figure 7.30).

The spectra of a series of samples from the paintings Black on Maroon
(TO1164) and Red on Maroon (T01165) of Mark Rothko (1903-1970) remained so
far inconclusive.

7.7. Conclusons

This work demondrates the effectiveness of LDMS methodology for the
analyss and characterization of modern pigments used in easd paintings. We have
pad paticular atention to the investigation of a series of modern organic pigments
that are difficult or smply not amenable to characterisation with FTIR because of
drong interferences of additives. In-situ sampling was peformed with organic
pigments deposited as a thin film a the surface of a subgrate (metdlic and TLC
cellulose plates). Best results were observed with LDI in the postive mode. Only
little sructurdly relevant ions were observed in the negative mode. Spectrd
information provided by the desorption ionisstion method is characterized by the
production of quas-molecular ions (protonated, sodiated and potassiated) with
little fragmentation due to photolytic cleavage. Mass resolution of the TOFR-MS
andyser afords unambiguous molecular  formula delermination  of  multi-
chlorinated and brominated species by assgning ther different isotopes. Andyss
of quinecridone pigments shows that it is possble to sSmultaneoudy identify

178



Modern synthetic artists' pigments

different compounds in a mixture (multi-component andyss). In MALDI
experiments, additives of PEG and PPG were characterised. MALDI B therefore a
auitable method to interrogate the purity of the sample. The disadvantage of
MALDI spectra, however, is the dramatic increase of peaks at low masses that can
obscure the andyte sgnd. In acrylic emuldon pant, pigments are sdectively
desorbed at low laser power densty. LDMS does not yield signals characteristic of
the medium, as it is the case in DTMS expeiments °. Spatialy—resolved
experiments a the surface of paint cross-sections shows that it is possble to
postively identify the presence of a pigment - or a mixture of pigments - in an
individual layer of ca 30 micrometers 12,

In summary, LDMS is a sdective tool for dye andyss in synthetic pants.
Two important advantages of the use of a focussed laser for sampling is the
minima preparation prior to mass pectrd andyss, as wel as the ability to locdly
desorb and ionise organic pigments with a spatid resolution down to about 20
micrometers. The technique is therefore very dtractive for the study of easd
painting samples since only a few micrograms of maerid are needed and it offers
the possihility to invedigate the surface of cross-section in-situ with a high spaid
resolution. So far however, not al panting samples were successfully analysed and
further invedtigation will be needed to edtablish the reasons of this limitation. The
LDMS approach looks however promising for the rapid authentication of modern
pigment and for invedtigation of complex samples that FTIR fals to identify. In
partticular, LDI-TOF-MS is gppropricte for the invedtigation of pigments whereas
MALDI-TOF-MSis more suitable for the investigation of certain paint additives.
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Improvements in surface preparation of paint
cross-sections necessary for advanced imaging
techniques *

A new polishing procedure is presented for the preparation of paint cross-
sections with enhanced surface quality. As a result, chemical surface analysis by
Fourier Transform Infrared (FTIR) imaging spectroscopy and Laser Desorption
lon Trap Mass Spectrometry (LDMS) is now possible. Surface quality is
demonstrated by FTIR-imaging, Differential Interference Contrast (DIC)
microscopy and Interferometric Profiling.

" This chapter is based on the publication: Wyplosz, N., Koper, R., Van den Weerd, J., Heeren, R.,
Boon, J.J. Improvements in surface preparation of paint cross-sections necessary for advanced
imaging technique Art et Chimie, La Couleur, Paris 16-18 September 1998, CNRS Editions.
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8.1. Introduction

In the last decades, Fourier Transform Infrared Spectroscopy (FTIR) and
Mass Spectrometry (MS) have found an important place in the scientific
examindion of works of art °. These techniques only require minute amounts of
sanple to peform andyds a the molecular levd. They are wdl suited for the
andyds of microscopic samples removed from easd pantings and have found
particular use in the study of binding media and other organic materias.

Typicd samples removed from easd paintings have microscopic Sze and
present a complex superimposition of layers, each composed of different materids
mixed together. Regtoration trestments and degradation induced by the passing of
time may add further to the intricacy. It is desrable to understand complex
phenomena such as the changes upon aging of the different organic compounds,
the interactions of the different materiads within one layer or between adjacent
layers, or the Sde effect of restoration treatments.

One of the mgor difficulties in the invedigation by FTIR and MS is to
relae the molecular information about the various materids to ther digtribution
within the sample. For MS the different layers of a sample are habitudly dissected
menudly and andyzed separatdy. Separation is often inaccurate or Smply
unechievable, and no gpatid resolution is avalable within the isolated paint
fragments. For FTIR, the dructurad information can be consarved by investigating
sectioned samples. Sectioning is a routine procedure common to other
spectroscopic and microscopic  techniques and extensive collections of cross
sections dready exist in conservation laboratories. Samples are firs embedded in a
supportive  medium  (usudly a transparent synthetic resn) and sectioning is
achieved by polishing from one or two Sdes, or by microtoming. Cross-sections
are made to be observed in reflection and thin-sections in transmisson ®2. Higher
qudity visud informetion is obtained with thin-sections but for practica reasons
cross-sectioning is often preferred: microtoming is problematicd with brittle paint
materids and polishing from the both sdesis admittedly demanding.

In our laboratory, novel indrumentation is being developed for the rapid
locd chemicd andyss of the surface compostion of paint sections with a spatid
resolution better than 10 mm. FTIR-imaging microscopy affords for the firg time
the rapid visudizaion of the didribution of functiond groups a the surface of
paint sections. A Laser Desorption lon Trap Mass Spectrometer (LDMS) dlows
the study of embedded paint sections by mass spectrometry.
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Many samples obtained from conservation laboratories were proved to have
a thin layer of embedding materid left on top of the sample section after polishing.
Albat the presence of this thin film is unimportant in visud microscopy, it
hampers surface chemicd andyses. A new surface preparation was developed in
order to remove the embedding materid from the surface of the paint sections and
to ensure that the actua pant is being examined with a surface andyticd
technique.

82 FTIRimaging and Lasxr Desorption lon Trap Mass
Joectrometry

The nove FTIR-imaging spectrometer condss of a Micheson
interferometer equipped with a step-scan mirror, an FTIR-microscope and a 64x64
pixels Mercury-Cadmium-Telluride (MCT) infrared-camera (spectral range 4000~
900 cm-1) ™. In the MCT infrared-camera each pixel is an independent detector.
A 400x400 mm surface area from a paint cross-section is imeged through the
microscope onto the camera providing a diffraction limited spetid resolution of
goproximately 6 mm for a pixd in the centrd wavdength region. One sngle
messurement with the MCT infrared-camera provides smultaneousy 4096 FTIR-
spectra at different postions resulting in high-resolution FTIR chemica images.

MS characterization of microscopic objects can be obtained by vaporizing
materid with focused laser pulses (LDMS) . An externd ion source Quadrupole
lon Trap Mass Spectrometer (ITMS) was built on this principle for the analyss of
paint cross-sections. Materid is locdly removed from the surface of a section with
the help of a laser (UV or IR). The accurate targeting of the laser is redized with
the hdp of a micro-podtioning sysem and a visud microscope. The spatid
resolution of the ablation is defined by the spot size of the laser beam (ca. 10 nm).
lonisation is either performed directly by the laser (laser desorption and ionisation)
or with te help of an dectron beam (laser desorption and post dectron ionisation).
The injection of the ions generated externdly to the ITMS is achieved by
homebuilt ion optics ITMS affords the determination of ion gStructures by serid
MSandyss (MS") 12,

8.3. BEwvidenceof Smearing

A series of samples obtained from various conservation laboratories were
andyzed by FTIR-imaging. A visud microscopic image of the surface area viewed
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by the MCT-camera was collected on the same microscope with a CCD camera
mounted on the triocular. Aress of interest were sdlected on the optica image and
the corresponding IR-spectra were displayed (Figures 8.1 and 8.2). Unfortunately
the embedding resn srongly intefered amost everywhere a the surface of the
sample. The embedding materid typicaly shows up a 1750 cm’® through its
carbonyl group (C=0).

Figure8.1

absorbance

Figure 8.2

1.2

0.8

(b)

Optical microscopy (a) before and (b) after re-polishing (see Figure
8.3. for FTIR-images)
1 A A
AAR
N/ V| Al
o A JATAY
' \
0.2
O T T T T
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wavenumber
— E before polishing = E after polishing
— P before polishing —— P after polishing

Single pixel FTIR spectra in the [ 2000-1000cm ] range for pixel E
(in grey) and pixel P (in black) before (thin line) and after (thick
line) re-polishing (see Figure 8.1.).

Fase colour FTIR-images (seen here in black and white) displaying the
relative absorption intensties for each pixe a particular spectra bands reveded
blurred contrast (Figures 8.3.a and 8.3.c). This prevents totaly the imaging of the
different functiond groups didribution a the surface of the section. The bad
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Sample preparation of paint cross-sections

qudity of the contrast could be ether attributed to the masking of the surface
section by some embedding material or to an excessive corrugation of the surface.
An image viewing absorption a 1750 cm’ indicates the presence of embedding
materid (through its C=0 group) covering the paint surface.

—~

Embedding material &

& (b)

1750 cm1t

1500 cm™?
Carbonate

(d)

Figure8.3  FTIR-imaging at 1750 cmt (a) before re-polishing and (b) after re-
polishing, at 1500 cm* (c) before re-polishing and (d) after re-
polishing. (see Figure 8.1. for optical images).

Observation by Differentid Interference Contrast microscopy (DIC) 17

disclosed scattered smears of embedding materid on top of the paint section. A
DIC picture shows a typicd cross-section as receved from a conservation
laboratory (Figure 8.4.8). A thin trangparent film of embedding materid is reveded
by the narrow tracks left on the surface during polishing by the aborasive. Standard
microscopic obsarvation is not sufficient to make this film perceptible (eg. in
Figure 8.1).

Often overlooked or consdered as a negligible hindrance, smearing is
aufficient to subgtantidly worsen the FTIR-imaging and LDMS andytic results
(for LDMS it hinders the laser desorption of the pant materid). A surface
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preparation method was thus sought to remove the smears of embedding materid.
Fast lon Milling (FIM) 17 or cryo-microtoming was tried, but the most convincing
procedure appears to be lapping with rolling dumina

(b) |

Figure8.4  Differential Interference Contrast (DIC) microscopy (a) before, (b)
after re-polishing with rolling alumina.

8.4. Anewsanplepreparation

Samples are embedded in a cylindrica block of Technovit 2000 LC
(Heraeus Kulzer, Wehrheim). A cylinder was chosen smply because it fits well
our sample holder. Technovit 2000 LC is a one component acrylic light curing
resn 7. It cures in ca 30 minutes a a low temperature (<32°C), does not
fluoresce or infiltrate the sample excessvely, and is dightly toxic. The major
drawback isthe dight shrinking during curing.

A three-gtep procedure was devised to embed samples. A slicone mould
(Elagtosl M-4500, Wacker, Munich) with three different types of cavities was
manufactured (Figure 85) in order to cast different block of resins (8.5.8 3mm x
@8mm cylinders, (8.5.b) haves of the same cylinder, and (8.5.c) truncated halves.
A block or resin is first prepared usng the hole (8.5.c). The bottom sde of the
manufactured block is perfectly fla despite the shrinking of the resin (Figure 6a).
The block is placed in the hole (8.5.b), flat sde on the top; the paint sample is
positioned correctly on this side (Figure 8.6.b). Technovit 2000 LC is particularly
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Figure85  Slicone mould

Figure8.6  Technovit 2000 LC blocks
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Figure8.7  (A) Sample holder on the rotating wheel and (B) polishing wheel.
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convenient since it days workable until it is placed under blue light (440 nm)
where tiny amounts solidify within minutes. The sample can be fird accurady
podstioned in a droplet of resin which is cured and the block is subsequently
completed (Figure 8.6.c). The block (8.6.c) is then placed in the hole (8.5.8) and
the whole cylindrical block is eventualy completed (Figure 8.6.d).

The cylindrical block is fixed on a homebuilt sample holder (Figure 8.7.A).
The sample holder enables to adjust the surface of the section precisdy pardld to
the polishing whed. The vertica postion of the resn block can dso be regulated
in order to goply a minima and uniform pressure during polishing. The block is
firdt sectioned by grinding the block on a series of fixed-abrasve papers. The grain
sze is lowered down to grit 1200 (grain Sze 14 nm). To ensure an omnidirectiona
cutting, the sample holder is engaged in a three-branched pathway (Figure 8.7.B).
The turning of the whed induces a dow-rotationd sdf-motion of the sample
holder in the pathway. After this rough preiminary polishing, the cross-section is
re-polished on rolling dumina. A continuous sream of water droplets containing
50 nm grain sze dumina in suspenson is deposdited over a rotating thin cloth. For
the comparison, 4000-grit dorasive paper has a grain sze of 5 nm (Figure 8.8). The
sample holder is placed on the rolling aumina and checked under DIC a regular
intervas until complete remova of the smearing film is achieved (Figure 8.4.b).

Already exiding cross-sections of other forms (eg. padleepipedic) or

(a)

Figure8.8 (a) Grinding with fixed abrasive on a cloth (grain size 5 um), (b)
Lapping with rolling abrasive in a lubricant: (50 nm rolling Al,O3
in water).
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made from other common types of resins were aso successfully re-polished with
rolling dumina

85. Analyssafter polishing

The re-polishing dgnificantly enhances opticd microscopy’s  contrast
(Figure 8.1). On the FTIR-image a 1750 cm-1 (Figure 8.3.b) no interference of the
embedding materid is found in the region of the paint section and the outline of the
samplelembedding materid interface is shap. The IR-spectrum of the pixd
corresponding to the point P reveds now the paint materid. Interestingly the
gpectrum of the pixd corresponding to the point E (embedding materid) is dso
better. This can be accredited to a decrease in corrugation of the sample after re-
polishing (a smooth surface has a predominant specular reflection  behaviour
whereas a rough surface has a predominant diffuse reflection behaviour). At the
point P, the presence of the functional group carbonate (COs) is inferred from its
characterigtic absorption band around 1500 cm-1. The digtribution of carbonate at
the surface of the section is shown on the image (8.3.d).

Atomic Force Microscopy (AFM) 178, a technique capable of reveding
surface corrugation down to the nanometric scale (the dumina grain size is 50 nm),
was tried to obtain information on the surface morphology of the paint section after

i

...... ", Q

e

-0.50

-2.50

-4.50

E

6.66

Figure8.9 Interferometric profilometry reveals the surface corrugation of a
sample after polishing with rolling alumina.
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polishing. Unfortunately the scanning of the pant surface was inconclusve.
Failing of the AFM was ascribed to the inadequacy of our instrument (Nanoscope
Il, Digitd Indruments) to andyze corrugation in excess of 5mm. Interferometric
profilometry 17°, a nonrcontact andyticdl surface technique was subsequently
employed. Figure 89 shows the surface of a sample after polishing with rolling
dumina The microscopic amplitude of the surface corrugation could be attributed
to the digtinct aborasion rates of the different materias within each layer.

8.6. Concluson

The surface condition of most samples we obtained from conservation
laboratories was insufficient for correct FTIR-imaging and LDMS  andyses
because of the smearing of embedding materid during polishing. A new polishing
procedure for embedding paint cross-sections usng a homebuilt sample holder and
lgpping with 50 nm gran sze rolling dumina suspended in waer was developed.
It was proved suitable both for the preparation of new samples in Technovit 2000
LC and the re-polishing of dready exising samples. Paint cross-sections prepared
in ths manner were successfully andyzed by FTIR-imaging. Good surface
chemica contrast can now be obtained in reflection mode by viewing functiona
groups digtributions. Since the sample preparation adso opens the way to spatialy-
resolved LDMS of pant sections, dissection of sample will not be necessary
anymore in future MS analyses.
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Summary

Consarvation scientidts have been dudying easd panting materids for
decades, generdly focussng on problems related to the preservation of the works
of ats, or the higory of artists techniques. Investigation of easd painting is no
easy task and a mgor problem that plagued previous technicd investigations is the
high intricacy of the paint samples. On the one hand painting materias are intricate
mixtures of molecules tha have undergone complex transformations with ageing,
and on the other hand sampling is highly problematica because works of at are
precious and unique artefacts.

This thess discusses the use of laser desorption mass spectrometry, known
in short as LDMS, as a novd technique of andyss in the fidd of conservation
stience, and more paticularly for the investigation of naturd and synthetic organic
pigments encountered in easd pantings. LDMS is a technique that has been
advantageoudy used in the past by physcigs and chemigts for the sudy of
surfaces. Here, this promising technique has been goplied for the firgt time to the
andyds of atigs pant materids and the investigation of samples in cross-section.
Andyss focussed on the study of organic pigments present in old mesters and
modern easdl paintings.

Adaptation of the LDMS technique to the study of easd painting materias
has required various technicd deveopments. A sample holder was specidly
desgned to make the andyds of samples of microscopic Sze or in the form of
embedded cross-section possble. Prdiminay dudies addressed a series of
experiments to test the performance and characterigics of two LDMS instruments,
namdy a commercid time of flignt mass spectrometer (TOFMS) and a home-
build ion trap mass spectrometer (ITMS). The results of these experiments,
discussed in Chapter 3 and 8, put to the light the main experimenta benefits and
disadvantages of each technique. The key advantage of usng LDMS for the study
of pant materids is the posshility to perform spatidly resolved surface andyss of
minute amounts of materials with a lateral resolution down to 10 micrometers. In
practice, an essentid requirement of the success of LDMS surface andyss
appeared to be the correct preparation of the samples under investigation. Chapter
8 describes the efforts to improve the surface preparation of paint cross-sections. A
new polishing procedure is presented that was employed to remove the smearing of
embedding materid resulting from sample sectioning. Various precison surface
andytica techniques were used to ascertain the success of the method.

Severd phenomena gemming from the use of a laser for sampling have
particularly attracted our attention and are discussed in Chapter 3. The nature of
the ions detected, hence the andyticd information delivered by the measurements,
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is directly connected to the choice of experimental parameters such as the
characteristics of the sample surface, the laser power densty, the pressure in the
andyticd indruments and the time-scde of the experiments. As a result of these
observations it became clear how experimental conditions had to be optimised in
order to obtain the highet amount of information during LDMS andyss. The
surface of cross-sectioned samples must be smoothly polished and present the
smalest possble corrugation. In terms of laser power dendty, it was established
thaa minimum amounts of energy were the best guarantee for good andytica
information and limited sample consumption. Tests peformed on pure reference
compounds showed that samples could be advantageously deposited on TLC plates
coated with cdlulose. Optima desorption and ionisation conditions were obtained
with multiple laser shots in dose successon.

In Chepter 4 and 5, two ionisation techniques were examined for the
LDMS andyss of flavonoid and anthraquinone reference materids, namely LDI
and MALDI. LDI is the direct laser desorption and ionisation of the sample
surface, whereas MALDI involves the added use of a srong chromophore (a
matrix) to asss the LDI process. These experiments reveded severd fundamenta
characterigics of LDMS experiments with organic pigments. LDI spectra showed
that ions are predominantly formed as protonated molecules and smple- or
muitiple-alkai adducts. Unexpected formation of multiple-akali adducts was
accounted for by the modification of the surface of the sample induced by laser-
matter interaction in the course of the experiment. Dimeric Species were
additiondly observed whereas ion fragmentation was observed to be smdl to
negligible. These experiments gave dso evidence tha ablation occurs during LDI
rather than desorption (as the appdlation of the technique suggests it). Findly the
intengty of the Sgna shows that subgtantiad amounts of ions are obtained with low
laser power dendties in LDI. This paticular feature makes it possble to perform
multiple-stage andysis (MS") with the ITMS s#t-up. This was proved to be
paticulally advantageous in cases where MS' experiments added andytica
information essentid to dructura identification. MALDI experiments were equaly
successful, but in view of the good quaity of the LDI sgnd, MALDI did not
provide additiona andytica information.

From an andyticd point of view, Chapter 4 and 5 established LDMS as a
vauable todl in the andyds of flavonoid and anthraquinone pigments. All samples
andysed were proven to respond postively to the LDI technique. MSMS was
proven to be cgpable of differentiating between three flavonoid isomers, Iuteolin,
morin and kaempferol. Complex forms of dizarin (cdled lake) were successfully
investigated with LDI dthough the interpretation of the spectra was not dways
graightforward. The potential for spot sdected andysis of a focussed laser beam
for LDMS sampling was proven to be successful for the andlyss of a flavonoid at
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the surface of a wool dyed fibre. On the other hand, LDMS andyses remained
unsuccessful  in - severd  indances. In paticular, LDMSMS was unable to
differentiate groups of flavonoid isomers such as quercetin from morin, or goigenin
from genigein. LDMS spectra of flavonoid lakes were patidly successful for the
molecular characterisstion of the complexaed form. Findly, LDl was only
successful  in the identification of mgor compounds of flavonoid and
anthraguinone plant extracts. Chromatographic techniques, notably HPLC can dso
identify minor compounds and therefore provide more information.

In Chapter 6, LDMS dudies were extended to the blue pigment indigo.
LDMS was proven to be a auitable technique for the differentiation between
naturd and synthetic indigo. To study LDMS of pant mixtures containing indigo,
laboratory samples were prepared with indigo mixed with basic lead white and/or
linseed ail. In lead white mixtures the LDI spectra reveded a strong contribution of
lead related species. This suggests a chemica reaction between indigo and lead
white in the condensed phase under the action of the UV laser. Spatidly-resolved
andyds was successful with the direct identification of indigo on dyed fibre and
within crosssectioned paint samples. A ggnificant  attenuation in the sgnd
intendty was however obsarved in comparison with bulk andyses. Irregular
production of the ions from the surface of sectioned samples emphasised the
importance of surface preparation. Use of a thin film of mairix deposted on the
surface of the section did not improve the results, suggesting a phenomenon of
aurface scouring during polishing of soft areas in which indigo is preferentidly
removed from the sample surface,

In Chapter 7, the effectiveness of the LDMS is demondrated for the
andyss and characterization of modern pigments. Mass resolution of the TOF-MS
andyser is afficdent to aford molecular formula determination of  multi-
chlorinated and brominated species by assgning their different isotopes. Andyss
of quinecridone pigments shows that it is possble to sSmultaneoudy identify
different compounds in a mixture (mult-component andyss). In MALDI
experiments additives to the paint in trace amount were detected, which shows that
the technique is suitable for interrogation of the purity of the samples
Unfortunately, the dramatic increase of peaks at low masses in MALDI spectra can
obscure the andyte dgnd. In acrylic emulson pant, pigments ae sdectivey
desorbed at low laser power density. LDMS does not yied information about the
medium, asisthe casein DTMS experiments.

In concluson, the experiments conducted in this thess demondrae that
LDMS could be beneficidly employed in the fieddd of conservation science. The
new posshilities offered by LDMS to invedigate organic pigments by mass
spectrometry  directly from the surface of paint cross-sections represent a
dggnificant improvement. Spatidly-resolved experiments a the surface of paint
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cross-sections showed that it is possble to pogtively identify the presence of a
pignet — or a mixture of pigments — in an individud layer of circa 10
micrometers. Furthermore the use of an ITMS mass andyser opens the way to
investigation by MS'. On the other hand this study establishes the condition and
limitation in which LDMS could be used. It shows tha the technique is limited by
a range of complications introduced by the particularity of the laser sampling.
Andyss is not graightforward and is not successful in dl conditions. LDMS can
therefore be only usefully employed in combination with other current andytica
techniques such as microscopy and chromatography.
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Samenvatting

Al tientdlen jaren bestuderen conserveringsvetenschappers de materiden
die voorkomen in schilderijen. In het dgemeen concentreren zij zich op de
problemen met betrekking tot het bewaren van de  kunstwerken of op de
geschiedenis van de <childertechniek. Het onderzoek van schilderijen is niet
eenvoudig; een groot probleem in "eerder” onderzoek is de complexitet van
schilderijmongers. Nigt  dleen zijn  schildersmateriden mengsds van  moleculen
die complexe veranderingen hebben ondergaan ten  gevolge ven
verouderingsprocessen, maar bovendien is het nemen van een monger van zoiets
unieks en kosthaars a's een schilderij zeer problematisch.

Dit  proefschrift gaet over het gebruk van  laser-desorptie
massaspectrometrie  (LDMS) ds  nieuwe  andytische  techniek  voor
conserveringswetenschap.  In - het  bijzonder voor onderzoek aan natuurlijk  en
gynthetische (kunstmatige) organische pigmenten (en kleurstoffen) die voorkomen
in schilderijen.  LDMS is in het verleden door natuurkundigen een schekundigen
met succes gebruikt voor de andyse van opperviakken. In het hier beschreven
werk is deze vedbeovende techniek voor het eerst toegepast op de andyse van
kunstenaarsmateriden en in het onderzoek van dwarsdoorsneden van verfmongers.
Het andytisch werk is geconcentreerd op de studie van organische pigmenten die
voorkomen in moderne schilderijen en schilderijen van oude meesters.

De ontwikkding van LDMS ten behoeve van het onderzoek van
schilderijen vereiste een aantd technische aanpassngen. Om de andyse van
microscopische mongters en van ingebedde verfdwarsdoorsneden  mogelijk  te
maken is een specide mongerhouder ontworpen. De prestaties en elgenschappen
van twee indrumenten, een time-of-flight en een op AMOLF gebouwde ion trap
massaspectrometer, zijn in een voorstudie geinventariseerd. De resultaten van deze
experimenten worden behandeld in de Hoofdstukken 3 en 8. Zij verschaffen
inzicht in de voor- en nadden van ek van de twee technieken. Het beangrijkste
voorded van het gebruik van LDMS voor onderzoek aan verfmateriden is de
mogdijkheid om met een hoog ruimtelijk oplossend vermogen (>10 micrometer)
ruimtelijk opgeloste opperviekte-anadyse te doen aan zeer kleine hoevedheden
mongter. De mongtervoorbereiding bleek een essentiéle factor voor het succes van
opperviakte-andyse met behulp van LDMS. Hoofdstuk 8 beschrijft de
ingpanningen die geeverd zijn om de voorbereiding van het opperviek van
verfdwarsdoorsneden te verbeteren. Het beschrijft een nieuwe polijssmethode die
werd ontwikkdd om de versoreiding van inbedmateriad ten gevolge van het
doorsnijden van het monger te eimineren. De werking van deze methode is
geverifieerd met verschillende nauwkeurige methoden voor opperviakte-anayse.
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Hoofdstuk 3 behandelt een aantd fenomenen die aan het gebruik van de
laser voor bemongering en anadyse in de massaspectrometer zijn verbonden. De
aard van de ionen, die worden gedetecteerd, en dus de andytische informetie, die
voortkomt uit de metingen, is direct gerdlateerd aan de keuze van de experimentele
parameters. Voorbedden daarvan zijn de opperviakte-eigenschappen van  het
monger, de vermogensdichtheid van de laser, de druk in het instrument en de
tijdschad van de experimenten. Door deze bevindingen werd duiddijk hoe de
experimentele condities moesten worden geoptimdiseerd om de grootste
hoevedheld informatie uit de LDMS te hden. Het oppevigk van de
dwarsdoorsnedemongters moet  glad gepolijst zijn en een zo klen mogeijke
ruwheild hebben. Studies van de vermogensdichtheid van de laser wezen uit da
minimale hoevedheden energie de beste garantie waren voor hoge kwdliteit van de
andytische informatie en een beperkte mongerconsumptie. Teten met  pure
referentieverbindingen lieten zien dat de andyse van monsters die op cdlulose
TLC-platen aangebracht zijn, goede resultaten oplevert. De beste desorptie- en
ionisatieresultaten werden verkregen a's de laserschoten elkaar snd opvolgden.

In hoofdstuk 4 en 5 worden twee ionisatiemethoden voor LDMS andyse
van flavonoide en anthrachinonachtige referentiemateriden vergeleken, te weten
LDl en MALDI. LDl is de directe laserdesorptie en ionisaie vanaf het
mongteropperviak; bij MALDI wordt een sterke chromofoor (matrix) aangebracht
om ionvorming te bevorderen. Deze experimenten brachten een aantd
fundamentele karakteristieken van LDMS aan organische pigmenten aan het licht.
De LDI gpectra liten zien dat ionen voornamdijk gevormd worden ds
geprotoneerde moleculen en ds enkelvoudige of meervoudige dkali-adductionen.
De onvewachte vorming van meervoudige akali-adductionen wordt verklaard as
het gevolg van veranderingen in het mongeropperviek door interactie tussen
lasrlicht  en materie tijdens de andyse. Daarnaast werden dimere ionen
waargenomen, terwijl de fragmentatie van ionen nauweijks werd waargenomen.
Deze resultaten gaven ook aan dat tijdens het LDI proces ablatie plaatsvindt en niet
desorptie (zods de naam van de techniek suggereert). Tendotte werd uit de
dgnadintensteit afgdeid da  grote hoevedheden relevante ionen  verkregen
worden bij lage laserintensteiten. Daardoor was het mogelijk om, gebruik makend
van een ITMS indrument, een meervoudige massaspectrometrische andyse (MS")
uit te voeren aan de ionen. Deze experimenten bewezen met name hun nut indien
MS" additionde andytische informatie verschafte, hetgeen essentied was voor
dructuuridentificatiee. MALDI  experimenten overigens bleken eveneens succesvol
maar gaven gezien de goede kwditet van het LDI dgnad geen additionee
andytische informatie.

Gezien vanuit de andyse, zetten hoofdstuk 4 en 5 LDMS neer ds een
waardevol gereedschap voor de andyse van flavonoiden en anthrachinon-achtige
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pigmenten. Alle mongters die geandyseerd zijn gaven goede LDI-MS resultaten.
MSMS bewees zjn nut in het maken van onderscheid tussen de drie flavonoide
isomeren luteoline, morin(e) en kampferol. Gecomplexeerde vormen van dizarine
zijn succesvol onderzocht met behulp van LDI ahoewd de dizarine-lak mongters
zeer gecompliceerde spectra opleveren. Testen voor plaasts opgeloste LDMS
andyse gebruikmakend van een gefocusseerde laser bundd waren postief voor
een flavonoide op het opperviak van een geverfde wolvezd. Daar dtaat tegenover
dat LDMS andyse in sommige andere gevdlen niet succesvol was. Het was
bijvoorbedd met LDMSMS niet mogelijk om verschillende groepen flavonoide-
isomeren te onderscheiden, zoas quercitine van morine en gpigenine van genigen.
LDMS van flavonoide lakken was ook niet succesvol voor de moleculare
karaktersering van de gecomplexeerde vorm. Tendotte moet worden opgemerkt
worden dat met behulp van LDI (MS) dleen de belangrijkste componenten van
flavonoide en anthrachinone plantenextracten geidentificeerd konden  worden.
Chromatografie (in het bijzonder HPLC) kan ook de componenten die in mindere
mate aanwezig zijn identificeren en levert zo nog steeds meer informatie.

In hoofdstuk 6 wordt het LDMS onderzoek uitgebreid met het blauwe
pigment indigo. LDMS blijkt een goede techniek om natuurlijke en synthetische
indigo van dkaar te onderscheiden. Teneinde LDMS van indigohoudende
vafmengsds te bestuderen werd indigo gemengd met loodwit en/of lijnolie.  In
mengsels met loodwit lieten de spectra een sterke bijdrage van loodgerelateerde
pieken zien. Dit wijst op reacties tussen indigo en loodwit in de vaste fase die
plaatsvinden onder invioed van de UV laser. Ruimtdijk opgeoste andyse was
succesvol voor de directe identificatie van indigo op een geverfde vezd en in
dwarsdoorsneden van verfmongters. Er werd echter we een dgnificante
vermindering van de sSgnadintendteit waargenomen vergeeken met bulkandyse.
De onregematige ionenproductie van het opperviak van dwarsdoorsneden
benadrukte het belang van mongervoorbereiding. Het aanbrengen van een dunne
laag matrix op het oppervliak van de dwarsdoorsnede leidde niet tot een verbetering
van de resultaten. Dit duidt op een fenomeen van erose aan het opperviak dat
plaatsvindt gedurende het polijsten van zachtere gebieden waarbij indigo preferent
verwijderd wordt van het monsteropperviak.

In hoofdstuk 7 wordt de waarde van LDMS gedemonstreerd voor de
andyse en karakterisering van moderne pigmenten. De massaresolutie van de
TOF-MS is toerelkend voor bepding van de molecuulformule van meervoudig
gechloreerde en meervoudig gebromeerde stoffen door gebruik te maken van de
isotoopverdeing van deze dementen. De andyse van quinacridon pigmenten
toont aan dat het mogdijk is om verschillende stoffen gdijktijdig in een mengsd te
identificeren. Met de MALDI techniek konden sporen van additieven in
pigmenten gedetecteerd worden, wat demonstreert dat techniek geschikt is voor het
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onderzoeken van de zuiverheid van mongers. Jammergenoeg kan de hoge
intengtelt van pieken bij lage massa in MALDI-spectra het sgnaal van de te
onderzoeken componenten  echter  vertroebden.  Pigmenten  in acrylaat
emulseverven worden sdlectief gedesorbeerd bij een lage vermogensdichtheid van
de laser. In tegengdling tot DTMS gesft LDMS geen informdie over het
bindmidde van deze vert.

Als eindconcluse kan gesteld worden dat de experimenten die in dit
proefschrift beschreven staan laten zien dat LDMS nuttig kan worden toegepast in
de consarveringswetenschap. De nieuwe mogdijkheden die door LDMS geboden
worden voor massaspectrometrisch onderzoek van organische pigmenten direct
aan het oppervliak van verfdwarsdoorsneden betekenen een belangrijke verbetering.
Paats opgeloste experimenten aan het opperviak van verfdwarsdoorsneden
toonden aan dat het mogelijk is een pigment, of een mengsd van pigmenten,
postief te identificeren in een individude laag van ongeveer 10 micrometer.
Daarnaast biedt het gebruik van een ITMS de mogdijkheid tot MS' onderzoek.
Aan de andere kant identificeert deze studie de voorwaarden en beperkingen voor
het gebruik \van LDMS. Zij laat zien dat de techniek beperkt wordt door een aantal
compliceties die hun oorsprong vinden in het bemonsteren met behulp van de laser.
De andyse is niet zonder complicaties toe te passen en is nig onder dle
omgtandigheden succesvol. Hierdoor is het gebruik van LDMS met name nuitig in
combingtie met andere gangbare anaytische technieken zods microscopie en
chromatografie.
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La recherche en conservation éudie les problemes reatifs a la bonne
préservation des peintures, leur restauration and qu'a I'higoire des matériaux et
des techniques. L’invedigaion <cientifigue des oawnvres pentes et trés
problématique car les échantillons disponibles pour andyse sont fort complexes.
D'une pat la couche picturde est condituée d'un méange de matériaux Qqui
subissent des transformations physico-chimiques au cours du temps, d autre part la
prise d échantillon pose probléme car les oavres d'at sont des objets uniques et
précieux.

Cette thése éudie I'utilisation de la spectrométrie de masse par désorption
laser (connue sous I'acronyme anglas LDMS pour Laser Desorption Mass
Soectrometry) comme nouvdle technique dandyse dans le domane de la
consarvation scientifique, et plus specifiquement pour I'éude des pigments
organiques, naurels ou de synthese, présents dans les peintures de chevdet. Le
LDMS est une technique d§a connue e mise a profit par les physiciens et les
chimigtes, essentidlement pour |'éude des surfaces. Dans cette thése, le LDMS a
éé appliqué a I'anadyse des matériaux présents dans les peintures de chevaet, et de
quelques échantillons sous forme de coupes transversdes. Les andyses se
concentrent  plus particulierement sur I'éude des pigments organiques en usage
dans les peintures de maitres anciens ou les peintures modernes.

L'gpplication du LDMS a I'é&ude des peintures a nécessté divers
développements techniques. Un porte-échantillon a é&é spécidement développé
pour rendre possble I'andyse d échantillons de taille microscopique ou sous la
forme de coupes transversdes. Des éudes prédiminares ont eu pour but
I’évduation des performances de deux instruments pour la spectrométrie de masse
par désorption laser (LDMS), I'un avec un andyseur a temps de vol (TOF-MS) et
I'autre condruit spécifiquement a cet usage avec une trgppe dions (ITMS). Les
résultats de ces expériences présentés dans les chapitres 3 et 8 mettent en lumiere
les principaux avantages et inconvénients de chacune de ces deux approches.
L’avantage primordid de I'usage du LDMS dans |'é&ude des pentures réside dans
la posshilitte de rédisr une andyse de surface avec des quantités infimes
d échantillons, et cela avec une résolution spatide pouvant ateindre une dizaine de
microns. Une préparation minutieuse des échantillons sext révdé ére une
condition essentielle au succés de I'anadlyse de surface par LDMS. Le chapitre 8
décrit les efforts mis en cauvre pour amédiorer la préparation de la surface des
coupes transversdes. Une nouvelle méhode de polissage et présentée qui est
employée pour diminer la fine couche de maériaux dencgpsulation qui vient
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recouvrir la surface de [|'échantillon lors du polisssge. Diverse techniques
d andyse de surface ont é¢ utilisées pour confirmer le succés de laméthode.

Divers phénomenes liés a I'utilisation d'un laser pour la production des
ions ont retenu notre attention et sont discutés au chapitre 3. La nature des ions
détectés, et de ce fait des informations livrées par I'andyse, est en rgpport direct
avec le choix des paramétres expérimentaux tels I'éat de surface de I’échantillon,
la puissance du laser, la presson régnant dans I'instrument d'analyse, ou encore de
la durée de I'andyse. A la lumiére de ces observations, il devint évident que les
conditions expérimentaes lors des anadyses pa LDMS peuvert étre optimisées
pour augmenter la précison des résultats. Les coupes transversdes doivent ére
polies de la fagon la plus égde possble &in de présenter un relief minimum. La
puissance du laser sera choise la plus base possble afin de combiner de bons
résultats d'andyse avec une dépléion minimum de I'échantillon. Des tests rédisés
sur des matériaux de référence purs ont montré que les échantillons peuvent étre
avantageusement déposés sur des plagues pour chromatographie en couche mince
couverte de cdlulose. On a égdement éabli que les conditions optimaes de
désorption et ionisation sont obtenues par séries de tirs successifs du laser.

Aux chapitres 4 et 5, deux techniques d'ionisation appelées respectivement
LDl (Laser Desorption and lonisation) et MALDI (Matrix-Assisted Laser
Desorption/lonisation), sont mises en oeuvre pour I'andyse LDMS d échantillons
de référence. La technique du LDI désigne I'ionisationdésorption par laser réalisée
directement a la surface de I’échantillon, tandis que le MALDI fat en plus gopd a
I'adjonction d'un puissant chromophore (appelé matrice) pour assger le
phénomene de LDI. Ces expériences ont révélé pluseurs caractéigiques
fondamentales de I'éude par LDMS des pigments organiques. Les spectres LDI
montrent que les ions sont principdement formés sous la forme de molécules
protonées & comme ions adduits (addition sSmple & multiple d aomes
méalliques). La formation inattendue d'ions adduits et atribuée a la modification
de la surface de I'échantillon, résultat de I'interaction photorrmatiere pendant
I’expérience. Des diméres ont égadement é&é observé dors que la fragmentation
ionique reste négligesble. Ces expéiences apportent égaement la preuve que le
LDl est un phénoméne dablation plutdt que de désorption (comme I'appdlation
LDI le lasxe littérdement entendre). Findement on congtate gqu'avec le LDI, une
quantité importante d'ions est obtenue a des intendtés faibles du laser. Cette
caractéritique permet de rédiser des anayses successives (MS") avec la trappe
d'ions. Ceci Savére paticulierement utile lorsque I'andyse MS' peut apporter des
informations  supplémentaires  essentidles  a  I'identification  dructurdle  des
molécules. La technique MALDI et tout auss sdtifaisante mais au vu des bons
résultats du LDI, dle n’ apporte pas d'informations supplémentaires.
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Du point de vue andytique, les chapitres 4 et 5 éablissent que le LDMS et
une technique efficace dans I'andyse des pigments de la famille des flavonoides et
des anthraguinones. La plupat des échantillons andysés ont montré une bonne
réponse au LDI. Les analyses successves en MS-MS ont réuss a différencier trois
flavonoides isomeres, a savoir la lutéoline, la morine e le kaempferol. Des formes
complexes de I'dizarine, appdée lague, ont é&é éudiées avec succés par LDI, mais
I'interprétation des spectres en est difficile. L'utilisation d'un faisceau laser
convergeant pour la formation d'ions permet une andyse LDMS résolue dans
I'espace. Ceci est démontré pour I'andyse de teintures a la surface de fibres de
laine. Cependant les andyses LDMS ne furent pas toujours couronnées de succes.
En paticulier le LDMS-MS fut incapable de différencier des flavonoides isoméres
comme la quercitine de la morine ou I'gpigénine de la génigéne. Les spectres
LDMS de lagues de flavonoides sont auss infructueux pour la caractérisation
moléculaire de la forme complexée. Findement le LDl ne sSest révédé concluant
que pour |'identification des composants principaux d extraits de plantes contenant
des flavonoides ou des anthraguinones. De ce fait le LDMS n'égde pas a ce jour
des techniques de chromatographie comme I'HPLC cepable didentifier des
composas secondaires en trés faibles quantités.

Au chapitre 6, les invedtigations par LDMS ont éé éendues au pigment
bleu indigo. Le LDMS et une technique adéquate a la différenciation entre indigo
naturd et indigo synthéique. Pour |'éude par LDMS de méanges de matériaux
contenant de I'indigo, des échantillons furent préparés au laboratoire avec de
I'indigo e du blanc de plomb et/ou de I'huile de lin. Dans les échantillons avec du
blanc de plomb, les spectres LDI ont montré une forte contribution des espéces
contenant du plomb. Cea semble indiquer une réection chimique en phase
condensde sous I'action du laser UV entre I'indigo et le blanc de plomb. Des
andyses résolues dans I'espace ont &€ accomplies menant a |I'identification de
I'indigo directement a la surface de fibres teintes ou de coupes transversde
d échantillon de peinture. Une atténuation importante de I'intensité du sgnd fut
cependant observée en comparaison avec les andyses directes. Une production
irréguliere d'ions a la surface des coupes transversdes souligne le role essentid de
la préparation de surface. L'utilisstion d'un film mince de matrice pour MALDI
déposet a la surface de la coupe n'a pas montré d amdioration notable des résultats.
Cela suggere que I'indigo présent dans les parties les moins dures a la surface de la
coupe subit une dépléion accrue lors du polissage.

Au chapitre 7, I'éfficacité du LDMS est démontrée pour I'andyse e la
caactérisation de pigments modernes. La résolution en mase de I'andyseur a
temps de vol TOF-MS est suffisante pour permettre la déerminaion de la formule
moléculaire d especes polychlorées e polybromées en identifiant leurs différents
isotopes. L’andyse de pigments de la famille des quinacridones montre qu'il et
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possble didentifier smultanément différents composés dun mdange. En MALDI
la déection dadditifs présents en trace montre que la technique est adaptée a
I’évduation de la pureté des échantillons. Maheureusement, dans les spectres
MALDI, une augmentation importante des pics de faibles masses peut éclipser le
sgnd de I'échantillon. Dans les émuldons acryliques, les pigments sont ionisés de
maniere Hective a fable puissance du laser. Le LDMS ne donne pas
d informations relatives au liant comme ¢’ est le cas pour le DTMS.

En conclusion, les expéiences menées dans cette thése démontrent que la
technique LDMS peut ére utilisée avec succes dans le domaine de la conservetion
scientifiqgue. Les posshilités d' éudier les pigments organiques par Spectromeétrie
de masse directement a la surface de coupes transversales sont prometteuses. Des
andyses pa LDMS résolue dans I'espace ont démontré qu'il est possible
didentifier la présence d'un pigment ou pluseurs pigments dans une couche
picturde d'une dizane de microns seulement. L’utilisation d'une trappe dions
ouvre de plus la voie a des andlyses successives en MS'. D’autre part, cette étude
éablit les conditions d'utilisstion and que les limites du LDMS pour I'éude des
peintures. Elle montre que diverses complications surgissent quand un laser et
utilisé pour la production des ions. Les andyses sont en générd ddlicates et ne sont
pas couronnées de succes dans tous les cas de figures. Le LDMS trouvera donc sa
meilleure utilisation auprés d'autres techniques dga en usage dans les laboratoires
de recherche en conservation, notamment en combinaison avec la microscopie et A
chromatographie.
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