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2 Chapter 1

1.1 INTRODUCTION

Paintings are an important part of our cultural heritage. Art from all periods and places is
stored, conserved, studied, and admired in various museums. Paintings are studied by investiga-
torsin different disciplines:

Art historians study the history of the visual arts, being concerned with identifying, classify-
ing, describing, evaluating, interpreting, and understanding the art products and historic deve-
lopment of the fields of painting, sculpture, (...), etc.t

Art restorers or conservators are concerned with the conservation and repair of works of
architecture, painting, (...) from the effects of negligence, wilful damage, or, more usually, in-
evitable decay caused by the effects of time and human use on the materials of which they are
made.! Common tasks for paintings restorers are replacement of yellowed varnishes, filling and
retouching of paint losses and repair of weakened supports.

Paintings researchers in the physical sciences identify painting materials and their current
state. Identification of the original materialsisimportant for art historical research to study the
authenticity, working methods, and the materials used by the artist. A correct assessment of the
current chemical and physical state of the painting is crucial for responsible decisions on the
safety of conservation and restoration treatments.

Thereisagrowing awarenessthat aged paintings are very complex and dynamic systemsand
cannot be adequately investigated with the tools available to most restorers and art historians.
Paintings researchers in the physical sciences therefore refine and extend these studies. They
assimilate the vast amount of knowledge that has been gathered in related scientific disciplines
and apply the advanced techniquesthat have been devel oped in thelong tradition of the physical
sciences. The hands-on experience of painting restorers and the knowledge on painting materi-
als and techniques gathered by art historians are very important in this research. They indicate
the problems encountered in practice, prevent the formulation of historically incorrect hypoth-
eses, and normally arrange the access to paintings and samples from paintings. As a result,
paintings research is more and more becoming a multidisciplinary area, in which physicists,
chemists, art historians, and restorers co-operate to characterise paintings and their changes in
time. This Thesis describes severa studies carried out in this multidisciplinary environment.
Thefocusison the application of microscopicimaging techniquesintheanalysisof paint samples.
Therationale of this research will be presented after an introduction on the physical structure of
paintings and an overview of several techniquesthat are used in their investigation.

1.2 PHYSICAL STRUCTURE OF PAINTINGS

A painting is made of several superimposed layers on a support, normally awooden panel or
acanvas. Thefirst paint layer applied to this support isawhite or grey coloured ground layer to
provide a homogeneously coloured and smooth surface. Painters often made a sketch of the
scenery on top of the ground layer using chalk, charcoal, or ink. Subsequently, the paint layers
were applied. Generally, several paint layers were applied for the larger coloured areas, smaller
details, shadow regions, and highlights. A varnish layer was applied after thorough drying of the
paint layersto provide gloss to the painting and saturate the colours.
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The study of multi-layered paint systems presents difficulties for most analytical techniques.
The chemical properties of adjacent areas can be completely different and should ideally be
analysed individually. It is however impossible to physically dissect the smaller of these struc-
tures by means of a scalpel as paint and varnish layers are only between ~1 and 100 um thick.
Inhomogeneities occur on an even smaller scale within the paint layers, as paint itself isamix-
ture of pigments and binding medium. Pigment particles provide colour and opacity. A fluid
binding medium is mixed with the pigment so that it can be applied to a surface. The binding
medium cures afterwards to a solid paint layer. The size of individual pigment particles ranges
from 0.1 to afew microns and their individual sampling istricky, if not impossible.

Impurity of the materials used to manufacture paint give rise to inhomogeneities on the mo-
lecular level. Painting materials in traditional paints were not nearly pure, as the chemical pro-
duction and purification methods were far from optimal. Further impurities could easily be in-
troduced during the formulation of the paint, which was commonly carried out in the studio of
the artist, as ready-to-use paint was not commercially available until the 19" century.

The final source of inhomogeneities in paint is caused by the severa alterations that take
place during the lifetime of a painting, possibly influenced by restoration treatments. Paint cu-
ring isthefirst important reaction of freshly applied paint. Drying is normally completed within
a couple of hours or days, depending on a large number of factors, including light intensity,
temperature, humidity, and the presence of certain pigments or other additives. After drying,
chemical reactions keep occurring, albeit at much longer time scales: years rather than days.
Indications for these reactions can be obtained from macroscopic changes in paint and varnish
layers, including the formation of craguelé, discoloration, yellowing, fading, or darkening of
paint. Another effect of ageing is the changing transparency of paints. Many of these long-term
reactions are taking place in the insoluble, polymerised oil binder, which is difficult to assess
accurately by common analytical techniques.

The general working method sketched is based on the situation before 1900AD. The produc-
tion methods of painting materials have since been largely modernised. Furthermore, the 19" C
painters started to develop more individual working procedures. A complete introduction on
methods and materials in the creation of paintings has been given by several authors>* and is
outside the scope of the present study.

The complexity of paintings hasinduced along history of scientific investigation, which can
be categorised in a number of different approaches: non-destructive or non-sampling analysis
leaves the painting untouched; analysis of samples, which have been physically removed from
the painting; and finally the analysis of cross-sections with imaging techniques.

1.3 NON-DESTRUCTIVE ANALYSIS

The non-destructive or non-sampling approach utilises techniques that enable the study of an
intact work of art. Obviously, thisisthe only choice when sampling of apainting isprohibited by
its owner. Non-sampling techniques can reveal a wealth of information on the support, lead
containing pigments, underdrawings, and the identity of pigments.

One of the most important non-sampling techniques is X-radiography. X-rays have a high
penetration depth and can be used to literally look through apainting. The contrast in theimages
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is due to X-ray absorbing compounds in the painting, such as lead-containing paints, puttied
retouchings, and nailsin the support.> X -ray photography can be used to study alarger areaof the
painting in spatially resolved ways and istherefore classified as an imaging technique. Pigments
on the surface of apainting can be analysed by PIXE (Particle (or Proton) Induced X-ray Emis-
sion).® PIXE provides an el emental analysis based on the energies of X-rays emitted upon irra-
diation with high-energy protons. Similar information can be obtained by XRF (X-ray Fluores-
cence), where the sampleisexcited by irradiation with X-rays. PIXE and XRF can analyse only
asingle spot on the painting simultaneously, and subsequent measurements are needed to analyse
different areas (spot-analysis). Normally, thistechnique sufficesfor pigment identificationin the
top paint layer. Alternatively, pigmentsin the upper layer can be analysed by their visual reflec-
tance spectrum.’®

IRR (Infrared Reflectography) is a non-sampling imaging technique, which is mainly used
for the visualisation of carbon-containing underdrawings.® IRR detects the NIR (Near Infrared)
radiation (wavelength ~1 — 2.5 um) that isreflected by apainting. The penetration depth of NIR
light is normally high, due to the low scattering power and absorption of most paints in this
spectral region. The underdrawing however is commonly drawn with efficient infrared absorb-
ers, e.g. black chalk or lamp black, and can berevealed by IRR. These underdrawing studies are
particularly interesting for art historical research, as they provide a clear insight in the early
stages of the genesis of the painting.'° IRR reveals some information on the absorption charac-
teristics of the observed pigment, and can be used for identification of these pigmentsin some
cases. However, the specificity of the chemical information is low and certainly not sufficient
for an unambiguous pigment analysis, especially in multi-layered systems. The specificity of
IRR can be increased by detecting different spectral ranges independently. The easiest way to
achieve thisisthe use of optical filters.®t A modern approach of this principle is the implemen-
tation of LCTFsto enable NIR spectroscopy (Liquid Crystal Tuneable Filters). This approach
seems to produce consistent results, but the claim that * the specificity is sufficient to enable the
differentiation of pigments'? should certainly not be accepted as a definite identification. An-
other new development in IRR is the application of FPA (focal plane array) digital cameras,
which improve the observed images due to an extended spectral range, and lessdistortionsin the
image.t34 A different approach to improve the chemical specificity of non-sampling techniques
istheuse of MIR light instead of NIR light.*® Limitations of this technique and the more useful
alternatives will be discussed in Chapter 3 of this Thesis.

In summary, non-sampling techniques can reveal awealth of information on the support, lead
containing pigments (X-ray), and underdrawings (IRR). However, the chemical information that
can bederived islimited to theidentification of pigmentsin the surfacelayers (XRF, PIXE, VIS
spectroscopy). Identification of the binding medium using non-sampling techniques has not yet
been reported. Another disadvantage of non-sampling techniques is the inaccessibility of the
deeper layersin a painting, or the impossibility to discriminate these layers, depending on the
penetration characteristics of the technique. Individual analysis of different layers might be
possible by depth profiling techniques, such as confocal microscopy or photo-acoustic spectro-
scopy. However, application of these techniques to intact paintings has not yet been reported.
Sampling is currently inevitable for adetailed chemical analysis of the binding medium and for
theindividual analysisof different layers.
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1.4 SAMPLING

Samples should be very small to minimise the damageto apainting. They are normally taken
using a stereomicroscope and a surgical scalpel. A new range of analysing methods becomes
availablein this case, because the samples can be used for invasive measurements. Application
of these methods resultsin a detailed identification of painting materials and their degradation
products.

Small organic molecules in paint can be identified by GC (Gas Chromatography) and GC-
MS (Gas Chromatography-Mass Spectrometry), the most common organic analytical techniques
applied in paintings research. These measurements can be used to identify different types of
drying oilsin an aged paint,’” identify and quantify different oxidation products, investigate
solvent extractable compounds®® in apaint layer and determine the degree of oxidation of an oil
medium.*® Furthermore, the composition of terpenoid varnishes can beidentified accurately.?’ A
disadvantage of GC and GC-M Sistheinability to study the non-volatile products that form the
major part of aged paint. Py-GC-MS (Pyrolysis-Gas Chromatography-Mass Spectrometry) can
be used in cases where the involatile network is of crucial importance, or in the absence of
volatile materials. Volatile and network fragments can be roughly separated before mass-spec-
trometric analysis by DTMS (Direct Temperature resolved Mass Spectrometry).2* This method
provides agood and fast fingerprinting method for drying oils, resins, waxes, and other classes
of materials. Other mass spectrometric techniques have been used in paintingsresearch on aless
regular basis. Theseinclude MALDI (Matrix Assisted Laser Desorption lonisation??) and SIMS
(Secondary lon Mass Spectrometry24),

Information on organic functional groupsin paint can be obtained from FTIR (Fourier Trans-
form Infrared Spectroscopy) spectroscopy. A complete paint sample, including the oil network,
can be analysed, as FTIR does not require samplesto be soluble, volatile, or ionised. Therefore,
extractions or chemical derivatisation reactions are not needed prior to analysis. Furthermore,
only a small sample is needed to obtain quantitative results. FTIR is sensitive to functional
groups in amolecule rather than for complete molecules and complete structural identification
of the sample moleculesis therefore normally not achieved. FTIR has been used extensively in
the investigation of the early reactionsin the drying of oil, mostly using model compounds.?>3
Many studies mention the use of infrared spectroscopy in the investigation of oil paints3#
resing,*># and tempera paint.3’*® Reference libraries are available from several sources, e.g.
Sadtler (www.sadtler.com), Aldrich,” IRUG (infrared users group, www.irug.org) or the SDBS
(Integrated Spectral Data Base System for Organic Compounds, www.aist.go.jp/RIODB/SDBSY
menu-e.html). These sources contain awealth of infrared spectra but the direct applicability of
these reference spectrain paint research is limited due to the enormous variety of products that
are formed upon ageing of paint. A detailed overview of aged paint systems and their infrared
spectrawould be of great help for the interpretation of FTIR results, but is not yet available.

Raman spectrometry, like FTIR, characterises the vibrational properties of chemical func-
tional groups. It has been used mainly in the analysis of dyes and pigments.>*% The identifica-
tion of fresh binding media has been reported,> but the value of these results in the analysis of
aged binding mediais not convincing.

Tempera paint>”% and several dyes® have been investigated using HPLC (High Pressure (or
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Performance) Liquid Chromatography). Thistechnique canidentify and quantify different amino
acids and thereby differentiate the different protein sources used for paints, e.g. glues and egg.
SEC (Size exclusion Chromatography) is a form of HPLC where a separation is made on the
basis of the hydrodynamic volume of the molecules. It has been used in the analysis of drying
0il,32%° but the application to older paint samplesis hindered by thelow solubility of the network
fragments in these samples.

Melting tests provide a useful indication on the presence of several materials, such aswaxes,
proteins etc. However, the tests are fairly unspecific and the results should be taken as indica-
tionsrather than as proof. A more sophisticated and quantitative techniqueis DSC (Differential
scanning calorimetry), which has been reported as auseful tool for binding medium analysis.*%!

The chemical information on the samples can be obtained with remarkable detail by acombi-
nation of thesetechniques. The spatial resolution of the measurement is determined by the sample
size needed for analysisand the skills of the analyst, asthe sampl e should be separated manually
before analysis. This restricts the spatial resolution, normally to about 50 um.

1.5 THE IMAGING APPROACH

A powerful approach to increase the spatia resolution is the use of microscopic technique.
This approach enables the analysis of cross-sections, which are prepared from multi-layered
samples taken from a painting, thereby eliminating the need for a perfect separation during
sampling. Paint cross-sections are normally embedded entirely in a polyester or poly-acrylate
resin®28 to facilitate handling and prevent | oss of the minute paint chip (~ugrams). Furthermore,
an embedded sample can be polished to obtain a smooth surface in which all layers are visible.
The spatia resolution of analyses on embedded paint cross-sections is only determined by the
used technique. They areindependent of the physical size of the entire sample and can therefore
be used to study layers or particles with far greater detail than would be possible by physica
separation.

Normal visual light microscopy isthe most common imaging techniques and isindispensable
in the investigation of paint cross-sections. It is used to investigate the colour, thickness, and
particle size distribution of the different layers. The colour and form of pigment particlescanin
many cases be used for their identification.®* The spatia resolution of optical microscopy is
about 1 um. An even higher spatial resolution can be achieved by backscattered SEM (Scanning
Electron Microscopy), another techniquethat isroutinely used in the investigation of paint cross-
sections. The enormous resolving power of amodern SEM (~10 nm) is hardly exploited fully in
paint research. The main rationale for analysis by SEM is the possibility to identify elements
present in a paint cross-section by EDX (Energy Dispersive X-ray spectroscopy). EDX can be
implemented in a SEM and measures the energy of X-rays emitted from a sample upon irradia-
tion with high-energy electrons. SEM-EDX isparticularly useful for the spatially resolved analysis
of pigments, which normally have a characteristic elemental composition.

Staining tests form alow-cost method to analyse the presence of different organic materials,
such as different proteins, oil, and several metals.® A disadvantage of these tests is their low
specificity. Furthermore, a separate staining test should be performed for every element to be
analysed, which makes the chances of missing important compounds high. A final disadvantage
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of staining test istheintroduction of reactive materialsin the sample. These might hinder subse-
guent analytical investigations.

Imaging techniques that can provide a reliable analysis of the organic materials in a paint
cross-section have not yet been used on aroutine basis. However, the possibilities of imaging
techniques capable of investigating organic substances have increased enormously during the
last decade. New technological advances led to several techniques that can be used to assess
organic materials with aresolution better than 10 um, which was previously only accessible by
staining tests. These techniques include a microscopic imaging visual light spectrometer,® dif-
ferent infrared imaging systems,®% Raman and confocal Raman spectroscopy,®"® micro-ther-
mal analysis system,”>"2 spatially resolved mass-spectrometry systems, TOF-SIMS (Time of
Flight-Secondary on Mass Spectrometry’®) and L D-M S (L aser Desorption-Mass Spectrometry ™).
An overview of imaging techniquesis given in Table 1.1. This large number of new analytical
possibilities provides more and more resources to eval uate both the organic and inorganic mate-
rialsin apaint cross-section. Furthermore, asingle paint cross-section canin principle be analysed
using all these techniques, leading to a wealth of complementary results. The application of
these techniques to paint samples from traditional paintings will improve our insight into their
organic chemistry.

Technique Detection of Spatial resolution

Microscopy Colour 1um
VIS-imaging Colour 1um
SEM-EDX Elemental analysis 10 nm
FTIR imaging Functional groups 6 um

SIMS-TOF Molecular weight <1um
u-TA Melting points, heat capacity 1um
Raman Microscopy Functional groups 1um

Table 1.1. Overview of the main characteristics of different imaging techniques.
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1.6 SCOPE OF THE THESIS

This Thesisdescribesthe results of the application of different imaging techniquesto various
paint samples. A thorough description is given of visual light micro-spectroscopic imaging and
some applications are presented in Chapter 2. Analytical spectroscopy using imaging micro-
FTIR and FTIR in various other modesiis the topic of Chapters 3-8.

The innovative visual light spectral imager is mounted on alight microscope and provides a
complete visual light spectrum (400-750 nm) of a cross-section with a maximum spatial resolu-
tion of about 1 um and a spectral resolution of about 4 nm. These visua light spectra can in
several casesidentify pigmentsin across-section. The colour description obtained by the system
is objective and unbiased and leads in many cases to identification of pigmentsin a cross-sec-
tion. Extensive experience of the analyst, which is required for identification by normal light
microscopy, is not necessary. Vis-Imaging can aso be used to monitor the effects of discolora-
tion reactions.* Imaging-FTIR (Fourier Transform Infrared Spectroscopy) is a relatively new
imaging technique. It is a promising technique for the analysis of the binder, as it is highly
specific in the identification of organic functional groups and has a diffraction limited spatial
resolution (~6 wm). This technique and its application to an embedded cross-section are high-
lighted in Chapter 4. The application of FTIR and FTIR-imaging to paint cross-sections and
other paint samplesis not straightforward. The sample preparation procedure can vastly influ-
ence the spectral quality and spatial resolution of thefinal results. Therefore, Chapter 3 givesan
overview of the different sample preparation techniques and their application in paintings re-
search. Spectra of paint cross-sections as well as dissected samples are included for a valid
comparison.

A recurrent topic in the described analyses is the interaction between pigment and binder.
The presence and nature of a pigment can strongly influence the properties of a paint layer.
Theseinteractions have been recogni sed on amacroscopic scale for many years, but their chemi-
cal basisisfar from completely understood. FTIR isvaluable techniquefor the analysis of these
pigment binding medium interactions, as it can be used to study intact samples. However, an
unambiguous interpretation of FTIR is difficult due to the complex composition of aged paint.

The mechanisms of early reactions in the oil curing process, as well as the accompanying
changesof theinfrared spectraare extensively described in theliterature. It ishowever question-
able whether these systems give a justifiable model for normally aged paint, because the mea-
surements that were the basis for most of thiswork on the early stages have been performed on
pure esterified fatty acids and not on an oil. Furthermore, the interaction with pigments is not
taken into account. The study of paint samplesfrom traditional paintingsisalso complicated, as
the methods and materials used by the painter, aswell aslater restoration methods are normally
not documented and can give rise to large uncertainties about the composition of the starting
material. A more controlled alternative is the study of naturally aged test paints. The work of
Meilunas et al. shows good spectra and a clear interpretation of different 50 years old paints,*
but highlights only two pigmented oil paints. Further FTIR studies on historically accurate aged
paints with a known composition are very limited.

In general, the extended libraries of FTIR-spectra for fresh materials are hardly useable for
aged paints, while the number of library spectra for well characterised aged paint materialsis
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very limited. This provided the rationale to perform a number of analyses on naturally aged test
paintings to investigate the long-term effects of several pigments on the oil paint composition.
These studies, aswell as ashort review on the early stages of drying, are described in Chapter 5
of this Thesis. One important outcome of these studies is the indication that different pigments
can induce the formation of metal carboxylatesin paint.

Chapters 6-8 describe the investigation of paint defects, caused by aggregation of these metal
carboxylates. These aggregates, named protrusions, are small whitish lumps of metal soap mate-
rial that literally protrude through the paint surface. Several paint samples from affected paint-
ings were investigated by various micro-analytical and imaging techniques, including light mi-
croscopy, FTIR, FTIR-imaging, VIS-imaging, SEM-EDX, GC-MS, DTMS, and SIMS. Chapter
6 describesan FTIR analytical study on protrusionsin paint cross-sectionsfrom five 17" century
Dutch paintings from different masters. A hypothesis on the origin of lead soap containing pro-
trusions and efflorescence could be developed further on the basis of analysis of unfinished
primed canvases by the 19" century American painter Frederic Church. The metal carboxylate
containing protrusions found in Falling Leaves (Les Alyscamps), painted by Van Gogh are a
result of chemical reactionsin thelead chromate/zinc white paint. Analysis of the protrusionsin
this paint show that the formation processis still active.






2 THE IDENTIFICATION OF PIGMENTS IN
PAINT CROSS-SECTIONS BY REFLECTION
VISIBLE LIGHT IMAGING MICROSPEC-
TROSCOPY (VIS-IMAGING)

A set-up for reflection visible light imaging microspectroscopy (VISimaging) as well asits
evaluation and application is described and tested. The spatial resolution of the systemis about
1 umat a spectral resolution of 4 nm. The optical contrast between different coloured particles
partsin the surface of a sampleis optimised with a new image processing method for mapping
of the distribution of the identified pigment particles. The potential of VISimaging in the study
of paint cross-sections obtained from paintingsis explored. Spectra obtained from pigment par-
ticles in these cross-sections result in the classification or identification of several pigments.
The investigated paint samples are challenging test cases, as they contain several coloured
materials with a very fine distribution. VIS-imaging can identify and map the most common
traditional blue pigments i.e. smalt, azurite, ultramarine and indigo in 17" century oil paint-
ings. Smalt can be identified even after complete discoloration. VISimaging analysis assisted
in the identification and mapping of modern synthetic red and yellow pigmentsin a 20" century
painting.
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2.1 Introduction

A painting consists of several superimposed paint layers and a finishing varnish layer.
Information about this layer structure and pigment distribution can only be obtained by taking
samplesfrom the painting and preparing paint cross-sections from these samples. A paint cross-
section is made by embedding the paint samplein aresin and polishing it in such away that the
different layers are visible as adjacent layers on the surface of the paint cross-section.®%7 The
embedding isaconvenient way to investigate the layer structure by analytical surfacetechniques.
Reflected light microscopy is frequently used as the first technique to examine embedded paint
cross-sections.® It reveals the fine dispersion of pigment particles in the binding medium but
offers no objective means of pigment identification. Pigment identification is often carried out
using X-ray techniques like SEM-EDX (Scanning Electron Microscopy-Energy Dispersive X-
ray spectroscopy). Thistechnique determinesthe elementary composition with avery high spatial
resolution and suffices in most cases to identify the pigment. A cheaper aternative would be
visual light spectroscopy, which acquires characteristic spectra that can act as a fingerprint for
identification of many pigments. The el egant and completely non-invasivefibretechniquerecently
developed by Leonaand Winter® aims at the acquisition of visual light spectradirectly from the
surface of the painting. Visual light spectra can also be recorded from pigment scrapings.” A
limitation of these approachesis that only the surface layer is measured, as the structure of the
sampleislost. It isdifficult to acquire spectra of lower paint layers. The manual separation of
different layers is hindered by the thinness of individual paint layers in paint cross-sections,
which normally range from 1-50 um. The combination of high spatial and spectral resolution
required for measurements of cross-sections has not been available so far.

A potentially suitable high resol ution spatially resolved visual light microspectroscopic system
was described by Johansson and Pettersson.®® This set-up enablesthe acquisition of transmission
visual light spectra with a spatial resolution that is in principle diffraction limited. This set-up
was adapted to allow the reflection microspectroscopic analysis of paint samples. The biggest
change to the system is the possibility to record reflectance spectra. Thisis necessary, as older
paint systemsarenormally very brittle dueto ageing. Thin dicesthat can be used for transmission
measurements can seldom be made due to crumbling of the samples. Implementation of the
reflection mode was established by the introduction of a standard analytical microscope in the
measurement set-up. This microscope ensures a homogeneous illumination of the sample, a
high and reproducible image quality and the easy application of other accessories available on
the microscope. These featuresinclude darkfield microscopy and the use of crossed polarisersin
the illuminating and reflected beam. Both tools can be used to eliminate the mirror reflection
from the surface of the sample that normally dominates the reflected light.

The spatial and the spectral resolution that can be obtained with this approach are directly
determined by the dlit width. A small dlit width enables measurementsat high spatial and spectral
resolution, but decreasesthe sensitivity aslesslight istransmitted. The absorption bandsin most
pigments are very broad and a spectral resolution of 5 nm was considered sufficient for our
studies. This requirement resulted in the choice of an 80 um dlit width in the spectrometer set-
up. A spatial resolution of at least 5 um is considered necessary in order to be able to analyse
individual pigment particles. The spatial resolution in the Y -direction (perpendicular to the dlit,
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seeFig. 2.2) then equalsthe dlit width d divided by the magnification M and aresolution of 5um
isachieved for magnifications higher than 16. The spatial resolution in the X-direction (parallel
to the dlit) equals the size of the pixelsin the CCD cameradivided by the magnification M.

The raw data recorded by this microspectroscopic system consist of a series of images, each
of which has been acquired at aspecific position of thetrand ation table. The most straightforward
means of data processing displays a reflection spectrum at a selected location, or shows the
intensity of the light reflected from the surface as afal se colour image. However, the contrast in
theseimagesisnormally low. Localisation of specific compounds on the imaged surface can be
acomplicated and time-consuming task, especially when several different pigments are present.
Therefore, an algorithm is developed that uses the complete spectra instead of reflection at a
single wavelength to localise a specific compound on the imaged surface with high sensitivity
and enhanced contrast.

A comparative study of the most common traditional blue pigmentsin paintings before 1800
AD, i.e. smalt, indigo, azurite and natural ultramarine is presented to show the potential of this
new method and to demonstrate the sensitivity of the set-up. Previousinvestigations have shown
that these pigments can be distinguished by their transmission spectrum.” Here, we investigate
blue pigments in the various paint layers directly from the paint cross-section by reflectance
mi crospectroscopy.

A second case study is a paint sample taken from Interior with a Picture by the 20" century
British painter Patrick Caulfield (1936-). Elemental analysis normally does not suffice for the
identification of thelarge number of pigmentsthat have become available during the 20" century.
Numerous variations of the organic functionalities in these modern pigments result in a large
number of often “tuneable” spectral features. VIS-imaging is expected to provide a useful
additional means for the identification of these pigments.
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Fig. 2.1. VIS-imaging experimental set-up displaying the microscope set-up with avisual and an ultraviolet source,
the Imspector spectroscope, a translation stage, the CCD-camera and a personal computer that drives the system.
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Fig. 2.2. Theworking principle of the Imspector. The dlit in animage plane (left) transmitsa singleline of light. The
grating diffractsthelight in its spectral components and focuses these on the CCD-camera.
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2.2 Experimental

2.2.1 Sample origin and preparation

The studies presented in this paper focus on the application of the technique described above
on embedded paint cross-sections. The cross-sections used were obtained from vari ous sources.
Two of the samples investigated were taken from 17" century paintings (1648-1652) in the
“Oranjezaal”, the central room in Palels Huis ten Bosch, one of the Dutch royal palaces. The
samples were taken during a recent extensive restoration (1998-2001). Sample HTBS 19/7 is
taken from Frederik Hendrik ontvangt de survivantie voor Willem |1 by Gonzales Coques (1615-
1684), while sample HTBS 3/2 istaken from the Vijf Muzen by Jan Lievens (1607-1674). Cross-
section (A102/11) was taken from a heavily discoloured blue paint layer in The Seven Sorrows
of Mary (c.1554, St. Leonardus Parish, Zoutleeuw), painted by Pieter Aertsen (1509-1575). The
paint cross-section TO7112-C2 istaken by T. Learner from Patrick Caulfield’'s (1936) Interior
with a Picture (1985-6, Tate Gallery, London, Accession no. T07112).

Samples A102/11 and T07112 were embedded in Polypol (Poly-service, The Netherlands)
synthetic resin. The other samples were embedded in Technovit 2000LC (Heraeus Kulzer,
Wehrheim, Germany). The embedded paint samples were polished with Micromesh® (Scien-
tific Instrument ServicesInc., Minnesota) polishing cloths prior to analysis. Reference pigments
were taken from the collection of H.C. von Imhoff that is presently kept at the Canadian conser-
vation Institute (CCl, Ottawa, Canada). The powdered pigments were distributed on a micro-
scope slidefor analysis.

2.2.2 Hardware

The visual light imaging system consists of a Leica DMRX analytical microscope (Leica
Inc., Wetzlar, Germany), an Imspector V7 spectrometer (Specim Inc., Oulu, Finland), a cooled
1030 x 1300 pixel Princeton Micromax CCD camera (Roper Scientific, Trenton, USA) and a
DynaOptic CTC-512-1 Mation trandation stage (DynaOptic Motion Inc., Laguna Hills, USA).
A schematic of the system isshown in Fig. 2.1.

The analytical microscopeisused for theillumination of the sample and magnification of the
sample image. The sample isilluminated by a Xenon visual light source similar to the source
used by Johansson.® Crossed polarisers are placed in the incident and reflected beam to prevent
the transmission of specularly reflected light. The magnification of the sampleimage can easily
be adjusted by changing the objective of the microscope. The entrance dlit of the Imspector V7
spectrometer is placed in the image plane of the microscope.

The pixel size of the Micromax CCD-camerais 6.7 um. The maximum resolution in the X
direction is more than ten times (80/6.7) higher than the resolution in the Y direction at equal
magnification. The resolution in the X-direction of the CCD-camera is therefore reduced by
combining pixels in groups of 10. The sample is moved by the trandational stage in the Y-
direction, orthogonal to the dlit in the Imspector (see Fig. 2.2), such that adjacent lines on the
sample areimaged. A data-set is build up by combining the images acquired at succesive trans-
lation steps. A single self-written programin Visua Basic (version 6, Microsoft) drives both the
trandation stage and the camera.
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2.2.3 Calibration

A measurement session hasto be preceded by calibration of the spectrometer, asthe calibra-
tionisnot completely stable in time. The drift isassigned to slight positional changes of parts of
the set-up. Calibration is performed on the line spectrum of a Helium lamp using the Winspec
software provided with the CCD camera. Every measurement is accompanied by measurement
of adark current image recorded when the lamp is turned off, and a Teflon surface, which is
taken as a white standard in the visual range. The shutter time of the camerais set to a value
wheretheintensity reflected by the white Teflon surface amply fallswithin the dynamic range of
the camera, thus preventing saturation during any stage of the measurement. The camera inter-
face allows the accumulation of several images during a single step of the translation stage to
improve the signal to noiseratio.

2.2.4 Data processing

The resulting image-stacks are transferred to Matlab (version 5.3, The Mathworks Inc.) for
data-processing. Routines in Matlab transform the image series to a 3D data-set (X, Y, A) and
correct the spectrum for dark-current and background by calculating for every spectrum:

%R, =100%(S,-B,)/(W,-B,) [2.1]

where %R is the percentage reflection, Sisthe raw sample data, B isthe dark current signal,
and W is the reflection of the white Teflon background. The subscripts x and xy indicate the
dimensions, in which the variable was determined. |mages of white response W and dark current
B are independent of the movement in the Y direction and therefore the acquisition of asingle
image for both W and B sufficesto correct the entire data-set.

The software can display the visua light spectrum of a particular spot on the sample and
enablesthe creation of spectral images, in which thereflection at a selected wavelength rangeis
displayed as afalse colour image. These images can be used to correlate the measured spectro-
scopic data-set to the visual light microscopic image. After selection of a single pixel, corre-
sponding to the pigment particle or other region of interest, al spectra are projected onto this
spectrum from the data-set, which resultsin ascore vector P. Thisvector quantifiesthe similarity
between the measured data and the reference spectrum. Mathematically, the projectionisasimple
dot product:

P=Der [2.2]

Inwhich D isthe normalised data-set, containing al spectrain rows, and vector r containsthe
normalised reference spectraas acolumn. Pisthe calculated projection, consisting of one scalar
for every spectrum (pixel) in the data-set. Vector P can be presented as a false colour image,
which visualises the similarity of the reference spectrum and the spectra in the data-set. The
localisation of areference or library component can be determined by taking the corresponding
vector asr. In principle, the procedure can be made completely non-supervised by the projection
of the data-set onto principal components” rather than user selected reference spectra.
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2.3 Results and discussion

2.3.1 System performance

The spectral and spatial resolution of the microspectroscopy system described were deter-
mined to characterise the performance of the system. The emission bands of a He-discharge
lamp are employed to determine the spectral resolution. The He-lines provide agood indication
of the overall spectral resolution dueto their small natural line-width. The measured peak-width
at half height of two lines was measured to be slightly above 3.6 nm, which is better than the 5
nm spectral resolution required for pigment analysis. The line-width covers about 12 pixels on
the CCD-camera in the current set-up, which is an unnecessary oversampling. The pixels are
binned in the wavelength direction in pairs of five to reduce the size of the data-set. The mea-
sured line-width of the most intense He-line after binning is dightly increased to 3.8 nm, as
shown in Fig. 2.3a. Thisminimal decline of the resolution justifies the use of binning.

The spatial resolution in the X-Y direction was determined experimentally from an image
data-set taken from a USAF ' 51 resolution target (Edmunds scientific, Barrington, USA). This
target was homogeneously illuminated with whitelight. The highest line frequency on thistarget
is228 cyclessmm, which meansthat individual barsare about 2.2 um wide. Theselines could be
resolved in both X and Y direction without any problems (see Fig. 2.3b), indicating that the
gpatial resolution iswell below 2.2 micrometer.

Reference spectra taken directly from common traditional blue pigments in reflection are
shown in Fig. 2.4. The spectral characteristics of the investigated blue pigments are clearly
distinguishable as has been reported for the transmission spectra.”® Azurite has an obvious re-
flectance of blue light, as is expected for a blue pigment. The spectrum of natural ultramarine
can be distinguished from azurite by the increased reflection in the red part of the spectrum
(650-750 nm), which is amost as high as the blue reflection (400-500 nm). The spectrum of
smalt isclearly recognisable from its extrareflection maximum in the reflection spectrum at 565
nm. Indigo extinguishes the incoming beam in the visual region to alarge extent. Thisisdueto
thelow reflectivity of the nearly black indigo clusters. The bluereflection of theindigo isamost
featureless, but the intensity of the long wavel ength reflection of the spectrum (700—750 nm) is
high, which still resultsin auseful spectral fingerprint for indigo. The small wigglesobservedin
theindigo reference spectrum are probably due to imperfect projection of theimage on the CCD
camera by the Imspector or the presence of a coating on top of the CCD array.®

The signal to noise ratio in these spectra decreases slightly on the short wavelength side. In
the camera sel ection process special attention was paid to the blue region of the spectrum where
conventional CCD cameras have limited responsivity. Thisisespecialy important for the analy-
sisof blue pigments. Further pilot experiments showed that heating up of a standard CCD-chip
causes high and unstable noise levels, especialy in the short wavelength region of the visible
spectrum. Therefore, a low-noise, cooled camera was used in the research described in this
paper. The lower signal to noise ratio in the short wavelength part of the spectrum (<430 nm)
whichisfoundinthe current set-up isexplained by absorbancein the blue region of the polarisers
in the microscope.
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Fig. 2.3. Validation of VISimaging. (a) Emission lines of a He-lamp. The arrows indicate the position where the
line width is measured. (b) Imaging of a USAF 1951 Test target. The width of the lower bars (arrows) is2.2 um.
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Fig. 2.4. Reflection spectra of four traditional blue pigments. Smalt (Co-glass), azurite (basic copper carbonate),
natural ultramarine and indigo. An offset was added to the spectra for easier comparison. Reflectivity of the pure
materials is normally between 0 and 10%.
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Fig. 2.5. VISimaging data of paint cross-section HTBS 3/2, taken from the painting Vijf Muzen (1650) by Jan
Lievens. (a) Optical microscopicimage, (b-d) false colour score plots showing thelocalisation of azurite, ultramarine
and indigo respectively, and (€) averaged reflection VIS-spectra from the highlighted regionsin Fig. 2.5¢-d.

(see also coloured version at the end of this Thesis)



20 Chapter 2

2.3.2 Imaging of azurite, ultramarine and indigo

Theresults of spectral analysis of some paint cross-sections with blue pigments are shown in
Figs. 2.5-2.7. Paint cross-section HTBS 3/2 (Fig. 2.54) taken from Vijf Muzen by Jan Lievens
(1607-1674) contains different blue paint layers on top of abeige ground layer. The lower blue
layer contains some bright white pigment particles in a blue matrix. The darker top layer con-
tains several types of larger blue particles. Such a build-up of layers, in which a thin layer of
more expensive pigments follows an underpaint layer with cheaper pigments, is often observed.
The apparent presence of different blue pigments makes this sample agood test-case to evaluate
V1S-imaging asatool for pigment identification and mapping in embedded paint cross-sections,
The spectroscopic data-set of this samplewasimported into MATLAB and processed according
toequation 2.1. A spectrum of the big blue particlein the upper left corner of the sample (marked
*) was used as a reference spectrum for the projection method. The complete data-set is pro-
jected on a single spectrum taken from this position, according to equation 2.2. This projection
yields the score plot shown in Fig 2.5b. The score of the large blue particle and all related
particlesthat have similar spectral featuresisclearly larger than its environment, asindicated by
the red shades. The spectral fingerprint corresponding to this pigment is subsequently deter-
mined. The co-ordinates of the spectra of which the dot product in P has a higher value than a
user-defined threshold value (typically 0.99 on a scale of 0 to 1) are determined first. The non-
normalised spectra of the pixelsthat fulfil thisthreshold criterion are averaged to yield the spec-
tral fingerprint. This averaged spectrum (Fig. 2.5€) has agreatly improved signal-to-noiseratio
and identifies this pigment as azurite.

The spectral fingerprints of the other particles in the top layer were obtained in a similar
manner. They are markedly different from the azurite particle in the upper left part. The corre-
sponding score-plot is shown in Fig. 2.5c. Their identification as ultramarine is based on the
high reflection intensity of red light (A > 650 nm). The low absolute reflection intensity of these
particles can be explained by the use of the crossed polarisers, which filter out the light that is
specularly reflected by the polished pigment surface. Projection of the data-set onto a single
spectrum of the lower blue layer resulted in the score image presented in Fig. 2.5d. The lower
blue layer is clearly highlighted and outlines the bigger white particles. However, the smaller
white particles and the very small blue particles were not clearly resolved, and therefore the
averaged spectrum, shown in Fig. 2.5e, has arelatively high overall reflectance. Thislayer has
an especially high reflectance at longer wavelengths and the colouring material is therefore
identified as indigo. The spectrum is not completely identical to the indigo reference spectrum
shown in Fig. 2.4, as the high reflection of the red light starts above 650 nm rather than above
700 nm observed for the reference material . Thisalteration was observed in moreindigo samples
and is presumably related to chemical changesin indigo due to ageing.

2.3.3 Smalt discoloration

Fig. 2.6a shows a microscopic visual light image of avery large pigment particle (~60 x 80
pum) in apaint cross-section taken from The Seven Sorrows of Mary (c.1554) by Pieter Aertsen
(1509-1575). This particle was chosen for analysisasit is partialy discoloured. The core of the
particle retained its colour while the outer rim is discoloured. A single band reflection image at
550 nmisshownin Fig. 2.6b. The pigment particleis seen asadark gray areain which the blue
core is vaguely observable. The contrast between core and rim is just enough to select a refer-
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ence spectrum. The projection method enhances the contrast between the blue core (Fig. 2.6¢)
and thediscoloured rim (Fig. 2.6d). Thishigh gainin contrast clearly showsthe advantage of the
projection method over the direct reflection images of raw data (Fig. 2.6b). The spectral finger-
prints of both regions are plotted in Fig. 2.6e. The absorption bands observed in the reflectance
spectrum of the discoloured rim are not very pronounced compared to the spectrum of the blue
core, but the two absorption bands at 465 and 565 nm are till visible. Comparison of the spectra
to the references in Fig. 2.4 shows a clear resemblance to the spectrum of smalt, a cobalt con-
taining glass. This identification is confirmed by EDX and SIMS analysis, in which silicon,
potassium, and cobalt were found.?* The cited study revealed that discolouration of smalt is
caused by a change in the co-ordination state of cobalt ionsin the glass. This change occurs as
the internal basicity of the glass is altered as a result of the loss of potassium ions to the sur-
rounding medium. Here we demonstrate that even completely discoloured smalt can be objec-
tively identified as smalt.
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Fig. 2.6. VISimaging data of cross-section A102/11, taken from the discoloured robe of Mary Magdalenein The
Seven Sorrows of Mary (c.1554) by Pieter Aertsen (1509-1575). (a) Optical microscopic image showing a partly
discoloured blue particle, (b) false colour image of the intensity of the light reflected at 550 nm, (c-d) false colour
score plots outline the contours of the discoloured rim and the coloured core, and (€) averaged spectra from the
highlighted regionsin Fig. 2.6c and d.

(see also coloured version at the end of this Thesis)
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Paint sample HTBS 19/7 istaken from Frederik Hendrik ontvangt de survivantie voor Willem
Il by Gonzales Coques (presumably 1650) and contains colourless transparent masses between
opague white pigment particles (Fig. 2.7a). The projection of the data-set onto a spectrum se-
lected from one of the transparent areas (marked *) resulted in the score plot shownin Fig. 2.7b.
This score plot clearly highlights the transparent masses observed in Fig. 2.7a. The spectra
fingerprint of these masses (Fig. 2.7d) is comparable to the spectrum of the discoloured rimin
Fig. 2.6d and showsthetypical featuresof smalt. Inthiscase, theintensity of the 565 nmbandis
even higher than the band at 465 nm, indicating that the smalt in this painting discoloured even
stronger than the discoloured rim in sample A102/11 (Fig. 2.6f). Smalt is thus identified in a
completely discoloured layer based on the spectral fingerprint. Thisleadsto abetter understand-
ing of the original intention of the painter, even after compl ete discoloration of a smalt-contain-
ing paint. Also included in Fig. 2.7a are bright blue particles situated next to the discoloured
particles. These are not highlighted in the score plot in Fig. 2.7b. Projection of the data-set on a
spectrum selected from one of these particlesis shown in Fig. 2.7c. An average spectrum (see
Fig. 2.7d) identifies this second pigment as azurite. Our data demonstrate that the painter origi-
nally used different types of blue pigments in subsequent layers to achieve the colour shade
intended.

a'Azurite/
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Fig. 2.7. VISimaging data of cross-section HTBS 19/7 taken from Frederik Hendrik ontvangt de survivantie voor
Willem Il (presumably 1650) by Gonzales Coques. (a) Optical microscopic image, (b-c) false colour score plots
outline the distribution of the transparent particles and the azurite particles on the right, and (d) averaged spectra
form the highlighted regionsin Fig. 2.7b and c. (see also coloured version at the end of this Thesis)
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2.3.4 Modern paint with organic pigments

Aneven more complex layer structureisfound in the modern painting Interior with a Picture
by Patrick Caulfield (1936-). The cross-section in Fig. 2.8a shows atitanium white ground (no.
7) and a complex build-up of at least 6 paint layers, including three red and two yellow layers.
The colour differences between the three red and two yellow layers are too small to allow an un-
ambiguous colour description or identification of the pigments by normal microscopy. The mor-
phology of the pigments cannot be used asan aid in identification, asthe pigment particlesinthe
coloured layers are too small to be resolved in visual light microscopy. Thisis consistent with
the small particle sizes of modern pigments and explains the homogeneous appearance of the
layers. The microscopic identification of modern pigmentsis more difficult than the identifica-
tion of traditional pigments. A positiveidentification of amodern pigment must be supported by
several analytical techniques such as mass spectrometry and SEM-EDX because of the large
number of closely related isomeric structures in modern organic pigments. The visual light re-
flection spectraof most modern pigments are however relatively specific, so that the application
of VIS-imaging can assist in their identification. Unfortunately, the reference spectral library for
modern pigments is not yet complete, which hampers the identification of pigments with this
methodology. Here we demonstrate how V1S-imaging spectroscopy can distinguish subtle spec-
tral differences in complex laminated paint cross-sections. The reflection images are used to
localise the different layers in the data-set. Projection of the data-set onto a single spectrum
chosen from these layers provides high quality spectraand localises the corresponding pigment
in the sample (seeinsertsin Figs. 2.8b and c).

Fig. 2.8b presents the spectra of the three red layers (numbered 1, 4 and 6 in Fig. 2.8a). It is
clear that the subtle colour differences that can be seen between the layers are caused by vast
differencesin their reflection spectra. The spectrum of layer 1 matchesthe spectral fingerprint of
PR170, a diazotised p-aminobenzamide coupled with 3-hydroxy-2-naphto-O-phenetide.” This
pigment was also identified by laser desorption ionisation mass-spectrometric techniques. A
more detailed description of the MS and SEM-EDX analyses is published elsewhere.” The
drop-off seen at A > 650 nm is not characteristic for PR170. SEM-EDX and mass spectrometric
anaysis did not indicate the presence of an additional pigment. A possible explanation is the
increase of the effective path length of light in a scattering medium at higher wavelength of the
light, since the path length of diffusely reflected light in a sampleincreases with the wavelength
due to the reduced scattering.

The spectrum of layer 6 could be assigned to PR101, asynthetic red iron oxide. The presence
of iron is confirmed by SEM-EDX. The pigment of the thin and bright red layer 4 suggests an
organic azo pigment, but the pigment could not be identified due to the incompleteness of the
available spectra library.

Theidentification of the pigmentsin theyellow layers (spectrain Fig. 2.8c) isambiguous due
to the unusual steps in the spectra. These steps are not normally found in pure materials. This
suggests that the obtained spectra consists of different superimposed spectra. The yellow pig-
ments in layers 3 and 5 are assigned to a PY 37 and PY 3 respectively. These assignments are
supported by EDX, which shows the presence of chlorine in layer 3 and cadmium in layer 5.
Reflection spectra of these pigments indeed overlap with the lower wavelength part of the pre-
sented reflection spectra. The additional steps observed in the VIS-imaging spectra might very
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Fig. 2.8. VIS-imaging data of cross-section TO7112-C2 taken from Patrick Caulfield's (1936) Interior with aPicture
(1985-6), (a) optical microscopicimage, (b) averaged spectra of thethreered layers. Theinsert displaysthe scores
of these layers as a RGB-plot. Red represents the score for layer 1, green for layer 4 and blue for layer 6.

(c) Averaged spectra of the two yellow layers. The insert displays the scores of these layers as a RG-plot. Red
represents the score for layer 3 and green for layer 5.

(see also the coloured version at the end of this Thesis)
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well be caused by a contamination of the surface of the paint sample by red pigments from the
adjacent layers.

The combination of VIS-imaging, mass spectrometry and SEM-EDX lead to an identifica-
tion for two of thethree red pigments and two yellow pigments. Selection of the reference pixels
of these pigments and projection on the whole spectral data-set identifies the layers with these
pigments in the cross-section.

The case studies presented above prove the value of the visual light microspectroscopy inthe
study of paint cross-sections. The spatial resolution of the system allowsthe analysisof very thin
paint layers independent from their surroundings, while the spectral resolution of about 4 nm
was sufficient for the identification of the most common pigments. The value of the technique
can be further increased by the implementation of a pigment database. Furthermore, the set-up
can be easily changed to acquire fluorescence spectrawith asimilar spatial and spectral resolu-
tion. Thismight lead to abetter selectivity for fluorescing pigments. The extension of the system
to detect light in other spectral regions, e.g. the ultraviolet or the near infrared might also in-
crease the analytical possibilities but will require more extensive technical adaptation to the
system.

2.4 Conclusions

A novel reflected light microspectroscopic imaging system (V1S-imaging) was devel oped
and applied in the field of paint analysis. The imaging resolution of the system is near the dif-
fraction limit, and alows the spectroscopic analysis of very thin (~1 um) paint layers and indi-
vidual larger pigment particlesin traditional paints. The spectral resolution of 4 nm proved to be
sufficient for the identification of several pigments. VIS-imaging was employed to localise as
well asidentify the pigments, which was demonstrated by the application to both traditional and
modern paint cross-sections. Four traditional blue pigments were discriminated, among which
partially and completely discoloured smalt, a blue cobalt containing potash glass. VIS-imaging
is also a useful tool for investigation of modern pigments, but only in combination with other
analytical techniques such as SEM-EDX, mass spectrometry and FTIR to provide awell-founded
identification. The contrast of the resulting imagesis greatly enhanced by the application of the
described projection method.
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3 A PRACTICAL EVALUATION OF PREPA-
RATION METHODS AND ACCESSORIES
FOR THE INFRARED SPECTROSCOPIC
ANALYSIS OF TRADITIONAL PAINT

Several traditional paint samples were prepared for infrared spectroscopic analysis in a
number of different ways. The applied methods include the formation of KBr pellets, squeezing
of isolated or multi-layered samplesin a diamond cell, embedding in a modern resin, and a new
method in which a paint cross-section is embedded in KBr and polished from both sides to
obtain a thin layer. Microtoming of a paint cross-section embedded in a modern resin was not
successful. The various samples were analysed by infrared spectroscopy to analyse the useful -
ness of these sample preparation techniques in the field of paintings research. The amount of
information that can be derived fromthe obtained infrared spectra appeared optimal for sample
preparation methods that allow the application of transmission techniques. The results obtained
for specular reflectance techniques were of lesser quality, while no diffuse reflectance spectra
could be obtained. The results can best be traced to a specific layer or structure in an inhomo-
geneous paint systemif the layer structure of the sampleis|eft intact, i.e. using specular reflec-
tance of an embedded cross-section or transmission of a thin section obtained by doubly polish-
ing a cross-section embedded in KBr.
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3.1 Infrared spectroscopy of multi-layered paint systems

Thevalue of infrared spectroscopy in the investigation of oil paint and paintings research has
long been recognised. The application of infrared spectroscopy for the analysis of aged paint and
painting materials has been reported several times.3+4345-478081 Most of the samples analysed in
these studies were ground and prepared in KBr (potassium bromide) pellets, which was the
standard sample preparation technique in infrared spectroscopy for many years. However, this
method of sample preparation has some serious drawbacks. The most important of theseisthe
complete destruction of the sample structure during the formation of the pellet. Therefore, it is
very difficult to individually analyse different paint layers in a complex multi-layered system,
such asa 17" century painting (cf. Chapter 1 of this Thesis), asthey have to be dissected before
the measurement. This need for a physical dissection of the samples limits the accuracy with
which the individual layers can be investigated.

The sampling accuracy can be increased in different ways. The most obviousway to alow a
better dissection of different layersin apainting isthe reduction of the amount of sample needed.
Ongoing improvement of FTIR methodology hasled to the introduction of different accessories
to allow the analysis of samples that are far smaller (< 1 pg) than can be analysed using KBr
pellets (=1 mg). These are the diamond anvil cell,®2# and miniaturised ATR (Attenuated total
reflection) crystals.®

The second way to enable a better individual analysis of different paint layersinasampleis
the application of sample preparation methods that |eave the structure of the investigated paint
sampleintact. In this case, detailsin a sample can be studied individually, as long as the spatial
resolution of the applied infrared technique is sufficient. This would clearly be the preferred
solution, especially since the spatial resolution that can be obtained in infrared microscopy has
been increased quite alot by the introduction of infrared imaging equipment.®®

This Chapter aims at a comparison of the various sample preparation techniques (both iso-
lated and cross-sections) in the investigation of paint. The criteria for a useful sampling tech-
nique are a high accuracy to trace the results of a measurement to a specific layer in the paint
structure, and the quality of spectra, which determines the amount of information that can be
extracted from a spectrum. The main conditions for a high quality spectrum are a high SN
(Signal to Noise ratio), symmetric absorption peaks, and a straight baseline.

The spectrometer can analyse a sample in various ‘ measurement modes’, i.e. transmission,
reflection (specular or diffuse), photo-thermal, and Raman spectroscopy. These different modes
dictate specific requirements to the sample handling. The next section therefore provides the
theory of the different measurement modes and reviews the various sample preparation tech-
niques and accessories that adapt a sample to a suitable form for analysis.
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3.2 Theory of measurement modes and sample preparation
accessories and methods

3.2.1 Transmission

Infrared spectroscopy is most easily carried out using transmission experiments, in which
light passesthrough asample. The sample partly absorbstheincoming light and thereby reduces
theintensity of the transmitted beam. The absorption of amaterial isacharacteristic function of
thewavelength A, and theintensity of the transmitted light can be used asafingerprint to classify
or even identify the sample material. Transmission measurements can be quantitative, as the
experimentally determined absorbance A islinearly dependent on both the concentration of the
absorbing material and the path length of light in a sample. This relation forms the basis of
Lambert Beer'sLaw:®

A= ¢g-cl = —-logT, [3.1]

in which the extinction coefficient € (I mol~* cm™?) is a characteristic property of the absorb-
ing material, c is its concentration, and | is the path length of the light through the sample.
Absorbance A can directly be deduced from the transmission T, which is the fraction of light
transmitted through a sample (scale 0-1). Both the transmission and the absorption notations
define the ratio between sample and reference and are dimensionless.

The successful application of transmission infrared spectroscopy is often problematic, as
many materialsare efficient absorbersof infrared light. Asaresult, theintensity of the transmitted
light can easily become very low and cannot be measured accurately. Generaly, thetransmission
of the most intense peaks of interest in the spectrum should be more than 0.1 to be quantified
accurately. Thisimplies that the absorbance values should not exceed 1. Theinfrared sampling
accessories available for transmission measurements reduce the high absorption values by
decreasing either the concentration c (dilution) or the path length I. Dilution unavoidably leads
to the loss of structural integrity and therefore this method cannot take advantage of the high
gpatial resolution provided by microscopic analyses. Therefore, the analysis of a cross-section
with asmall thicknesswould be the most promising approach. There are several waysto prepare
asample for transmission measurements. The most common methods will be discussed bel ow.

3.2.1.1 KBr pellets

The most familiar infrared sampling method is based on KBr (potassium bromide) pellets.
KBr is a sdlt that is transparent in the infrared region and is bought as a white powder. The
application of high pressure (+ 5 tons) to the salt changes it into a solid transparent pellet. A
sample can be diluted in a KBr pellet by mixing sample and KBr powder before pressing the
pellet. Preparation of KBr pellets normally involves the grinding of the sample to prevent light
scattering. Structural information is therefore lost completely and the application of imaging
techniques is not useful. Spatial information can only be obtained by manual separation of the
different areas of interest in the sample. Unfortunately, a rather large amount of sasmple isre-
quired (~3 mg, or 2-4 % w/w of the total pellet) for a good absorbance spectrum.
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3.2.1.2 Diamond anvil cell

A diamond anvil cell consists of two diamond windows. The sample is squeezed between
these windows before analysis. Diamond is an appropriate window for atransmission cell, asit
Istransparent in the important infrared regions aswell asin the visual region. Furthermore, the
hardness of diamond makes the squeezing of most samples straightforward. The diamond anvil
cell is an established sampling accessory in infrared spectroscopy and has been used to analyse
archaeol ogical® and paint®” samples. Sample preparation is easy, especially when facilitated by
astereomicroscope. Only aminor amount of ssmpleisrequired for ahigh-quality infrared spec-
trum.

3.2.1.3 Microtome

Another approach to obtain athin layer of sampleisthe slicing of an embedded sample using
amicrotome. The thickness of sliced samples should be below 15 um to prevent complete ex-
tinction of the incident light by absorption or scattering. Advantages of slicing are the conserva-
tion of the structure of the sample and the possibility to sample existing paint cross-sections.
Microtoming of samplesembedded in curing resins has been described asaroutine procedure.*38288
A problem of microtoming samples embedded in aresin might be smearing of the polyester or
poly-acrylate embedding medium on the sample surface, which will contaminate the sample
spectra and thereby complicate spectral interpretation. Silver chloride (AgCl)#?2 and potassium
bromide (KBr)&® have been proposed as embedding medium to prevent this. A problem of AgCl
isits darkening due to ultraviolet and visible light. This makes visual inspection of the sample
difficult to impossible, but does not significantly influence the infrared spectra. Another prob-
lem is the accelerated corrosion due to the reactivity of AgCl. Samples should therefore be
investigated preferably within one day after sample preparation.

3.2.1.4 Polishing

An elegant way to obtain thin sections from a cross-section isto polish asample on both sides
until athin slice remains. A sample should be polished on one side, which is than glued onto a
glassdide. Subsequently, the other sideis polished in until the sampleisthin enough to transmit
light. This method is known from petrology were rocks crystals can be studied in transmitted
visual light in this manner® and has been used to study embedded paint cross-sectionsin trans-
mitted light.®

Thismethod cannot be directly applied to prepare samplesfor transmitted light infrared spec-
troscopy, asexisting glues are strong infrared absorbers and serioudly disturb theanalysisand its
interpretation. In this study, we propose cold flowing KBr to act both as glue and infrared trans-
parent window. The proposed procedure is outlined in Fig. 3.1. The sample is positioned with
the layers vertical in athin layer of KBr and covered by additional KBr. The sample is subse-
quently pressed into a pellet, which is polished on one side. The pellet is re-introduced in the
KBr diewith the polished side upward and is covered by KBr. Pressure is applied again and the
sampleinthe pellet is subsequently polished on the other side until the sampleisthin enough to
allow transmission FTIR measurements. This procedure completely avoids the use of infrared
absorbing media, and can be applied without specialised equipment.
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Fig. 3.1. Proposed procedure for the preparation of thin sections of a multi-layered paint system. (a) A multi-
layered sampleispositioned in athinlayer of KBr in a KBr-die. (b) The sampleis carefully covered with additional
KBr and a transparent KBr pellet is made by the application of high pressure. (c) The KBr pellet is ground and
polished until a flat surface is obtained in which the layers of interest are present on the surface. (d) Therimof the
KBr pellet is removed and (e) the remaining pellet is re-introduced in the KBr-die upside down. (f) KBr is added
and a new pellet is created. (g) Finally, this pellet is ground and polished until the section is thin enough to allow
transmission measurements.

3.2.1.5 Attenuated total reflection

Attenuated total reflection (ATR) is basically a transmission technique, although the name
suggests differently. The principles of total reflection can be derived from Fresnel’s law, which
describesthe fractions of alight beam that are reflected and transmitted on arrival at a surface.™
Fig. 3.2 displays a result of Fresnel’s law for unpolarised light arriving at a surface under an
incidence angle . of 30°. Thetransmissionis 1 (100%) whentherefractiveindicesareequal (n,/
n, = 1), but in all other cases the reflected light has a non-zero intensity. The reflection of the
incident beamis 1 (total reflection) when n./n, is smaller than ~0.5. During total reflection, light
is not completely localised inside the high refractive index material, as a standing wave, called
the evanescent wave, protrudes from its surface.® This evanescent wave can be absorbed if an
absorbing material is penetrated in this process. This ATR process is successfully employed in
infrared spectroscopy by bringing a sample in close contact with a high refractive index mate-
rial, called the ATR crystal. The small penetration depth of light in the sample (e.g. 1 um at 2000
cmt, 6. = 25°, Ny = 2 Nempre = 1.5) makes ATR very suitable for the analysis of thin surface
layers, e.g. varnish layers, which are normally difficult to sample. Another common application
of ATR isthe study of the drying mechanism of oil.** Larger ATR crystals have been used exten-
sively for decades, but are now increasingly replaced by small ATR crystals,® such asthe Golden
Gate system with adiamond crystal. These systems can obtain high quality spectrafrom small
samples and can therefore be useful for conservation research. Microscopic ATR crystalsare a
new, interesting development. These crystals can be connected to an infrared microscope and
preserve the spatial information of the sample. In combination with FTIR-imaging,® thisis a
versatile accessory, which is very promising for the study of paint cross-sections, asit enables
the analysis of intact embedded cross-sections, without the need to prepare athin layer. A prob-
lem that can be anticipated in thisapplication isan imperfect contact between the sample and the
crystal. Furthermore, the absorption of inorganic pigmentswill be overemphasised, asthe effec-
tive path length increases with the refractive index of the sample.
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Fig. 3.2. Results of Fresnel’s law: transmission and reflection as a function of the refractive index ratios. The
intensities of transmitted and reflected light are present asfractions of theintensity of theincoming beam. (cal culated
for unpolarised light, 6, of 30.)

3.2.1.6 Reflection-Absorption Spectrometry

A sample prepared for Reflection-Absorption spectrometry, also known under the ugly but
popular nickname *‘ Transflection’, should consist of athin layer of sample on a smooth metal
surface. The incoming light is transmitted through the sample, reflected by the metal surface,
and transmitted again through the sample.®® The effective path length of the light beam in the
sample is at least double the layer thickness and can be further increased by using a grazing
angle objective. Reflection-Absorption Spectrometry is applicable only in alimited number of
cases in the field of traditional paint research, e.g. varnished gildings or silver layers, but can
result in high quality spectra (unpublished results).

3.2.2 Specular reflectance

The earlier discussion on total reflection pointed to the influence of a surface between two
materials on light arriving at the surface. A beam will be partly or fully reflected by this surface
when the refractive indices of the two materialsdiffer. Theintensities of the reflected and trans-
mitted beams are described by Fresnel’s law,** and exemplified in Fig. 3.2, which presents the
results of Fresnel’slaw for arange of different refractiveindex ratios. A refractiveindex ratio of
1.5 (n/n)) results in a 4% reflectance, while the reflectance increases to 36% at a refractive
index ratio of 4 (Fig. 3.2). The intensity of the reflected beam is thus related to the refractive
index of the sample. The absolute valuesfor the refractive index spectrum acquired by specular
reflectance are not very accurate, as the results are influenced by absorption of the evanescent
wave, surface corrugation etc.. Neverthel ess, a specul ar reflectance spectrum can be transformed
into an absorbance-like spectrum by the Kramers-Kronig transformation,®° which isastandard
feature in the software that comes with commercia spectrometers. Specular reflectance mea-
surements can easily be applied to existing embedded paint cross-sections. The enormous num-
ber of samples already prepared in the past for optical microscopic investigation in various
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|aboratories can therefore be used with minimal additional sample preparation and without extra
sampling of the painting. Furthermore, a high spatial resolution measurement can be applied, as
the layer structure remainsintact during embedding.

Dedicated specular reflectance accessories allow the adjustment of the incidence and
polarisation angles of the light beam. However, the spatial resolution that can be achieved with
these ‘neat’ systems is limited, as no microscope can be included in the system. On the other
hand, several infrared microscopes have the possibility to analyse light reflected from asample.
This approach improves the spatial resolution to the theoretical maximum. However, the angle
of the incident beam loses its definition, as it becomes a range of values determined by the
numerical aperture of the microscope objective, instead of asingle value. Thisloss of definition
influences the intensity of the reflected beam and therefore reduces the accuracy of specular
reflectance measurements. Another side effect might be introduced in inhomogeneous samples,
as the intensity of the specular reflectance is dependent on the refractive index of the sample
(whichisthe basis for the specular reflectance measurements). When applied to paint samples,
the high refractive index of inorganic pigment particles will lead to strong reflectance bands,
known as ‘ Reststrahlen’ bands,®% while the intensity of the organic binding medium is rela-
tively low. Specular reflectance has been applied successfully on different kinds of polymer
samples,* ceramics,® and paint cross-sections.®”

3.2.3 Diffuse reflectance

Absorption and specular reflectance give amore or less complete description of the interac-
tion between light and homogeneous samples. Homogeneous in this context means that the
sample does not contain internal surfaces of materials with different refractive indices. This
condition is however normally not satisfied for paint samples, which contain both binding me-
dium and pigment particles. Fresnel’s law is also valid at internal surfaces and lead to light
scattering inside the paint layer, asshown in Fig. 3.3. Part of the scattered light |eavesthe sample
ontheilluminated sideand iscalled diffuse reflectance. The effective path cannot be determined
for most systems and this makes the application of Lambert-Beer’slaw (Eq. 3.1) unpractical. A
better alternative is the Kubelka-Munk transformation, which can be used to transform the in-
tensity of diffusely reflected light into an absorption-like spectrum.®®” The Kubelka-Munk trans-
formation is nowadays a standard feature in the software delivered with spectrometers. The
major task of diffuse reflectance accessoriesisthe rejection of specularly reflected light. When
amix of specular and diffuse light is analysed, neither the Kubelka-Munk correction nor the
Kramers-Kronig transformation will lead to useful results.

3.2.3.1 DRIFTS

Samplesfor DRIFTS are normally powdered and mixed with KBr for dilution. Theincoming
light beam is focussed on the sample by a parabolic mirror, while a second parabolic mirror
reflects diffuse reflectance light towards the detector. The disturbing influence of specular
reflectance is reduced by the rough surface of the powdered sample.
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Fig. 3.3. Scheme of diffuse reflectance. The incoming beam is scattered extensively in the paint, leading to a broad
distribution of reflectance angles and loss of polarisation.

3.2.3.2 Sandpaper

An elegant method that is also based on reflectance by arough surface is diffuse reflectance
from sandpaper.®! Silicon carbide (SiC) particles, the most common abrasive in commercial
sandpaper do not absorb mid-infrared radiation and are therefore well suited as sample support
for DR spectroscopy. Applying sample on sandpaper is easy, asit is a side effect of its normal
use. This method destroys the spatial structure of asample, but allows the sampling of a surface
layer. It seems impossible to sample different layers in a multi-layered sample in a controlled
way, and this method is therefore not promising for traditional paint samples.

3.2.3.3 Crossed polarisers

Specular reflectance of a flat and smooth surface can be removed by the use of crossed
polarisers. This method exploits the loss of polarisation upon diffuse reflectance. Specular
reflectance preservesthe polarisation and isfiltered out by the crossed polarisers. Thismethodis
applied on aroutine basis in visual light microscopy.® Its application in infrared spectroscopy
seems straightforward, but has not been found in literature by the author.

3.2.4 Photo-thermal detection

Photo-thermal techniques measure the temperature increase of a sample due to absorption of
light. Thistemperatureriseisafairly direct measure for the absorption of theincoming light. It
can be measured by a miniature thermometer or, less directly, a microphone (Photo-acoustic
spectroscopy). Photo-thermal detection might have some major advantages for paint research.
One advantage is the easy sample preparation: the preparation of thin or diluted samplesis not
necessary as heating takes primarily place at the front side of the sample. Furthermore, specular
reflections do not induce heating of the sample and therefore do not disturb the measurement.

3.2.4.1 Temperature sensors

The energy deposited in the sample can be quantified by determining the induced rise in
temperature. The thermometer to be used, most likely athermocouple or thermoresistor, should
be small to prevent shading effects, alow afast response, and provide a high spatial resolution.
Hammiche et al.* used amicro thermal analyser (WTA) equipped with athermo-resistive canti-
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lever tip, which can directly perform a spot temperature analysis. The first results of this ap-
proach look promising, but at present, the measurement times are too long to be of practical
relevance. Further improvements of this technique might lead to an apparatus with avery high
gpatial resolution, as the ultimate resolution is dependent on the tip size and the heat diffusion
properties of the samplerather than on the diffraction limit of infrared light. Another approach to
probe temperature changes is the tracing of volume increase and surface deformation by an
accurate atomic force microscope (AFM).1® However, no experimental spectra have been pub-
lished using this technique and the usefulness of this approach cannot yet be assessed.

3.2.4.2 Photo-acoustic spectroscopy

PAS (Photo-acoustic Spectroscopy) is another approach to quantify the energy deposited in
the sampl e by absorption of light. PASisbased on the photo-acoustic effect, found by Bell in the
1880s, but implemented in FTIR only in the 1980s.2* A modul ation of the incident beam varies
the heat deposition in the sample. The fluctuating temperature of the sample surface induces a
fluctuating pressure in the gas surrounding the sample. These fluctuations can be detected as
sound when the modulation frequency is chosen correctly. A modulated beam produced by a
normal rapid-scan spectrometer can very well be used to measure PA S spectra, but the application
of astep-scan interferometer has distinct advantages,'? such asamore controlled depth profiling.
PAS is currently a well-developed, commercially available, and routinely used measurement
technique. An advantage is the facile, contactless probing of the surface of thick samples. It
might be a good sampling method to probe the surface of intact paintings as well as embedded
paint cross-sections. However, the current commercial PAS accessories cannot handle larger
(>1 cm?) samples and do not provide a spatial resolution, which makes them of little usein the
analysis of traditional paint.

3.2.5 Raman spectroscopy

Raman spectroscopy has evolved to an established techniquein the past 30 years. It isthere-
fore nowadays very uncommon to classify Raman as ‘another’ IR sampling technique. Instead,
both infrared and Raman spectroscopy are normally classified asvibrational spectroscopy. Nev-
ertheless, Raman spectroscopy basically is an approach to measure absorptions in the infrared
region. Raman scattering is the phenomenon where energy of a photon is changed during scat-
tering’® due to the excitation or relaxation of molecular vibrations. The difference between the
excitation and the scattered beam can be determined experimentally and equal sthe energy of the
vibrational transition. Absorption peaks in infrared and Raman spectroscopy appear at equal
spectral position. However, Raman active bands might be completely absent in infrared spectra
and vice versa, as the conditions of vibrational excitation are completely different. The tech-
niques are therefore complementary. The short wavelength of the exciting light, normally be-
tween 500 and 1100 nm allows the use of normal glass windows and lenses. The spatial resolu-
tion of Raman spectroscopic imaging can be as high as 1 um as aresult of the short excitation
wavelength. The successful analyses of pigments,®-** polychromed scul ptures,® different bind-
ing media® and even rock paintings'® by Raman spectroscopy have been reported.
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3.3 Comparative studies of a 17" century multi-layered paint

Only asmall number of the various accessories and sample preparation techniques reviewed
in the previous section are promising in the investigation of complex traditional paint systems.
As explained, the layers in a multi-layered sample can be better sampled when only a small
sample is needed. In this respect, a diamond anvil cell is the most promising and is therefore
included in the following evaluation. A number of different sample preparation methods yields
aprepared samplewith anintact layer structure. The most common way to prepare apaint cross-
section is by embedding in a synthetic resin. This method has been used for years by various
painting investigators to enable optical microscopic analysis of a paint structure. As a result,
large numbers of cross-sections are available and could be used for infrared analysis. Embedded
paint cross-section can be measured directly in a reflectance mode, both specular and diffuse.
Other ways that might enable the infrared analysis of embedded paint cross-sections are micro-
scopic ATR, and Raman spectroscopy. The photo-thermal techniques have not been included in
the present study, as they are not routinely available (small temperature sensors) or do not pro-
vide areasonable spatial resolution (PAS).

Transmission measurements of an embedded paint cross-section other than ATR are not pos-
sible, as the sections are too thick and block the incoming light beam completely. Therefore,
several methods were evaluated to enable the analysis of a multi-layered paint samplein trans-
mission mode. These include the careful squeezing of a multi-layered samplein adiamond cell,
microtoming of athin section of an embedded paint cross-section, and the newly proposed KBr
polishing technique.

A valid evaluation of these sample preparation methods must ensure that the other param-
eters are kept constant. Therefore, al infrared spectra are recorded on the same infrared spec-
trometer. Optimal evaluation of the spectral quality can be achieved by single-point FTIR detec-
tion, as this provides a more reproducible quality. Imaging results are included additionally to
the single point measurements only in the cases where a higher spatial resolution is advanta-
geous, i.e. when the sample preparation method preserves the layer structure of the sample. A
very important factor to keep constant isthe investigated paint system. The paint should thus be
availableinrelatively large amounts, to ensure that thelayer structure investigated by the several
techniquesis very similar. Furthermore, the investigated paint structure should be taken from a
traditional paint to ensure the significance of the obtained results. These demanding precondi-
tionscould befulfilled elegantly by the availability of adiscarded 17" century Dutch painting. A
large piece of this painting was sacrificed by the Rijksmuseum Amsterdam for research, due to
its poor condition. Care was taken that all the samples taken for analysis were taken from the
same area and that the same layer structure observed for all samplesis similar.

Characterisation of the paint is not the main focus of this Chapter. However, knowledge on
thispaint is essential for acorrect comparison of the various preparation techniques. Therefore,
interpretation of the obtained spectraisalso included, aswell astheresultsof additional analysis
by optical microscopy, SEM-EDX, and GC-MS.
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3.4 Experimental

All samplesused in this project were taken from the sasme areain asingle painting, paintedin
1773 by an unknown painter. The embedded sample used for optical microscopy, SEM-EDX,
and several FTIR techniques was embedded in Technovit 200LC (Heraeus Kulzer, Germany)
and polished using Micromesh® polishing cloths up to the finest mesh (12000) (Scientific In-
strument Services Inc., Minnesota).

A LeicaDMRX analytical microscope (Leica Inc., Wetzlar, Germany) was used for visual
light microscopy. SEM-EDX analysiswas performed using an XL 30 SFEG SEM and an EDAX
EDX system (FEI company, Eindhoven, the Netherlands). The accelerator voltage used was 25
kV. The sample was carbon coated to improve the conducting properties of the surface. Mass
spectrometric analysis of the homogenised stack of layers was carried out following the proce-
dure by Van den Berg et al .1®

KBr (Aldrich, FT-IR grade) pellets were made in a macro-micro KBr die (Aldrich) using
paper inserts to minimise the amount of sample needed. Thin slices obtained by polishing were
embedded in KBr by using the same KBr and die. The resulting pellets were ground using
standard sandpaper to remove excess KBr and subsequently polished using Micromesh polish-
ing cloths up to the finest mesh (12000). The diamond cell was a P/IN 2550 (Graseby Specac,
Orpington, Kent, UK). The Leitz microtome was equipped with glass knives, prepared from
glass strips (Agar, Van Loenen, Zaandam, The Netherlands) by aLKB KnifeMaker. A Bio-Rad
dlide-on ATR connected to the standard 15X Cassegrain objective was available for ATR mea-
surements. The ZnSe infrared polarisers were obtained from Bio-Rad.

The FTIR measurements described in this paper were performed on a Bio-Rad FTS-6000
(nowadaysDigilab, Cambridge, MA, USA) FTIR spectroscope, combined with aBio-Rad UMA-
500 IR microscope. All single point spectra were recorded at 4 cm* spectral resolution, an
undersampling ratio (UDR) of 2, and amirror speed of 5 kHz. 100 spectra were accumulated to
increase SIN.

Independent measurements of layers in amulti-layered sample were obtained using asingle
point detector and a sharp edge diaphragm. This diaphragm blocks all light that istransmitted or
reflected outside a region of interest, which can be adjusted in visible light. All spectra were
corrected for the background, water vapour absorption, and slopesin the baseline. The specular
reflectance measurements were Kramers-Kronig transformed after background correction.

Imaging-FT1R measurements were performed using the Bio-Rad Stingray system, consisting
of the described infrared spectrometer and microscope extended with a 64 x 64 pixel MCT
Focal Plane Array (FPA, Santa Barbara Focal plane). An extensive description of thissystemis
presented in Chapter 4 of this Thesis. The images and averaged spectra were obtained by using
the projection analysis described in Chapter 2 of this Thesis.

The Raman system used was a Renishaw 1000B Raman analyser equipped with two lasers.
514 and 785 nm.
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3.5 Results

3.5.1 Preparation of the multi-layered samples

Fig. 3.4 showsthe different prepared multi-layered samples. A paint cross-section embedded
in a modern resin (Fig. 3.4A) shows a clear overview of the complex layer structure of this
painting. These different layers are tentatively assigned in Table 3.1. Thistable also presents an
elemental analysisby SEM-EDX. Layer 1isadark red layer, probably coloured by ochres (ele-
ments Si, Al, Fe). Themetallic part in thislayer consists of iron. Thislayer is covered by avery
thin layer of yellowish Pb containing paint. Layers 3 and 4 are again ared and ayellowish layer.
Layer 5 is a remarkably thick and bright layer. This layer is pigmented by a |ead-containing
pigment. The presence of Bain this paint seriously questions its 17" century origin. The top
layersare arather undefined sequence of anumber of transparent (7 and 9) and opaque (6 and 8)
layers.

Fig. 3.4B shows asampl e of the same paint after squeezing in the diamond cell. It isclear that
alayer structure has been altered in the squeezing process, but several layers can still be distin-
guished. The numbering of these layersis consistent with the numbering in the embedded paint
cross-section. The assignment of thisnumbersisnot directly clear from the presented image, but
is based on the IR analysis described below.

The layers in this figure are numbered. Fig. 3.4C shows the sample obtained by the KBr
polishing technique described in Fig. 3.1. The presented visua light microscopic image is ob-
tained in transmission mode, and clearly shows that this sample preparation method leaves the
layer structure completely intact. The layer structure of this thin section agrees very well with
the embedded cross-section presented in Fig. 3.4A and the numbering of the different layersis
kept consistent accordingly. However, some smaller differences are present between Figs. 3.4A
and C. The colours of these cross-sections are not completely similar. This is ascribed to a
difference in microscopic technique (reflection with crossed polarisers vs. transmission) rather
than to differencesin sample composition. Furthermore, the rather diffuse top layers 6-9 cannot
be distinguished as separate layers in the thin section. This might be due to small differences
between the samples or due to the |oss of top part of the cross-section in the polishing process.
The numbering of thelayers 7-9 in used for consistency with Fig. 3.4A. Thevariouslower layers
in these different cross-sections are well comparable, and provide a good means to evaluate the
different sample preparation techniques.

Microtoming of samplesfrom thetest painting was not successful, despite extensivetrials. In
all cases, the paint crumbled upon cutting due to the brittleness of aged paint. The pigment
particles, which can very well be larger than the desired slice thickness, are expected to easily
damage the paint section through the imperfect cohesion and large differences in hardness be-
tween particles and the surrounding matrix. It is expected that this preparation method will be of
more value when the investigated samples are small, as the support due to the embedding me-
dium increases with decreasing sample size. Besides, microtomy of modern paints might be
more straightforward, as these are normally more flexible and contain smaller pigment particles
than traditional 17" century paint.

The several physically isolated samples used were also taken from the same spot on the
painting. The samples were dissected using a surgical scalpel and a stereomicroscope, while
care was taken that the layer structure was similar to the structure shown in Fig. 3.4A.
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Fig. 3.4. Optical microscopicimages of the different analysed paint cross-sections. (a) Paint cross-section prepared
ina modern resin. (b) Cross-section prepared after squeezing in a diamond anvil cell. (c) Thin section of a cross-
section embedded in KBr. The numbering of the layers in the different images is consistent. Elemental analysis
(SEM-EDX) is presented in Table 3.1.

(see also the coloured version at the end of this Thesis)
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Number Colour Thickness Elements | dentification
9 transparent 3 Varnish
8 white 3 K,P
7 transparent 3 Varnish
6 yellow 3 Cr,Mg Colour paint
5 white 60 Pb, Ba (particles)  Coloured paint
4 yellow/brown 95 Ca, Al, Pb Colour paint
3 red 12 K Al P Imprimatura
2 yellow/brown 8 Pb | solation
1 red >150 Al Si, K, Mg, Fe Ground

Table 3.1. Summary of the various numbered layersin the embedded paint cross-sectionin Fig. 3.4, the approximate
thickness of the layers (um) and the elemental analysis are determined using SEM-EDX. @ Layer thickness not
clearly determined, dueto its diffuse appearance.

3.5.2 Fingerprinting the paint system

The elemental content of the different layers in the investigated paint samples was deter-
mined using SEM-EDX on the embedded cross-section shownin Fig. 3.4A. Theresults of these
analyses are provided in Table 3.1. Mass spectrometric analysis indicated the presence of lin-
seed oil that has been used without heat-treatment. The degree of hydrolysisof the paint is 91%.

3.5.3 Infrared analysis of physically isolated samples

3.5.3.1 KBr-pellets

Samples from different layers of the test panel were separated manually as good as possible
using afine scalpel. Only arough separation between the upper and the lower layers could be
achieved due to the relatively large amount of material needed for a KBr pellet. Fig. 3.5 shows
two spectraof samples obtained from the upper and lower layers. The absorption intensity of the
spectraisstill low (< 0.2 for the most intense inorganic absorption), despite the relatively large
samples that have been used. This low absorption resultsin arelatively high noise level, espe-
cially below 1000 cm™. Nevertheless, severa absorptions can be assigned.

Table 3.2 presents the interpretation of the absorption bands that were found in the different
FTIR spectra.37103106 The |ower layers (1-4, black line in Fig. 3.5) contain a strong silicate
signal (1015, 915 cm™) due to the earth pigmentsin the red ground layer. These pigments also
contain crystal water, leading to the sharp absorptions at 3619 and 3695 cm*. Carbonates can be
assigned to lead white and calcium carbonate in layer 4 (Pb and Cafound in EDX, Table 3.1).
Identification of the binding medium is not straightforward. The combination of peaks at 1630
and 1542 cm* would indicate the presence of protein, but this preliminary assignment will be
rejected below. The oil absorptions (1708, 2927, 2854 cmt) are small due to the high pigment
concentration. Thegrey linein Fig. 3.5 representsthetop layers of the paint. The highest absorp-
tion in this spectrum is the carbonate at 1404 cm that can be identified as|ead white (Pb found
in EDX). The pronounced carboxylate peak at 1516 cm indicates the extensive formation of
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lead soaps (cf. Chapter 6). The oil binding medium and varnish materialsresultsin the carbonyl
peak at 1710 cmr?, with adistinct shoulder at 1740 cmr* (cf. Chapter 5).
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Fig. 3.5. Transmission infrared spectra of dissected parts of the investigated paint, prepared in a diamond anvil
cell. The numbers of the layers correspond to those in Fig. 3.4 and Table 3.1.

Wavenumber (cnmt) Vibration Assignment
3699-3620 H,O Crystal water in pigment
3535, 1450-1420, Various Lead white pigment
1050, 681
3460-3350 OH Binding medium
2940-2924,2865-2850 CH Binding medium
1785-1770 C=0 Polymerised oil*
1740-1700 C=0 Binding medium
1650-1620 Metal carboxylates ?
1550-1510 COOM Metal carboxylates
1460 CH Binding medium
1415 CO, Carbonate in pigment
1050-1030,1020, 915 Si-O Earth pigment

Table 3.2. General assignment of the infrared absorption bandsin Figs. 5-11.
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3.5.3.2 Diamond anvil cell

The spectra obtained from the test painting are shown in Fig. 3.6. A small sample (< 1 ug)
suffices for these measurements and consequently the sampling of a single layer can be per-
formed more accurately than for KBr pellets (~50 um). In this case, it appeared possible to
sample layers 1 and 4 (cf. Fig. 3.4A) individually. Despite the small sample sizes, the absor-
banceintensity of the resulting spectrais much higher than for the KBr pellets (1.4 for the most
intense silicate band in layer 1, compared to 0.2 in Fig. 3.5).

The better separation of these layers improves the accuracy of the chemical interpretation.
The most remarkable new result is the separation of the absorption bands at 1650 (layer 1) and
1533 (layer 4). The presence of proteins, which was suggested by the KBr spectra (Fig. 3.5), is
thereby completely contra-indicated. The increase in spatial resolution thus prevented a wrong
interpretation, based on a coincidental combination of peaks. Furthermore, the carbonates and
silicates, which could not belocated individually using KBr pellets, can belocated in layer 4 and
layer 1 respectively. The absence of the strong carbonate absorption further allows the observa-
tion of carboxylic acids (1410 cmt) and the CH bend vibration (1460 cm, shoulder), illustrat-
ing that the higher accuracy with which a spectrum can be traced to a specific region in a paint-
ing increases the information content that can be derived from the obtained spectra.

Layer 5 contains lead white (1404, 3535 and 681 cm™) and lead carboxylates (1529 cm™?).
The two smaller peaks around 1100 cm* could be due to barium sulphate (BaSO4), as Ba has
been identified by EDX. Thisseriously questionsthe authenticity of thislayer and obviously the
layers on top of it, as BaSO4 is only known as an additive in paint since the 19th century. It has
been reported as an adulteration of lead white? and might be introduced during a restoration
procedure. The top layers contain mainly organic features, which explain the dark transparent
appearance in the optical image (Fig. 3.4A). The spectrum contains characteristics of oil, resin
and asmall amount of carbonates due to imperfect sampling.

3.5.4 Analysis of multi-layered samples

3.5.4.1 Diamond anvil cell

Squeezing of a carefully positioned multi-layered sample does not necessarily destroy the
layer structure, but may also expand all layers. Several layers can therefore be measured indi-
vidually inasinglesampleand it ispossibleto increase the effective spatial resolution to beyond
50 um. A microscopic transmission image of a squeezed, multi-layered sampleisshownin Fig.
3.4b. Thethreelabelled areas (*) were all found to contain silicates, but no carbonates, as indi-
cated by a spectrum of one of these layers (Fig. 3.7) and are therefore assigned to the ground
layer 1. Squeezing of thissamplein the diamond cell clearly induced aphysical separation of the
red ground layer 1. This separation suggests that fractions with different rigidities are present in
the paint, but the chemical nature of these differences has not been studied in detail. Layer 5is
recognisable as a white, scattering layer. The clearly present carbonyl band at 1708 cm-t is
amost absent in the spectrum of the isolated sample (layer 5 in Fig, Fig. 3.6) might due to
mixing with layers 7-9, which are not visible asindividual layers (Fig. 3.4B). Layer 4 has been
turned into a rather transparent, well-isolated layer upon sgqueezing. The corresponding spec-
trum is very similar to the spectrum of layer 4 obtained with an isolated sample (Fig. 3.6). The
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remaining layers 2 and 3 seem to have merged, as they cannot be distinguished in the optical
microscopic image.

Both methods of sample preparation in a diamond anvil cell resulted in the acquisition of
high quality spectrafrom small samples. These small samples could beisolated from relatively
thin layers (~50 um). The preparation of a ‘cross-section’ in the diamond cell led to severe
deformations by mixing and de-mixing during preparation in the diamond cell. Mixing seriously
compromises the spatial resolution that can be obtained with this technique. Squeezing of sim-
pler samples, i.e. sampleswith 1-3 layers, is expected to induce less mixing. Analysis of these
samples in a diamond anvil cell is expected to be useful, as the measurement requires only a
minor amount of sample, and is fast.
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Fig. 3.6. Transmission infrared spectra of dissected parts of the investigated paint, prepared in a diamond anvil
cell. The numbers of the layers correspond to those in Fig. 3.4 and Table 3.1.
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Fig. 3.7. Transmission infrared analysis of a multi-layered sample of the investigated paint, prepared in a diamond
anvil cell. The measurement positions areindicated in Fig. 3.4B. The numbers of the layers correspond to thosein
Fig. 3.4 and Table 3.1.

3.5.4.2 Diffuse reflection of an embedded paint cross-section

The application of diffuse reflectance in the study of paint samples presented a number of
problems. Thelarge sample sizes needed for DRIFTS make the technique less suitablefor inves-
tigation of paint samples. No literature references of the application of darkfield microscopy, a
standard technique in optical microscopy have been found and a suitable objective for these
measurementswas not available. Sampling on sandpaper completely destroysthelayer structure
and provides little control over the actual sampling depth. The application of crossed polarisers
therefore is the only promising method to analyse the diffuse reflectance from embedded paint
cross-sections. However, theintensity of thelight arriving at the detector viatwo crossed polarisers
and the sample appeared too low to enable the acquisition of an infrared spectrum. Rotation of
one of the polarisers lead to a considerable response of the detector, indicating that the spectro-
meter was functioning well and the sample was correctly positioned. This experiment shows
that the diffuse reflectance of the polished surface is negligible.
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3.5.4.3 Specular reflection of an embedded paint cross-section

Specular reflectance spectra could be easily obtained from the paint cross-section shown in
Fig. 3.4A. Different regions in this cross-section were individually analysed using the sharp
edge digphragm. This procedure enabled the individual analysis of the thin layers 2 and 3 (see
Fig. 3.4A). The spectra presented in Fig. 3.8 clearly show the presence of various organic and
inorganic absorptions, but the overall spectral quality is poor. The CH stretch absorption peaks
hardly exceed thenoiselevel (S/N between 2 and 5) in the spectraof layers 1-5. The OH absorp-
tion bands (3600-3100 cm™?), which were clearly observed in the various transmission experi-
ments, arevirtually absent in the specular reflectance spectra. The S/N ismuch better onthelong
wavel ength side of the spectrum (< 1800 cmi2). This part of the spectrum can well be compared
to the presented transmission spectra, albeit that the intensities of the inorganic features in the
spectrum (carbonates at 1400 cm* and silicates at 1100 cm?) are exaggerated due to the higher
refractive index of these materials.

The same sample was investigated by FTIR-imaging, as the preservation of the layer struc-
ture in embedded paint cross-sections makes the higher spatial resolution analysis profitable.

The obtained infrared spectra indicated the organic compounds in part of this cross-section
were heavily damaged. The affected area correlated with the area analysed by SEM-EDX that
preceded the FTIR measurements. Therefore, the resulting data-set was processed only partly
and the affected areawas excluded from further dataanalysis. The clusters found by the projec-
tion method (see Chapter 2 of this Thesis) are shown in Fig. 3.9A. The corresponding averaged
spectraare presented in Fig. 3.9B. The lower spectrum represents the embedding medium. The
absorption peaks of the embedding medium can hardly be seen in the other spectra, indicating
that the smearing is low. The only peak that can be recognised in the ground layer 1 is the
enormous (truncated) silicate peak. The corresponding score plot also localiseslayer 3. Thehigh
similarity between the spectra of layers 1 and 3 is indeed confirmed by Fig. 3.8. The silicate
absorption in layer 1 is more intense, but the absolute absorption values are ignored by the
projection method, which scales the spectra before the projection. Layer 2 is positioned neatly
between layers 1 and 3. The corresponding spectrum is comparable to the spectrum found by
single point analysis (Fig. 3.8). Layer 4 containstwo different fractions on the sample spot. The
spectrum of the top part suggests the presence of carbonates, while lead soaps are identified in
the lower region (1530, 2920 and 2850 cm™?). The observed contrast in layer 4 indicates an
important advantage of imaging detection. The full spatial resolution is achieved without the
need for visual selection of a region of interest. A diaphragm is not needed to separate the
different regions, and therefore the accurate localisation of regions that are identical in visual
light is possible without trial and error.

The spectra obtained from layer 5 contain intense carbonate and sul phate absorptions. On the
other hand, the spectra obtained from the varnish region (layers 6-9) are very poor. Similar
results have regularly been obtained by specular reflectance of varnish layers, probably due to
the low intensity of the reflected light. The high resolution of the specular reflectance measure-
ments, and the low sample preparation time make specular reflectance measurements an inter-
esting method. Infact, aternativesfor this preparation method are hardly available when only an
embedded paint cross-section isavailablefor analysis. Unfortunately, the quality of theresulting
spectraislow, and the possibilities for chemical interpretation are restricted.
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Fig. 3.8. Specular reflectance infrared spectra obtained directly from the embedded paint cross-section in Fig.
3.4A. The numbers of the layers correspond to those in Fig. 3.4 and Table 3.1.
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Fig. 3.9. Secular reflectance imaging-FTIR spectra obtained directly from the embedded paint cross-section in
Fig. 3.4A. Results are extracted from the obtained data-set using the projection method described in Chapter 2 of
thisThesis. (a) Score plots showing thelocalisation of the spectra shown in B. (b) Mean spectrum of the highlighted
area shown in the score plot in A. The number of the layers correspond to those in Fig. 3.4A and Table 3.1.
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3.5.4.4 ATR of an embedded paint cross-section

Microscopic ATR measurements of the embedded cross-section shownin Fig. 3.4A were not
successful. The used ATR crystal is made of the optically opaque germanium, which makesthe
accurate positioning of the crystal difficult. Therefore, the diaphragm could not be used to select
asingle layer from the multi-layered paint structure. As an aternative, spatial resolution could
be introduced by imaging detection. These measurements do not need the application of the
diaphragm. However, the combination of ATR microscopy and detection by an infrared camera
did not lead to successful measurements for technical reasons.

ATR measurements did lead to the acquisition of very useful spectrain cases where the exact
location of the crystal isnot critical, such asthe analysis of thin surface layers directly from the
surface of a painting (unpublished results).

3.5.4.5 Raman spectroscopy of an embedded paint cross-section

Raman spectroscopy applied on a cross-section of the paint cross-section led to a strong
fluorescence, which was far more intense than the Raman scattering, leading to a complete
masking of the Raman bands. Thisfluorescence was even persistent upon illumination by a 785
nm laser. A Raman system with a longer wavelength illumination should prevent this fluores-
cence, but test measurements have not been performed.

3.5.4.6 Transmission of a thin cross-section embedded in KBr

A microscopic image of athin section made doubly polishing a sample embedded in KBr is
displayed in Fig. 3.4C. Theimage clearly shows that the paint sample taken from the test paint-
ing is not damaged by the high pressure of the KBr press or by the polishing process. The layer
structure isleft intact, and this method is therefore a suitable method for the transmission mea-
surement of large and multi-layered samples. A further advantageisthat the thin sections can be
obtained by conventional equipment that isreadily availablein nearly every FTIR-environment:
aKBr-press, sandpaper/polishing clothes, and an optical microscope. The method isfairly time-
consuming as two polishing steps are involved. However, asingle sample can be used to inves-
tigate severa layers in a sample. The optical transparency of pressed KBr further enables a
combined optical and infrared microscopic investigation. The samples can be measured at dif-
ferent stages of grinding and polishing. It would be useful to be able to determine the exact layer
thickness of the cross-section at these grinding steps, but no method has been found or estab-
lished for that purpose yet. Nevertheless, the different grinding steps were particularly useful in
the analysis of the more organic top layers (7—9). The absence of scattering in theselayer results
in arelatively high light transmission. The spectrum of layers 6-9 (Fig. 3.10) was accordingly
measured at an early stage of polishing. At this stage, light transmission of the pigmented parts
of the samplewastoo low to allow transmission infrared analysis, but the transparent top layers
yielded the clear spectrum presented in Fig. 3.10. This spectrum suggests the presence of ail by
absorptions at 3933, 2876, 1711, 1459, and 1175 cm. Unpigmented oil does not explain the
absorptions at 1624, 1541 and 1387 cnmr, but an unambiguous identification for these absorp-
tions has not been found. The other spectra presented in Fig. 3.10 (layers 1-5) were acquired
after a further polishing step, as the scattering in these pigmented layers did not yield useful
infrared spectra. Still, a baseline correction was necessary to correct for remaining scattering of
the sample. After this step, it was possible for the first time to obtain transmission spectra of the
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rather thin layers 2 and 3. These spectra show the presence of lead white (1402 cm™) and lead
carboxylates (1526 cm™) inlayer 2 and amixture of carbonates (1411 cm™?), carboxylates (1536
cm?) and silicates (1101 cm™?) in layer 3. The clear organic features in these spectra (2927,
2856, 1709 cm™?) indicate an oil binding medium for these layers. The spectra of layers 2 and 3
could be acquired without any problem from this sample and show the high spatial resolution
that can be obtained with this preparation method. The remaining transmission spectrain Fig.
3.10 (layers1, 4, and 5) are very similar to the diamond cell spectra(Figs. 3.6 and 3.7.) and their
interpretation is therefore remains unchanged.
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Fig. 3.10. Transmission analyses of a multi-layered thin section of theinvestigated paint, prepared after embedding
in KBr (see Fig. 3.1). The numbers of the layers are consistent with Fig. 3.4C.
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Fig. 3.11. Imaging-FTIR spectra of the thin section shown in Fig. 3.4C. Results are extracted from the obtained
data-set using the projection method described in Chapter 2 of this Thesis. (a) Mean spectrum of the highlighted
area shown in the adjacent score plot. (b) Score plots showing the localisation of the spectra shown in A.

This sample was further analysed by FTIR-imaging to fully exploit this high resolution. The
various spectrawere clustered using aprojection agorithm, which comparesall spectrafrom the
data-set with asingle, user-selected spectrum. The similarity between these spectrais expressed
as a score-plot, and the similar spectra are averaged to increase the S/N. This algorithm is pre-
sented in Chapter 2 of this Thesis. The score plots most important clusters found with this
algorithm, aswell astheir averaged infrared spectra are shown Fig. 3.9. The further increase of
spatial resolution allowsthe analysis on ascale smaller than the size of thelayers. Thisisnicely
illustrated by the spectrum of the transparent part in Fig. 3.4C (arrow). The corresponding spec-
trum indicates the abundant presence of metal soaps, adistinct CH absorption and alow absorp-
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tion by alcohol groups (3400 cm™, 1000—1300 cm™t). These features indicate a similarity with
protrusions, which will be highlighted in Chapters 6-8 of this Thesis. Layers 1 and 3, both
containing silicates, are highlighted in the lower score plot in Fig. 3.11. The hiatus between
these layers seen in the lower score plot in Fig. 3.11 isfilled by the area highlighted in the score
plot of layer 2. The score plotsof layers4 and 5 clearly localise these layers, but the quality of the
corresponding spectra is low, especialy in the short wavelength range, where the effects of
scattering are maximal. The reduced spectral quality compared to the single point spectrain Fig.
3.10, are explained by the lower accuracy of the imaging detector compared to the single point
detection.

3.6 Discussion

The results presented in this Chapter were acquired using transmission (Figs. 3.5-3.7, 3.10—
3.11) and specular reflectance (Fig. 3.8-3.9) measurements. Diffuse reflectance spectra were
not obtained for variousreasons: limited spatial resolution or large sample size (normal DRIFTS
accessory, sandpaper), unavailability of the required accessory (darkfield) or lack of results
(crossed polarisers). The complete annihilation of the light beam due to the crossed polarisers
indicates that the intensity of diffuse reflected light from a solid sample is low. The absence of
diffuse reflectance can be explained by the combination of high absorption and low scattering.
The low scattering of infrared light in paint is successfully explored in IRR (infrared
reflectography?®) to reveal underdrawings, normally using NIR (near infrared, 0.8-2.5 um) light.
Scattering of MIR (mid infrared, 2.5-25 um) light is even lower than scattering of NIR light,
leading to a longer effective path length. Furthermore, the absorption intensities in the MIR
range are stronger. Darkfield illumination of embedded paint cross-sections is therefore not
promising. Even if this approach would enhance the observed intensity of diffuse reflectance,
the high penetration depth of infrared radiation (tens of micrometers) would restrict the spatial
resolution of the measurement. The above discussion is thought to be valid also for reflectance
measurements directly on the surface of a painting. The results obtained by Fabbri® are thus
assigned to specular reflectance. A better alternative for these non-invasive measurementswould
be ATR or photo-acoustic spectroscopy. Pilot experiments using a microscopic ATR crystal on
the surface resulted in the acquisition of high quality infrared spectra of the surface layers, espe-
cialy when an unpigmented varnish is observed (unpublished results). The current portable
spectrometers could therefore readily be utilised to obtain an on-spot classification of varnishes.

The specul ar reflectance measurements enabl e the analysis of embedded cross-section with a
gpatial resolution determined by the diffraction limit. However, the reflectance spectra exhibit
some remarkabl e differences when compared to transmission spectra. The OH absorption (~3400
cmY) ishardly visiblein any of the reflectance spectra (Fig. 3.8), while the transmission spectra
readily prove the presence of these moieties (Figs. 3.5-3.7). Furthermore, the peak shifts and
high intensities observed for the more intense inorganic absorptions™ limit the analytical value
of reflectance spectra. Erroneous explanation of these effects has instigated some dubious rea-
soning.®” The reported absorption at about 1580 cm* observed in azurite paint isclearly acopper
carboxylate and not a vague polarisation effect that can be observed with unpolarised light.
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Next to these shifts, it appears that the overall quality of the reflectance spectra (Fig. 3.8) is
rather poor. Other published reflectance spectra of paint also show asimilar quality® and thisis
the most probably reason that the reflectance measurements of traditional paint got only minor
attention.”® To explain this, it should be stressed that the application of the Kramers-Kronig
transformation is formally not allowed, as n(A) is not completely determined, the angle of inci-
dence is not a single value, and the incident beam is not polarised. Nevertheless, good quality
spectra have been obtained by similar set-ups,®1 indicating that a violation of the mentioned
conditions does not necessarily lead to low-quality spectra. Therefore, the poor spectral quality
of the inhomogeneous paint samples should have a different cause.

The noise-resembling featuresin the specul ar reflectance spectra (Figs. 3.8-3.9) are not grey
noise, as they do not reduce upon accumulation of more spectra. Mixing of specular reflectance
and diffuse reflectance is also not a very probable explanation for low quality of the specular
reflectance spectra, asit has been shown before that the intensity of diffuse reflectanceis below
the detection limit.

A very interesting remark regarding the characteristics of specular reflectance was made by
Chamers,1*” who estimated that the effective penetration depth in a specular reflectance mea-
surement is a number of microns. Specular reflection can thus not be seen as a pure surface
technique. This indicates that part of the light that arrives at the detector actually entered the
sample. However, thislight is not reflected in adiffuse way, asit has not been observed through
the crossed polarisers. Therefore, the origin of the distortions must be a specular reflectance on
sub-surface layersor particles. Itisvery well possiblethat sub-surface pigment particlesact asa
mirror and result in areflection-absorption experiment (see introduction of this Chapter) of the
material, e.g. abinding medium on top of this particle. However, this mirror is not nearly per-
fect, and the absorption spectrum of the binding medium is convoluted with the refractive index
spectrum of the reflecting particle. The mixed signal might very well explain the poor spectral
quality of specular reflectance measurements, as the Kramers-Kronig transformation should
only be applied to the reflectance part of the detected signal, while the transmitted light should
be processed by Lambert-Beer’s law. However, there is no method to separate these individual
contributions. The intensity of sub-surface reflectance might be more than twice as high as the
specular reflectance from the binding medium itself, assuming refractiveindicesof 1.5and 2 for
the binding medium and pigment respectively. Thishigh intensity providesafurther explanation
for the enormous intensity of the inorganic peaksin the specular reflectance spectra (Figs. 3.8—
3.9). Microscopic imaging experiments using an ATR objective would be a promising meansto
analyse paint cross-sections, as the penetration depth is mainly determined by the crystal, and
sub-surface reflections only have minor significance. Unfortunately, these measurements could
not be carried out due to technical problems. Single point spectra do not form an alternative for
imaging detection in thiscase, asthe used germanium ATR crystal isoptically opaque and there-
fore cannot be localised accurately on a specific layer.

The discussion presented here indicates that the model presented in Fig. 3.3 is not valid for
the reflectance of infrared radiation from an inhomogeneous sample. The preservation of the
polarisation angle upon reflection shows that all light reflected from a paint is specularly re-
flected. Accordingly, the number of reflectionsinsidethe paint isvery limited. A revised version
of Fig. 3.3 ispresented in Fig. 3.12. This discussion aso suggests that the analysis of samples
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prepared on sandpaper® should be classified as a reflection-absorption technique rather than a
diffuse reflectance method. Correct data processing of results obtained by this technique should
therefore be based on Lambert-Beer’s law, and not on Kubelka-Munk analysis.

The Raman measurements were unsuccessful as a result of fluorescence, even at the rela-
tively high wavelength laser beam of 785 nm. The different successful Raman spectroscopic
studies of painting materialsthat have been published were acquired with similar or even shorter
wavelengths. These analyses include several pigments® and spectra of fresh binding media.*
The differences must therefore be assigned to ageing products that have been devel oped during
the lifetime of the painting. In fact, the presence of fluorescence in aged paint systemsis com-
monly observed in microscopic studies, even in the absence of fluorescing pigments. A further
increase in the wavelength of the excitation beam seems the most logical next step to prevent
fluorescence. The application of Raman spectroscopy to paint cross-sectionsis not fully devel-
oped and certainly merits further study.

Thequality of the presented transmission spectra(Figs. 3.6-3.7, 3.10-3.11) ishigh and clearly
indicates that transmission would currently be the preferred analytical mode. In fact, the spectra
recorded with the different transmission techniques are very similar and only differencesrela-
tive peak intensities have been found. These peak ratios can provide afurther characterisation of
the sample preparation methods. The silicate peak (1050 cm™?) is the most intense peak in the
spectrum of layer 1 (red ground layer). It istruncated in diamond cell and specular reflectance
spectra (Figs. 3.6-3.7 and 3.10-3.11) to prevent overlap with other spectra. The height ratio of
this silicate peak and the carbonyl band (I (1050 cm—l)/ I(1720 cm—l)) is 19 for specular reflectance, 5.2
for the diamond cell, and only 2.4 for the KBr polishing technique. The carbonate peaks (1420
cmt) inthe spectraof layers4 and 5 relatesin asimilar way to the carbonyl (1720 cn?) peak. In
fact, the carbonyl band is hardly present in the specular reflectance measurement. The high
relative intensity of the inorganic peaks in the specular reflectance spectra is explained by the
higher reflective index of the inorganic materials and the presence of sub-surface reflections.
However, the measurements using the diamond cell and KBr polishing method are both per-
formed in transmission mode and should have a constant path length. The clear differences
between peak ratios are therefore to be interpreted as changes in the sample. The most probable
reasonisthelossof inorganic pigment particles dueto the polishing in the KBr polishing method.
In fact, the partial loss of pigment particles upon polishing is not surprising, as the size of the
thin section isin the same order of magnitude asthe size of the pigment particles. Thisindicates
that the KBr polishing method changes the quantities of the materialsin a sample and should be
considered as a qualitative method. However, thisis an advantage rather than a problem, asthe
analysis of pigments is well established, while the analysis of embedding medium is normally
disturbed by the presence of these pigments.

As the quality of the spectra is sufficient for the diamond cell, and KBr-polishing and, if
enough sample material is available, KBr pellets, other characteristics of the techniques will be
decisive for the choice of a specific technique in a specific situation. Bulk techniques (KBr and
diamond cell) will be the methods of choice when a spatially resolved measurement is impos-
sible. The methods are fast and reliable, but accuracy of tracing the analytical results to a spe-
cific spot in the painting islimited by the sampling procedure. The analysis of asqueezed cross-
sectioninadiamond cell improvesthe spatial resolution, and can be performed very fast. Disad-
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vantages are the possible mixing of materials, especially for larger, multi-layered samples. Mi-
crotomy is afast method, but it is not expected to work with every paint system. Furthermore,
the embedding medium might be disturbing the visual (using AgCI®®) or infrared (using modern
resin®®) observation. Nevertheless, dlicing by amicrotome might be a good technique to prepare
small or modern paint samples. The KBr polishing procedure proposed in this Chapter provides
avery high spatial resolution. Thisanalysed thin section was obtai ned with a minimum of equip-
ment, and appeared to be straightforward, even for the rather complex layer structure of the
investigated painting. This sample preparation might therefore proof a valuable tool in the in-
vestigation of multi-layered traditional paint samples.

Fig. 3.12. Model of the nature of the reflected MIR light from the surface of an inhomogeneous system, such as
paint. Both surface and sub-surface reflections are present. The sub-surface reflections are specularly reflected
and do not loose their polarisation.

3.7 Conclusions

Several sample preparation methods for infrared spectroscopic analysis of traditional paints
have been presented. The optimal spectral quality isobtained for the different transmission tech-
niques. Specular reflectance measurements lead to the introduction of deformationsin the spec-
trum, that severely hinder the spectral interpretation. These deformations are explained asdueto
the presence of sub-surface reflections. It is not possible to analyse the diffuse reflection of a
paint cross-section, and it was concluded that diffuse reflectance of infrared radiation is hardly
present. Further diffuse reflectance analyses of paint cross-sections are considered useless. Raman
spectroscopy was also unsuccessful. However, ongoing progressin the Raman equipment might
very well provide away to overcome the current technical problems.

The accuracy with which the results can be traced to a specific layer in apainting is optimal
inthe caseswhere the sample preparation procedure leavesthe layer structureintact, asan imag-
ing measurement can resolve details that are far smaller than the normal sample sizes obtained
by sampling with a surgical scalpel. This Chapter provides a new means to make athin section
from apaint cross-section. This method is shown to yield the best combination of high spectral
quality and spatial resolution.
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FOURIER TRANSFORM INFRARED
MICROSCOPIC IMAGING OF AN
EMBEDDED PAINT CROSS-SECTION

FTIR-imaging is presented as a new analytical approach in the study of paint cross-sections.
Analytical FTIR reflection imaging provides the spatially resolved acquisition of infrared spec-
tra with a resolution of about 7 um. The technique reveal s detailed information on the organic
functional group distribution in the individual layers of embedded paint cross-sections and is
used complementary to visual microscopy and SEM-EDX. This method was applied to a paint
cross-section of Rembrandts Portrait of a standing man (1639). FTIR imaging of this cross-
section identified and localised different compounds present in the layers of this sample. I denti-
fication of these compounds, based on their infrared spectra is confirmed by results from art
historical and conservation literature. Special attention was given to a discoloration that was
observed in large parts of the described painting. This discoloration was clearly visible in the
paint cross-section. A hypothesis on the nature of the discol ored paint layer isformulated based
on the FTIR imaging results.
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4.1 Introduction

The continuous need to treat and restore easel paintings is generally attributed to various
molecular ageing phenomena. The components used by the painter are subject to chemical and
physical changes both during and after the creation of a painting. Painting restorers strive to
minimise the negative effects of these ageing reactions and try to preserve apainting aslong as
possible. Yellowed varnishes are being replaced with fresh ones, damaged areas are filled and
overpainted in the course of the restoration of a painting. The restorer has to have a thorough
knowledge of the painting materials and the current condition of the paint to take informed
decisions on treatment and restoration of our cultural heritage. This knowledge is generally
obtained in two complementary ways. Historical sources, such as painters handbooks and let-
tersfrom painters are studied to reveal information on painting materials and techniques. Onthe
other hand, analytical investigations on paintings and paint samples are performed to ascertain
their current chemical and physical state. In this study we will present anew analytical approach
in the molecular study of easel paintings and paint materials.

4.1.1 Materials and structure of paintings

Easel paintings essentialy consist of superimposed paint layers. The paints applied by the
painter are prepared beforehand and mixed on the artist’s pal ette. The binding medium and other
materials (pigments, additives) in the paint substantially change in molecular structure during
the subsequent period of ageing and repeated restoration treatments. The paint, which normally
consists of colouring materials (pigments, dyes) and a binding medium (oil, tempera), dries due
to cross-linking of the binding medium. In oil paints, de-esterification of the glycerol ester bonds
and oxidation of fatty acids leads to formation of aldehydes, acohols, carboxylic acid groups,
and peroxides.19912126 pjgments or other additives can have alarge influence on these processes.
On amacroscopic scale, the paint solidifies and later on becomes brittle due to these chemical
changes.

Varnish layersapplied on top of the paint layers protect the paint and saturate the colour of the
paint. Most varnishes consist of di- or triterpenoids that undergo extensive oxidation and
crosslinking. These reactions result in yellowing of the varnish layer. "0

The few processes described above aready indicate that the compounds present in a paint
layer aswell as the resulting ageing processes can greatly differ between the distinct layers of a
painting. Analytical strategies designed to elucidate the processes of chemical change in paint
layers must therefore have a sufficiently high spatial resolution to examine the layers individu-
aly.

4.1.2 Cross-sections in paintings research

Analytical strategies aimed at the molecular processes occurring beneath the surface of a
painting require sampling of the layered structure. Two analytical approaches can be distin-
guished. The first approach involves the dissection of the sample in its individual layers, fol-
lowed by abulk analysis of each layer. The required physical separation of the different layers
under amicroscope is normally difficult or impossible due to the small layer thickness (~ 1-50
um) and the strong adhesion between layers. The second approach involves the preparation of a
paint cross-section, which implies that a multilayered sample is taken from a painting and em-
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bedded entirely in apolyester or poly-acrylate resin. Theresin facilitates handling and prevents
loss of the minute paint chip (~ micrograms). The embedded sample is polished to obtain a
smooth surface in which all layers are visible.

Thewidespread use of paint cross-sectionsby restorers, art historians, and other investigators
makes that a large number is available for analysis. Reflected light microscopy is frequently
used to study the colour and structure of the paint layers.

Scanning Electron Microscopy combined with Energy Dispersive X-ray spectroscopy (SEM-
EDX) is mostly used to examine the elemental composition of a paint cross-section. However,
both techniques provide no information on the organic moieties in the different layers of the
painting. Revealing organic information from cross-sections by normal analytical techniquesis
mostly impossible, as the technique should meet two requirements to analyse cross-sections.
Thefirst requirement is the ability to study the surface properties. The second requirement isa
high spatial resolution, as layer thickness normally varies between 1-50 um. Few analytical
techniques meet these two requirements. An advanced reflection FTIR spectroscopic imaging
set-up is used in the study described here, as conventional FTIR spectroscopy is unavailing in
the analysis of paint cross-sections.

4.1.3 FTIR-imaging in the study of paint cross-sections

Infrared spectroscopy has often been used to identify organic compoundsin apainting. The
possible use of infrared spectroscopy in conservation science was recognised already in 1966 by
Olin and in 1970 by van 't Hul-Ehrnreich.** The possibilities to measure the small samples
normally available in paintings research were increased extensively after dispersive infrared
spectroscopy was replaced mainly by FTIR.37414244 M ost of the measurements on paint samples
are transmission measurements performed on KBr discs. Preparation of KBr pelletsrequiresthe
grinding of asample. Grinding of the sample |eads to ahomogeni sation of the sample and hence
the possibility to study the spatial distribution of compoundsislost. Diffuse Reflectance Infra-
red Fourier Transform Spectroscopy (DRIFTS) gives results similar to transmission FTIR, but
also DRIFTS requires a powdered sample and is therefore inadequate for a spatially resolved
study of layered structures.

The transmission techniques described above are obviously not suitable for the analysis of
opague thick cross-sections. We therefore describe the devel opment of reflection FTIR-imaging
as anovel strategy in the analysis of embedded cross-sections in this paper. Two different ap-
proaches exist to obtain spatially resolved infrared spectra of complex surfaces. A scanning or
rastering experiment uses adiaphragm to select asmall spot on the surface of the sample. Modu-
lated light from the interferometer that is reflected by this spot reaches the detector, and a spec-
trum of that spot is recorded. The sample is subsequently moved to a next spot for a new mea-
surement. Thissequential measurement of all spotson the surfaceyieldsan assembly of infrared
spectrafrom the different surface positions.

It is unfortunately an extremely time consuming approach, as the diaphragm which deter-
mines the spatial resolution in a mapping experiment deprives the largest amount of the modu-
lated light. The decreasing signal to noise ratio (S/N) of the infrared spectra has to be compen-
sated by longer integration times. Furthermore, all of spectra are recorded sequentially. Spatial
resolutions of 10-15 um have been achieved using the scanning approach.®
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The second approach that is employed hereis FTIR-imaging. The FTIR-imaging set-up (see
Fig. 4.1) consists of an array of alarge number of independent detectors, called a Focal Plane
Array (FPA) and a step-scan interferometer. The step-scan interferometer steps through several
hundreds of mirror positions during data collection. Modulated light from the interferometer
illuminates the sample. An image of the sample is projected by an infrared microscope onto the
FPA, which istriggered to acquire an image at every mirror position of the step-scan interfero-
meter.®® In thisway, all pixel elements of the FPA simultaneously record an interferogram of a
different spot on the sample. The parallel recording of multiple spectra has a number of advan-
tages compared to a mapping experiment. A diaphragm is not needed for spatial resolution in
imaging experiments. Therefore the modulated light is used more efficiently than in mapping
experiments and thetotal timeto complete aspatially resolved FTIR imageisreduced by several
ordersof magnitude. The experiment timeisnow solely governed by the desired spectral resolu-
tion and S/N. These two parameters can be adjusted by changing the number of mirror stepsand
the number of image summations respectively.

The spatial resolution in the short wavelength range is determined by the magnification of the
microscope and the size of the pixelsin the FPA. In the experiments described in this paper the
instrumental limit of theresolution is6-7 um. Theresolution isdiffraction limited in the longer
wavelength fingerprint region.

FTIR-imaging on paint cross-sections presented here provides detailed information on the
organic functional groupsand their distributionintheindividual layers of embedded paint cross-
sections and is used complementary to visual microscopy and SEM-EDX.

MCT camera

Step-scan
mirror

Gpg

Infrared

mICRSCO

e

Q ped mirror

Fig. 4.1. The FTIR imaging set-up consists of an infrared spectrometer, equipped with a step-scan interferometer.
Modulated light from this system is focussed on a sample through an infrared microscope. Light reflected by the
sampleis projected on an MCT focal plane array by a ZnSe-lens. The light path for transmission measurementsis
also indicated in the figure.
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4.2 Material and Experimental

4.2.1 Sample description and preparation

Rembrandt painted the Portrait of a standing man in 1639 (Staatliche Museen Kassel,
Gemaldegalerie der Alten Meister, GK 239, see Fig. 4.2). This painting has undergone several
restoration treatments in the course of time. It was investigated as a preparation for the latest
restoration. Some paint samples became available for analysis during these investigations. One
of these is used as a validation of the technique in the field of conservation, as much is known
about the paint material's, techniques, and layer composition used by Rembrandt* and especially
about this particular cross-section.t?

Next to the typical layer composition, an interesting artefact is present in this sample. The
originaly dark paint layer has a pale appearance on large parts of the surface of the painting,
whichisnot to be expected in adark shadow region. The pale appearance could be correlated to
adiscoloration in the uppermost part of the paint layer. However, the reason for this degradation
could not be found by microscopy. Therefore wetried to obtain more chemical information from
this sample by FTIR-imaging spectroscopy.

The sample was embedded in Scandiplast (H.P. Tempelman, Hagen, Germany) and polished
with Micromesh® polishing cloths up to the finest mesh (12000) (Scientific Instrument Services
Inc., Minnesota).

4.2.2 FTIR Experimental set-up

The experiment described in this paper was performed on a FTS-6000 Stingray FTIR-imag-
ing system (Bio-Rad, Cambridge, MA, USA), which combines a step-scan Michelson interfero-
meter (Bio-Rad FTS-6000),** an IR microscope (Bio-Rad UMA-500) and a 64 by 64 element
MCT foca plane array (Santa Barbara Focal Plane, Goleta, CA). The 15x Cassegrain optics of
the microscope are extended with a 76-mm ZnSe-lens in order to image the sample onto the
FPA. With this optical configuration an area of 400 by 400 um isimaged on the full FPA. This
field of view combined with the 64 x 64 pixel FPA yieldsamaximum resolution of 6.25um. The
resolution is diffraction limited in the long wavelength range. A 2.53 um short wave cut-off
filter (OCLI, SantaRosa, CA) infront of the FPA allows scanning with an under sampling ratio
(UDR) of 4. The step distance of the interferometer at UDR 4 is 1.266 um, so the shortest
wavel ength that can be observed is2.53 um (3950 cm) according to the Nyquist theorem. The
long wavelength limit of the optical band passis 900 cm™, asthe FPA is sensitiveto light up to
about 10.5 um.

The selected interferometer step frequency can be adjusted for higher speed or higher SIN.
Thelow step rate (1 Hz) of the step-scan interferometer in the experiments described allowsthe
frame-grabber board in the camerato average 200 images during each step, leading to ahigh &
N. The averaged image is transferred to the computer. Win-IR Pro 2.5 software (Bio-Rad) is
used to control theinterferometer and the ImaglR 2.1 image acquisition software (SantaBarbara
Focal Plane). Approximately 500 interferometer steps are needed to obtain the spectroscopic
resolution of 16 cm™. Thetotal measurement timein this configuration isabout 9 minutes, while
the resulting data-set is about 8 Mb in size.

A two-point calibration ensures a homogeneous response of each pixel on the FPA. A zinc
selenide (ZnSe) window was chosen for this calibration because of its nearly constant reflection
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Fig. 4.2. Portrait of a standing Man, painted by Rembrandt van Rijn in 1639. (Staatliche Museen Kassel,
Geméldegalerie der Alten Meister, GK 239). A cross-section is taken from the shadow region bel ow the man'sright
arm. (see also the coloured version at the end of this Thesis)
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in the complete MIR range. ZnSe has a refractive index of 2.45 and reflects about 18% of the
incoming light, comparabl e to that experienced in cross-section analysis. The background spec-
trawere also recorded from the ZnSe-window.

Specular (Fresnel or mirror) reflected light forms the main part of detected light from a pol-
ished paint cross-section sample. The intensity of the reflected beam is not only dependent on
the absorption, contrary to transmission measurements, but also on the refractive index of the
sample. Hence, spectra of specularly reflected light are not directly comparable to results of
transmi ssion measurements. Fortunately, afundamental relation between absorption and refrac-
tion exists. This relation was first described by Kramers and Kronig* and the transformation
that yields absorbance-like spectra from specular reflectance data is called a Kramers-Kronig
transformation.®*** The infrared microscope fixes the angle of the incident beam, and makesthe
application of polarised light unsuccessful due to the collimation of the incident beam. There-
fore the application of the Kramers-Kronig transformation is formally not allowed for these
measurements. However, therelatively small angle of incidence can be assumed near-normal in
the described set-up, especially for the evaluation of low absorbing samples.

The data-set obtained during one run of the interferometer contains one complete interfero-
gramfor every pixel inthe FPA. Datapre-processing of these 4096 spectrawas performed by the
Win-IR Pro software, using standard Mertz phase correction,® atriangul ar apodisation and zero-
filling to 1024 points. After Fourier transformation, the real part of the signal was background
corrected to reflectance units. The Kramers-Kronig transformation algorithm provided with the
Win-IR Pro software was used to transform the specular reflectance spectrato absorbance spec-
tra.

Theresulting three-dimensional data-cube consists of astack of images. Each image contains
an absorption plot at a specific wavelength, while every pixel in the image contains a complete
infrared spectrum. These infrared spectra can be displayed and analysed individually to identify
the compound present at a particular image position. The most straightforward way to analyse
the spatial distribution of acompound isto compare the intensities of one of its specific spectral
absorbance band in al spectra. The outcome of this comparison is displayed as a false colour
intensity map that showsthe functional group distribution of the cross-section surface. A combi-
nation of these tools provides asimple means to identify and localise compounds present in the
paint sample.

Calcium carbonate (Merck, 99%) was measured as areference material in transmission as a
KBr pellet. The diffuse reflectance measurement was obtained using the Bio-Rad DRIFTS ac-
cessory. Both measurements were performed using the Bio-Rad FTS 6000 spectrometer in rapid
scan mode. The spectra have aresolution of 4 cm* and were acquired with a mirror speed of 5
kHz co-adding 50 spectra. Both spectra were corrected to absorbance units with a KBr back-
ground spectrum using the appropriate sampling method.
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4.2.3 Microscopy

Visual light microscopy reveals layer structure and colour with a high resolution (~1 um).
[llumination with ultraviolet light causes specific components, especialy resins, to fluoresce.
Microscopic studies were performed on a Leica DMR microscope (Leica, Wetzlar, Germany).
Normal light was provided by a 100W Halogen projection lamp, using bright-field illumination
and crossed polarisers. An Osram HBO 50 lamp and Leicafilter D (excitation 360-425 nm,
emission > 460 nm) were used for fluorescence microscopy.

4.2.4 SEM-EDX

SEM-EDX measurements were performed to identify heavy elements present in pigments,
dryers or other compounds. These measurements were carried out on a JEOL JSM 5900 LV
scanning electron microscope scanning with a 25 kV electron beam. Samples were coated with
carbon to increase the low conductivity of the sample and so prevent accumulation of charge.
EDX analyses were performed on different parts of the cross-section by measuring the emitted
X-rayswith a Noran Vantage EDS-system equipped with a Pioneer Norvar Detector.

4.3 Results and discussion

4.3.1 Microscopy and EDX

Results of the microscopic investigation are shown in Fig. 4.3. Fig. 4.3a shows the visual
light image, Fig. 4.3b shows the fluorescence of the same paint cross-section under UV illumi-
nation. Fig. 4.3cisamap in which the function of the different layersis summarised. The cross-
section in these figures is positioned such that the layers at the bottom of the figures represent
the lower layersin the painting (closest to the canvas).

Thelowest layer in Fig. 4.3ashowsared, opague layer. On top of thislayer, awhitelayer that
contains large pigment particlesisfound. The binding medium between these particles hasyel-
lowed. This remarkable combination of a red and a white ground layer, the so-called double
ground, is often observed in Rembrandts paintings.*®

The paint layer on top of the white ground is very dark and probably contains boneblack asa
pigment. Various varnish layers are present on top of the black paint layer. Asresins fluoresce
strongly, they areclearly visibleinthe UV fluorescenceimage (Fig. 4.3b). Severa varnish layers
have been applied during successive restoration treatments. They are separated by darker layers,
which contain overpaint or accumulated dirt.*? The fluorescence image visualisesacrack in the
dark paint layer (arrowsin Figs. 4.3a, 3b) asitisfilled with varnish.

Fig. 4.3d isan enlargement showing a darkfield microscopic image of part of the paint cross-
section (see outline in Fig. 4.3c). The arrow in Fig. 4.3d points to a 5 um thick whitish part,
which is present in the upper part of the dark paint layer.12116

Results of elemental analysis by EDX measurements (Table 4.1) reveal the presence of sili-
con and aluminum in the red ground layer. Lead isfound in the white ground layer and supports
the identification of the white pigment particles (Fig. 4.3a and c) in this layer as lead white,
Calcium and phosphorous found in the dark paint layer can be explained by the presence of bone
black pigment, which contains calcium phosphate and calcium carbonate due to the thermal
degradation of hydroxy-apatite. The small amounts of lead in the dark paint are probably dueto
alead-containing dryer.
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Fig. 4.3. Microscopic images of the cross-section taken fromthe painting shown in Fig. 4.2. (a) Visible microscopic
image, (b) fluorescence image after UV illumination, (¢) a map to localise the different layers, and (d) displays a
darkfield microscopic image of a small section of this cross-section, indicated by a grey boxin Fig. 4.3c. Thisimage
emphasises the pale upper part of the dark paint layer (arrow).

(see also the coloured version at the end of this Thesis)

Layer Elemental composition
Dark paint layer Ca, Pb, Al, Si, P K (Fe, Na, Mg)
Discoloured paint Ca, Pb, Al, Si, P K (Fe, Na, Mg)
White ground Pb
Red ground Si, Al, Fe, K (Pb, Ca, Ti, Mn, Na)

Table 4.1. Elemental composition of the different layersin the paint cross-section shown in Fig. 4.3, as determined
by EDX.
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4.3.2 Reflection FTIR-imaging

The results of the FTIR measurement are given in Fig. 4.4. The wavenumber of the imaged
absorption peak isindicated in each false colour plot. A blue colour in these plots represents a
lower absorption of the indicated absorption band, whilethered (* highlighted’) areahas ahigher
absorption of this band. Comparison of the layers highlighted in Figs. 4.4a-4.4e to Fig. 4.2
indicatesthe highlighting of the adjacent layersin thesefigures. A single pixel infrared spectrum
from the highlighted part of this plot (marked *) is shown next to each false colour plot.

The red ground layer is highlighted in Fig. 4.4e, where a broad peak around 1034 cm™ is
imaged. Theinfrared spectrum of aspot in thislayer is shown on theright and indeed containsa
large band just above 1000 cmt. This band is caused by absorption of silicates in materials as
glass, sand, quartz, and kaolin. These materialswere used as cheap fillersin the 17" century. The
purpose of this lowest paint layer was mainly the smoothing of irregularities in the canvas, for
which high quality pigmentswere not needed. The presence of silicatesas sand and quartzinred
ground layers is well known.*™> This interpretation is supported by identification of silicon,
potassium, and sodium by EDX (Table 4.1). The absence of binding medium peaksin thislayer
Is attributed to the high pigment content. The areaimaged in Fig. 4.4e is reasonably homoge-
neous, although the colour map shows some intensity differences (yellow to red).

Meilunas® assignsthe bandsat 1040 and 1100 cm™ to hematite, an iron oxide. However, iron
oxides do not absorb in this spectral region and the absorption is probably due to an impurity in
his samples.

Fig. 4.4d shows the white ground layer. The FTIR spectrum taken from this layer exhibits
intense absorption bands at 1404 cm and 1520 cm . The peak at 1404 cm* matches exactly
the maximum found for the carbonate absorption in lead white references,*'’ a very common
pigment in the 17" century, which was used both for ground and other paint layers.*** Further-
more, the presence of lead is confirmed by the EDX measurements (Table 4.1). The FTIR spec-
trum in Fig. 4.4d also shows an absorption peak at 1520 cm™. This absorption band is often
observed in lead white containing paint layers. There is strong evidence in severa studies of
other 17" century paintings that it is caused by absorption of lead carboxylates. Lead carboxy-
lates massesin highly degraded underpaint layers were identified in another study by both FTIR
and mass spectrometry.*'#1° Previous assignment of apeak at 1520 cm in alead white contain-
ing layer to the amide |1 peak of a proteinaceous material® isin our opinion erroneous, as the
assumed amide | in this study is very sharp, unlike the broad appearance of amide peaks nor-
mally. Furthermore, it is uncommon that the amide Il absorption (1520 cm™) in proteins is
higher than theamide | band (1650 cmt). Hence we concludethat also in this case lead carboxy-
lates must have been observed.

Reactions between oils and metal s that result in formation of carboxylate containing materi-
als were already mentioned by Jacobsen and Gardner in 1941,'* and the presence of similar
products in paint layers has been assumed.’® However, the detection and localisation of metal
carboxylatesin paint cross-sections is hardly possible using conventional techniques.

L ead carboxylates can be formed after partial or complete dissolution of lead white pigment
particles.’® |t seemsthat we are dealing with an early phase of asimilar phenomenon here. The
position of the lead white particlesisindicated by white boxesin Fig. 4.4d. The position of these
boxesisbased on the visual microscopicimagein Fig. 4.2. Some of these boxes (those indicated
by an arrow) perfectly match with voids in the lead carboxylates absorption intensity. Lead
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Fig. 4.4. Theimages on the left are false colour plots displaying the intensity of the absorbance peaks at (a) 1774
cnt?, (b) 1650 c?, () 1430 cm?, (d) 1522 enr?, and (€) 1034 cn?. Fig. (f) facilitates the correlation of the FTIR
false colour plotsto the microscopic datain Fig. 4.3. The IR-spectra on the right are obtained fromthe highlighted
part (indicated by *) in the false colour plots, respectively the (a) varnish layer, (b) upper part of the dark paint
layer, (c) dark paint layer, (d) white ground, and (€) red ground. (see also the coloured version at the end of this
Thesis)

0.6
o
3
2
)
3
<
900
WMAAAAAAAM VMY |
2900 1900 900
1430 cm’!
S
%)
<t
|
anNVVWAR N m/\‘. Aran
2900 1900 900
<t
2
[\l
g T
3 Ve
k=
)
K
<
0 T T
3900 2900 1900 900
1034 cm™ 8 5 | <
. e il
o S
q —
S
0
b
o
172}
o
< !\’W‘”\Mwﬂ"f\\,z\
O T A T T

3900 2900 1900 900
Wavenumber (1/cm)




68 Chapter 4

carboxylates are not observed in these places and the lead white pigments therefore seem to be
intact. The remaining white boxes (not indicated by an arrow) cannot be distinguished from the
matrix on the basis of the absorption at 1520 cm~2. This absorption might be dueto acarboxylate
envelope around the lead white particle, or due to smearing of surrounding carboxylate matrix
onto the particle.

Thefasecolour plotin Fig. 4.4d obtained by FTIR-imaging alowsnot only theidentification
of thisageing product, but also revealsits distribution within the paint layer in great detail.

Theblack paint layer isimaged in Fig. 4.4c using the absorption band at 1430 cm. This peak
position of the carbonate in the black paint layer is similar to the absorption of calcium carbon-
ate (or chak), avery common pigment in 17 century paintings. The identification of calcium
carbonate (1430 cm™?, spectrum 4c) is confirmed by the observation of calcium in SEM-EDX
(Table 4.1).Thefalse colour plot of the 1430 cm carbonate band in Fig. 4.4c reveal s the homo-
geneous spatial distribution of the calcium carbonate in the dark paint layer. The crack that was
seen in the fluorescence image in Fig. 4.2b displays itself as an interruption of the highlighted
areain Fig. 4.4c.

Some lead white particlesin thewhite ground layer are also highlighted in Fig. 4.4c dueto the
proximity of calcium carbonate (1430 cm™?) and lead white (1404 cm™) absorptions.

The varnish layers are imaged in Fig. 4.4a, using the absorption at 1774 cmr™. The FTIR
spectrum of a spot in these varnish layers in spectrum 4a shows the 1774 cm absorption as a
small shoulder on the left of the intense 1700 cm™ peak. The choice for the 1774 cm™ peak
instead of the much higher acid 1700 cm~* band may seem strange, but imaging of the latter band
emphasises the high absorption of carbonyl groups in the embedding resin. The absorption at
1774 cm™t, which is also observed in polymerised drying oil*” is only present in the broadened
peaks of varnish spectra. It is not present in the embedding medium. Next to the carbonyl ab-
sorptions (1700-1800 cm ), thislayer contains only absorptions of organic compounds at 2925
(CH), 1470 (CH,), 1380 cm™*(CH,), and a broad absorbing spectral region at 1100-1400 cm™
due to various C—O bonds. This high and broad absorption band indicates an extensive oxida
tion of the varnish layers. Absorptions by inorganic compounds are not present, asvarnish layers
are normally not pigmented.

The absorption of the varnish layersis not homogeneous. Some higher absorbing partsin the
varnish layer can be seen as red/yellow areas in false colour plot (Fig. 4.4a), while the less
intense absorbing parts are green. Thewhitelinesin Figs. 4.3a, 4.3b and 4.4a alow comparison
of the infrared images with the visual images. It is clear that in the upper part of the varnish the
high absorption area (Fig. 4.4a) correlates with the lighter areain the visual image (Fig. 4.3d).

Severa varnish layers have been added during the various restoration treatments that this
painting has undergone. Nowadays, previousvarnish layersareremoved beforeanew varnishis
applied. However, from this paint sample it is clear that previous layers were not or hardly
removed during thelatest restauration treatments. Thismay point to application of the Pettenkofer
process, a method to regenerate varnish layers instead of replacing them that was practised
frequently in Staatliche Museen Kassel in the 19" century.

The chemical differences we observe here between the different varnishes layers are there-
fore probably connected to differences between the various varnish layers applied in the course
of time. Theinterpretation of these differencesishowever not straightforward. They may result
either from the different materials used by the restorers or from different stagesin ageing. The
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presence of varnish in the crack in the paint (arrow in Fig. 4.4a) is clearly seen (cf. Fig. 4.2b).
This varnish must therefore be applied after the crack had devel oped.

Fig. 4.4b shows an FTIR-imaging map of the 1650 cm* band. This band is very specific for
the upper part of the dark paint layer, and is not present in the lower part of this paint layer (see
spectrum 4c). The sameistrue for the peak at 1326 cm. The intensity distribution map at 1326
cmt (not shown) resembles Fig. 4.4b closely. The interpretation of this spectrum is not yet
completely clear. Library search on the combination of peaks at 1650 and 1326 cm™ revealed
oxalates as possible component. It has long been known that di-acid compounds can result from
the degradation of fatty acids, but the presence of oxalates on 17" century paintings has never
been reported and is in fact unlikely. Spectrum 4b aso contains a small absorption at 1520
cm. The combination of bands at 1650 and 1520 gave rise to the idea that this layer is of
proteinaceous origin.'? However, the high intensity and the sharp appearance of the 1650 cm
band do not resemble the broad, low intensity appearance normally connected to amide peaks.
We therefore rejected this hypothesis. A more likely hypothesis is an ateration of the calcium
carbonate. According to Salisbury, the reflection spectrum of calcium carbonateisaltered dueto
‘reststrahlen’ effects.®® Thisimpliesthat theintensity and spectral position of thesereststrahlen
peaks are strongly dependent on the size and volume fraction of the calcium carbonate particles.
Reference measurementswe did ourselves on refl ection of calcium carbonateindeed show peaks
at 1630 and 1360 cm™ (see Fig. 4.5). Similar distortions in reflected light spectra of chalk have
been presented by Fabbri et al.®®

The 1430 cm* peak in spectrum 4b showsthat calcium carbonate indeed is present in the top
paint layer. EDX measurements specifically in the upper part of the paint layer confirmed the
presence of calcium. Furthermore, it can be seen from Fig. 4.3d that the discolored layer is
opague and contains pigment particles. These observations al indicate the presence of calcium
carbonate particles in this layer and therefore this hypothesis seems more likely. A tempting
hypothesis on the changes that |ead to the extensive changes between the calcium carbonate in
the intact paint layers and the discolored top-layer is an increased porosity of the top part of the
paint layer due to loss of the more vulnerable binding medium. However, the aberrations of
reflection spectroscopy from the normal absorption spectroscopy have not yet been explored
fully, and we have at the moment no neat way to test the hypothesising. However, these results
imply that reflection FTIR spectracontain information on the physical statusor the surroundings
of the calcium carbonate.

It appears that chemical information of an area of only 5 um thickness can be obtained. This
does not conflict with the physical limit of the diffraction limit. It isindeed possible to obtain
useable spectra of features below the diffraction limit. The diffraction limit only restricts the
correct determination of the size and spatial distribution of absorbing compounds. It will in
principle not change the absorption spectra.
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Fig. 4.5. Comparison between the transmission (heavy line) and DRIFTS (diffuse reflection) (light line) spectra of
calcium carbonate (DRIFTS).

4.4 Conclusions

We have shown the application of FTIR spectroscopic imaging in reflection mode operation
for the analysis of paint cross-sections. The reflection experiment described here is in itself
unique asit isthefirst application of reflection FTIR spectroscopic imaging on embedded paint
cross-sections. This method provides valuable information on the contents of different layersin
paintings. This accurate information could be obtained despite the low intensity of the reflected
light from a smooth surface and the artefacts that are introduced by specular reflection and the
subsequent Kramers-Kronig transformation.

In Rembrandts Portrait of a standing man silicates were identified and located in the red
ground layer, lead white and lead carboxylatesin awhite ground layer, calcium carbonatein one
of the paint layers and different organic functional groups, e.g. carbonyl, CH and C-O groups,
were observed and located in the varnish layers. A more precise identification of the resinous
varnish material is at present not possible in reflection FTIR and would require analysis with
mass spectrometric techniques.

The presence of these compoundsisvery similar to what can be expected from conservation
and art history literature. Chemical contrast on an even smaller scale could be seen inside the
layers. Examples arethe lead white particlesin the ground layer, the discol ored upper part of the
dark paint layer, and the contrast between the varnish layers added in different periods to the
painting. It appeared possible to obtain spectra of features smaller than the diffraction limit.
However, the accurate size and spatial distribution of these small, absorbing features can of
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course not be determined.

Paint cross-sections are commonly studied by visual light microscopy only. Fortunately, the
same samples are suitable for surface analytical techniques such as FTIR-imaging and SEM-
EDX. Our studies show that FTIR-imaging isauseful techniquefor the spatially resolved analy-
sis of paint cross-sections. The high spatial resolution is required by the fine distribution of
compounds. The structure of the complex, aged materials can be partially elucidated by FTIR-
imaging. Theintricateinterplay between organic and inorganic speciesin apainting requiresthe
combination of visua light microscopy, FTIR-imaging, and SEM-EDX to provide a detailed
insight in the chemistry of old master’s paint.
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FTIR STUDIES OF THE EFFECT OF
PIGMENTS IN THE AGEING OF OIL

This Chapter describesthe changesin theinfrared spectra of paint asaresult of ageing. The
focus is on the influence of a pigment on the long-term changes in the oil binding medium, a
poorly covered topic in literature. Several naturally aged paints made with different pigments
were analysed by FTIR. One of the most pronounced effects observed in the infrared spectra of
ageing paint is the shifting and broadening of the carbonyl band due to the formation of car-
boxylic acids. The different carbonyl absor ptions (ester, carboxylic acid) could well be resolved
by taking the second order derivative of the spectra. The carboxylic acidsare hardly observed in
paints where metal carboxylates have been formed, asis the case for paints containing Naples
yellow, minium (red lead), lead white, and zinc white. Another effect of pigments on the oil
binding mediumisthe catalysis of the hydrolysis of triglycerides, asindicated by the decreasing
intensity of the ester absorption. This effect is most pronounced for minium and zinc white.
Finally, the nature of theincluded pigment has a profound effect on the CH stretch absor ptions.
These differences were assigned to a varying level of oxidation, and can be rather large: the
maxi mum of the symmetric CH stretch vibration in red lead pigmented paint (whichissimilar to
fresh ail), differs more than 15 cm for paints pigmented with ultramarine, Naples yellow, Cad-
mium red and Ochres. From these results it is clear that pigments can significantly alter the
infrared spectra of drying oil, and should therefore be identified for a correct assessment of the
infrared spectra of drying oil.
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5.1 Introduction

Oil isanatural product that can be pressed out of avariety of plant seeds. Some types of oils,
e.g. linseed, walnut or poppy seed oil, chemically dry to form a solid film on exposure to air.
These so-called drying oils have good working properties when used as binding medium in
paint.1?212% These properties made vegetable drying oils the common binding medium in paints
from the 15" until the 20" century, when they were mostly replaced by alkyd and acrylic media.

The drying of oil has been investigated thoroughly over the past 130 years, and a detailed
description of the involved mechanisms can be found in literature. 2260109124127 |t gnpearsto be a
very complicated process, in which a number of different mechanisms are occurring simulta-
neously. However, it is not clear to what extent the devel oped models are a valid description of
anormal ageing paint, as important differences exist between paint and the model compounds,
which were investigated to formulate the mechanism. Most of the drying studies have been
performed using chemically pure esterified fatty acids, instead of the triglycerides that make up
normal drying oil. Furthermore, the time scale of most chemical studiesisvery short; the changes
on alonger time scale are simulated by using thermally or light accel erated ageing.2232%-% The
assumption that this accelerated ageing does not change the ageing processes is however not
easily verified. The most important restriction of the majority of ageing studiesisthe absence of
pigments, which is a crucial and potentially reactive compound in paint. The presence of pig-
ments or other additives might very well influence the ageing process of paint. Thislong-term
influence of pigments on paint has long been recognised on a macroscopic level,*?® but the
underlying chemistry islargely unknown.

This Chapter presents astudy on aged oil paints. The paintswereinvestigated by FTIR spec-
troscopy, which has proven to be a very useful tool in the analysis of the drying of oil and the
investigation of traditional paint. A mechanism of early reactionsin thedrying of oil ispresented
and illustrated by a study, in which the effects of the drying on the infrared spectra are followed
in atime resolved-series of measurements. Subsequently, infrared spectra of several tradition-
ally made and naturally aged paints will be presented and discussed.

5.1.1 Mechanism of the drying process

Fig. 5.1 presents a simplified model of the reactions that take place during the chemical
drying of oil. The initial process in the drying of oil is the formation of free radicals. Thisis
possible by elimination of a hydrogen atom from an unsaturated fatty acid. The formation of
reactivefreeradicalsisenergetically unfavourable, and only occurswhen the formed radical can
be stabilised by resonance.®1?4126 Thjs stabilisation is possible when the hydrogen is removed
from a methylene group on an o-position to a double bound, or from methylene group between
two unsaturations. The latter caseis shown asthe initial reaction in Fig.5.1.

The formed radicals are trapped effectively by antioxidants that are naturally present in dry-
ing oil. Trapping of radicalsinhibits the drying of oils, but inactivates the antioxidant. The dry-
ing of oil does not start until this inactivation process is completed. The delocalised radical can
in principle attach to a double bond in an adjacent fatty acid. The free radical is not consumed
during the attachment, and the process and might repeat itself, leading to a higher molecular
weight fraction. Addition of a free radical to a double bond in the same faity acid leads to
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Fig. 5.1. Smplified model of the early reactions taking place during the drying of oil. This schemeis based on the
mechanisms presented by Wexler'® and Porter.'%'2

intramolecular cyclisation.'® However, these reactions are slow, and only take place when the
oil is heated in the absence of oxygen, e.g. during the anaerobic heat bodying of 0il.2® The
formation of carbon-carbon bonds is thought to be rare in the presence of oxygen. In this case,
addition of oxygen usually leads to the formation of peroxides. The hydro-peroxide normally
binds to one of the terminal atoms of the delocalised radical, resulting in the formation of ener-
getically favourable conjugated double bonds.** The free peroxyl radical (ROO-) can react with
another free radical and so lead to dimerisation of two fatty acids. However, amore likely pro-
cessisthe addition of a hydrogen atom, leading to the formation of a hydro-peroxide. Addition
of oxygen to an unsaturated fatty acid can result in a shift of one of the double bonds from the
origina position. The newly formed double bond is normally in atrans-configuration. Further-
more, the addition of oxygen enables the free rotation around the C—-C bond adjacent to the
attached peroxide, asrotation is no longer restricted by resonance. Elimination of oxygen after
rotation of the C—C bond results in a transformation of the original cis double bond into an
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energetically favourable trans double bond.?6 Addition and elimination of oxygen can occur
several timesand lead to amore or less compl ete transformation of the cisto trans double bonds.

Hydro-peroxides formed by oxygen addition are not stable and will be cleaved in the course
of time. This cleavage again results in the formation of free radicals. Both peroxyl (ROO-) and
alkoxy (RO:) radicals can be formed in this process, the latter being shown in Fig. 5.1. These
radicals give rise to different types of reactions, i.e. polymerisation, termination or degradation
reactions, as shown in Fig. 5.1. In a polymerisation reaction, a nearby double bond is attacked
and the corresponding fatty acid is chemically linked to the fatty acid where the radical was
present. This reaction consumes the attacked double bond, but the free radical is still available
afterwards and can propagate the polymerisation reaction, eventually resulting in ahigh molecu-
lar weight fraction. Reaction with adouble bond in the same fatty acid |eads to the formation of
epoxides or larger ring structures. Condensation of two radicals terminates the polymerisation
reaction. A further important reaction that can be caused by afree radical is the degradation of
thefatty acid on which theradical resides. This process|eadsto theformation of smaller acohols
and aldehydes,*! which may eventually oxidise to volatile carboxylic acids.

The several mechanismsthat play arolein ageing of oil paint are certainly more complicated
than can be explained in asingle figure. Fig. 5.1 therefore focuses on the most general aspects.
Thisfigureignoresthe presence of different types of fatty acids, theimportant role of catalystsin
the different steps, the cis-trans transformations as a result of successive oxygen additions, the
role of photoxidation in the formation of hydro-peroxides,*®* and several other reactions that
take place on heat-bodying of oil.**> However, the cited publications provide adetailed overview
of these effects. In general, the research carried out during the past 130 years hasresulted in an
accurate description of the possible reaction pathways. The main hiatus in the analysis of dried
oilsisthe accurate description of the polymer network. Thisfraction is normally insoluble and
involatile, which complicates the separation and investigation of intact molecules by methods
based on gas chromatography, liquid chromatography, and mass spectrometry. Other analytical
techniques (infrared spectroscopy, DSC (Differential Scanning Calorimetry), Raman spectro-
scopy) can directly be applied to investigate the intact solids, but do not yield very specific
information on the network. SEC (Size Exclusion Chromatography) and mass spectrometry
using soft ionisation techniques recently enabled the observation of isolated oligomers up to
hexamers,® but an accurate description of the higher molecular weight fractionisachallengefor
future research.

Meanwhile, analysis of the smaller molecules present in aged oils has proven very informa-
tive. Severa researchers isolated the soluble fraction from aged paint by solvent extractions.
These extractions have been used to identify the drying oil and its preparation method.14® Ex-
tractions have also been applied in the sample preparation for infrared spectroscopy, mainly to
avoid the disturbing influence of inorganic pigments.*® Extractions are normally combined with
chemical derivatisation techniques to improve the volatility of the extracted material. Recently,
Van den Berg et al. used an el egant two-step derivatisation to determine the degree of hydrolysis
of the ester bond between the fatty acid and glycerol.?® It was concluded that hydrolysis, ne-
glected or denied®** in older literature, isarelatively slow process compared to theinitial drying
of oil (~10s of years).

It is generally assumed that the role of pigmentsin theinitial stages of drying is catalytic or
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inhibitive, influencing the activation of oxygen or the breakdown of hydro-peroxides.’** How-
ever, there are indications that several pigments undergo chemical alteration during the ageing
of paint. Discoloration of the paint is the most obvious indication of such a process. Another
indication is the physical change of the paint layer to a hardened, brittle system. This hardened
system has been described as apoly-anionic network, in which the several carboxylic acid groups
are stabilised by metal ions.® Pigments are the most probabl e source of these metal ions. Unfor-
tunately, studies on the long-term behaviour of artist’s pigments in paint are scarce. Rasti and
Scott quantified oxygen absorption, weight loss, hydro-peroxide formation, and degradation
products in paint films with different pigments. Vermillion pigmented paint films showed a
relatively high weight loss, high hydro-peroxide concentration, and high relative amounts of
degradation products. Surprisingly, heavy metal containing pigments like lead white and verdi-
gris were found to have an inhibitive effect on these effects. It islikely that at least part of the
results can be explained by the rather untraditional samples used in these experiments (1% w/w
mixtures of pigment in ail, layer thickness2 mm, UV illumination ageing). Especially the effect
of lead white might be reduced by scattering and absorption of the UV light.

Meilunas et al. have compared spectra of fresh paint with a similar paint after accelerated
ageing, and 50-years-old paint on test panels.*” This article provides a good overview of the
changes in infrared spectra upon ageing of linseed oil and lead white pigmented linseed oil. It
shows severa indicationsfor the influence of the pigment on the ageing mechanism. According
to Meilunas et al., the presence of lead reduces the number of carbonyl products by catalysis of
the hydrolysisof ester linkages. Instead, metal carboxylateswere observed. L uxan and Dorrego®
investigated the reactivity of several pigmentsto form metal carboxylates under unrealistic age-
ing conditions. However, their study seems to be based on poorly founded presumptions. It is
e.g. presumed that metals can only catalyse the drying of oil in the form of metal soaps. Further-
more, metal carboxylates are assumed to be soluble, as the spectra are recorded from solvent
extracts.

Thissmall number of studies clearly indicates that pigments have an influence the long-term
ageing process of paint. However, the results are not complete and sometimes even contradic-
tory. One of these contradictions concerns the catal ytic behaviour of lead white on the drying of
oil. Meilunas et al. conclude that lead white acts as a catalyst,> while Rasti and Scott indicate
that lead white inhibits ageing.*® The contradictory results might very well be due to adifferent
ageing procedure followed by these authors. Mellunaset al. investigated thermally and naturally
aged samples, while Rasti and Scott used UV illumination for accelerated ageing. It is known
that lead white efficiently absorbs UV light''’ and thisabsorptionisamorelikely explanation for
the inhibitive effect than any chemical effect. The controversy illustrates that the ageing proce-
dure may significantly influence the chemical ageing of the paint in a complex way.

5.1.2 Outline

This Chapter continues with the infrared spectra of several aged paintsto further investigate
the long-term changes of paint. Only naturally aged paints were investigated, to minimise the
bias due to the ageing method. Furthermore, the composition of these paintsistypical for tradi-
tional paints. The paints were taken from different collections of test panels. The test panels
from the Von Imhoff collection are 30-years-old. Still older reconstructions are obtained from
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the Doerner collection, which contains anumber of 60-years-old test panels aswell as some 80-
years-old test panels. The oil medium in several aged samples from the Von Imhoff collection
has earlier been investigated by GC-MS.*°

5.2 Experimental

5.2.1 Samples

The drying of oil study was performed on a cold pressed linseed ail, to which 0.06% cobalt
was added as a catalyst. The oil was prepared by Wim Muizebelt (FOM AMOLF). The old
linseed oil that had been kept in a closed vial was taken from the paint materials collection of
about 50 years old, which belonged to a sales representative of Sikkens, a Dutch paint manufac-
turer and waskindly provided by Martin Paans. The naturally aged linseed oil paintswere taken
from different collections. Paints containing vermilion, iron oxide, ultramarine, indigo and lead
white were taken from the Von Imhoff collection, which was prepared by H.C. von Imhoff in
1973 with cold-pressed linseed oil (Muhlfellner-Rupf, Zirich, Switzerland). The oil was al-
lowed to stand in flat dishes of 4 mm height for 3 weeks, after which the skin wasremoved. The
oil was mixed with pigments until a workable paint was obtained. The different paints were
applied on primed linden wood panels and hung under natural light conditionsin the Canadian
Conservation Institute (CCI, Ottawa). The samples were carefully scraped off the paint layer.
Paints containing cadmium red, red lead, Naples yellow, yellow ochre, gold ochre, green earth,
Kassel earth, zinc white, and lead white were taken from the Doerner collection. The test panels
in this collection were made by between 1912 and 1941. The early test panels (until 1938) have
been made by Professor Alexander Eibner. Later panels were produced by his (former) pupils.
The paints were initially stored under normal conditions. However, it was found in a closed
cupboard when the sample was taken. An overview of the analysed paintsis presented in Table
5.2.

5.2.2 FTIR

The fluid samples were applied on a ZnSe disc for infrared transmission experiments. The
solid paints were squeezed in a P/N 2550 diamond cell (Graseby Specac, Orpington, Kent, UK)
before measurement. The FTIR spectrapresented are acquired using aBio-Rad FTS-6000 FTIR
spectrometer (currently Digilab, Cambridge, MA, USA), connected to an IR microscope (Bio-
Rad UMA-500) and a MCT detector. The resulting spectra were processed using the Bio-Rad
Win-IR Pro software. Base-line correction and subtraction of a water vapour spectrum were
applied toimprovethe spectral quality. Every scaling mark on thevertical axesin Figs. 5.5-5.21
was set to 0.2 absorbance units, to allow an easy comparison of the absolute val ue of the spectra.
The apparent spectral resolution of the FTIR spectrawas increased taking the second derivative
of the spectra.*® The use of spectral deconvolution® was thought inappropriate as the different
materials present in paint might contain absorption peaks of largely varying width. The second
derivative spectra were inversed to make the absorption peaks positive. Infrared spectra of oil
during the drying process were acquired using the kinetics mode, embedded in the Win-IR Pro
software. In this mode, the spectrometer measures continuously. The spectra are averaged dur-
ing periods of 10 minutes and a single spectrum is stored for each of these periods. Selected
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spectraof this serieswere processed using Matlab 5.2 (The Mathworks Inc., Natick, MA, USA)
to form Figs. 5.3A and B. Fig. 5.22 compares the height and area of the peak around 2930 cm*
in al of the spectra presented in Figs. 5.5-5.21. The presented values for height and area were
calculated using the Win-IR Pro software. The applied peak-definitions are (all valuesin cm™):
Height of peak: baseline (3030, 2800), centre: extreme in region (2970, 2910). Area of peak:
baseline (3030, 2800), edges (2968, 2901), centre irrelevant.

5.3 Results

5.3.1 Early reactions during the drying of oil

Thedrying of oil wasfollowed by FTIR to study the involved mechanisms. A thin film of oil
was applied to an infrared transparent disc to enable transmission FTIR measurements and to
improve the oxygen supply via diffusion. An infrared spectrum of the fresh linseed oil is dis-
played in Fig. 5.2. The various absorption peaks in this spectrum are assigned in Table 5.1.
Subsequently, the film was analysed at fixed time intervals. Selected spectra from the data-set
obtained in thisway are presented in Figs. 5.3A and B. These figures only display selected parts
of the spectrato visualise the changes more clearly. The time passed since the start of the experi-
ment isindicated on the |eft side of the spectra.

The left part of the spectrum in the fresh oil is dominated by a series of aliphatic vibrations
around 3000 cm*, caused by the large amount of CH,, and CH, groupsin the fatty acids. Stretch
vibration of CH bonds lead to high absorptions at 2926 and 2855 cm* with a shoulder at 2958
cm. Bending vibrations of these moieties are present at 1460 cm* and 1374 cm™(CH,). These
peaks do not show much variation in time. On the other hand, the smaller peak at 3009 cm™,
assigned to the cis-type unsaturated CH group (C=C-H),*" disappears in about 5 hours. The
same group absorbs at 726 cm2, and the intensity of this peak also decreases. The simultaneous
increase of the absorption at 980 cm* suggests that the cis double bonds are isomerised to the
trans configuration.**'® The presence of unsaturations also leads to the small peak at 1653
cm?, caused by C=C double bondsin the fatty acids.

Another clearly changing feature on the |left hand side of the infrared spectrum is the forma-
tion of a new absorption band at 3440 cm. The spectral position and broad appearance of this
band indicatesthat it should be assigned to alcohol and/or hydro-peroxide vibrations, both prod-
ucts of oxidation. A further distinction between alcohols and hydro-peroxides cannot be made,
as the difference in their peak maxima is small. Discrimination only becomes possible after
specific derivatisation of the oil .22°13® These studies have indicated that hydro-peroxidesformed
inthe early stages are subsequently replaced by alcohols and ethers. The uppermost spectrumin
Fig. 5.3A shows an increased absorption in the spectral region of 3000-3200 cm* (between the
peaks at 2926 and 3440, arrow in Fig. 5.3a). These absorptions are probably caused by carboxy-
lic acid moieties, as is confirmed by the formation of an absorption band at 1414 cm™ and the
broadening of the carbonyl band. This intense carbonyl peak at 1744 cm is originally due to
ester bonds between glycerol and fatty acids, but the carboxylic acids absorption at about 1710
cmtisnormally not resolved from this peak and partly explainsthe broadening.®"1% The forma-
tion of carboxylic acids is a generally recognised degradation reaction in drying oil, and the
associated increase of the acidity is confirmed by titration studies.*** However, other types of
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Right-hand image: Fig. 5.3. FTIR study of the drying of linseed oil, showing the infrared spectra of linseed oil at
different periods after its application as a thin film. The time since application isindicated on the left sides of the
spectra. (a) Spectral region 2600-3600 cm. (b) Spectral region 700-1800 cn?.
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Fig. 5.2. Infrared spectrum of fresh linseed oil.
Wavenumber (cnm?) M oiety Source
3009 C=C-H (cis) stretch Fatty acid
2958(s) CH3 dtretch Fatty acid
2926 CH2 stretch Fatty acid
2855 CH2 stretch Fatty acid
1744 C=0 Ester bord
1653 Cc=C Fatty acid
1460 CH3 (asymm. bend) Fatty acid
CH2 (scissors)
1374 CH3 "umbrella mode”  Fatty acid
1238 Cc-O Ester bord
1163 Cc-O Ester bord
1099 Cc-O Ester bord
720 CH2 rock Fatty acid
726 C=C-H (cis) berd Fatty acid

Table 5.1. Assignment of the absor ption bands in the spectrum of fresh linseed oil, shown in Fig. 5.2.
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Pigment Colour index  Source (@)  Year Oil Support  Fig.
Vermilion PR106 I 1973  Linseed Panel 55
Cadmium red PR108 D 1937  Linseed Panel 5.6
Iron oxide PR101 I 1973  Linseed Panel 5.7
Red lead PR105 D 1916 Poppy Canvas 5.8
Naples yellow PY41 D 1939 Linseed  Canwvas 5.9
Yellow ochre PY43 D 1939 Linseed Cawvas 5.10
Gold ochre PY43 D Linseed  Canvas 511
Green earth PG23 D 1939 Linseed Cawas 512
Kassd earth Natural D 1973 Linseed  Canwvas (b)
Brown 8 I 1939  Linseed Panel 5.13
Ultramarine PB29 I 1973  Linseed Panel 5.14
Indigo Vat blue 1 I 1973  Linseed Panel 5.15
Zinc white PW4 D 1941  Linseed Panel 5.16
Lead white PW1 D 1912  Linseed Panel 517
D 1941  Linseed Panel 5.18
D 1941  Linseed Panel 5.19
D 1941  Linseed Panel 5.20
I

1973  Linseed Panel 5.21

Table 5.2. Overview of the aged paints investigated in this Chapter.

(a) The paints were taken from the collections prepared by H.C. Von Imhoff (1) or from the collection kept at the
Doerner Institute (D).

(b) Results not shown.

carbonyls, e.g. ketones, aldehydes, lactones and anhydrides, might also play arole in the ob-
served broadening of the carbonyl band.

The drying studies presented in Figs. 5.3A and B show the extensive changes of theinfrared
spectra of oil upon drying. Infrared spectroscopy has therefore been one of the most important
techniques in the elucidation of the mechanism shown in Fig. 5.1.

5.3.2 Infrared spectra of unpigmented aged oils

Fig. 5.4 shows spectraof two different unpigmented aged oil samples. These provide arefer-
ence for the spectra of various pigmented paints presented in the next section. The aim of this
comparison is the evaluation of the influence of pigments on the ageing of oil. Spectrum 4A
represents athin linseed oil layer cured for 90h (equal to the uppermost spectrumin Figs. 5.3A
and B). Thisspectrumisremarkably similar to the spectrum of the 50-years-old unpigmented oil
film presented by Meilunas et al.*” This suggests that the cross-linked oil system is relatively
stable after an initial drying period, at least, as far as infrared spectroscopy can observe. The
claimthat athermal treatment (24h at 120°C) faithfully reproduces a50-years-old paint* should
therefore be taken with apinch of salt. The lower spectrum in Fig. 5.4 represents a 50-years-old
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Fig. 5.4. Infrared spectra of aged, unpigmented linseed oil. (a) 90 hours after application as a thin film; (b) 50
years after production. This oil has been kept in a closed container.

stand oil, which wastaken from the promotion material of asalesrepresentative of aDutch paint
manufacturer. This oil has been kept in a closed container during most of its lifetime, and has
only been prepared as a thin film until at the time of the infrared measurement. Therefore, the
oxygen supply to thisoil hasbeen restricted, and alow amount of oxidation isexpected. Absorp-
tion peaks of oxidation products are indeed small (OH at 3440 cm*, C-O background at 900
1400 cm™). The ester peak at 1740 cm is accompanied by adistinct peak at 1712 cm™. These
are assigned to fatty acids formed by hydrolysis of the glycerol esters, as the formation due to
degradation, as shown in Fig. 5.1, is limited by the oxygen supply. Indications for this are the
relatively low intensity of the ester band at 1740 cm™ and the deformation of the ester triplet
(~1246, 1174 and 1110 cm™?). The peak at ~1712 cm isalso seenin library spectra of glycerol
1,2 distearate and glycerol 1,3 dilaurin (SDBS refs 34789 and 7719, Integrated Spectral Data
Base System for Organic Compounds, www.aist.go.jp/RIODB/SDBS/menu-e.html). Similar
molecules, i.e. diacylglycerols, can also beformed dueto hydrolysis. However the presence of a
fatty acid impurity in the samples measured for this database seems a more likely explanation
for this absorption than an absorption by diacylglycerols.

An absorption at about 1710 cmt isalso present in Fig. 5.4A and the spectrum provided by
Meilunas et al. However, in these casesit is poorly resolved from the absorption at 1740 cm,
and isonly visible asashoulder. A similar loss of resolution is seen in the CH stretch vibration
peaks, which seem much narrower in spectrum 4B. The broadening seems to be typical for
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natural ageing, and the spectrum in Fig. 5.4A is therefore considered a good reference for the
spectra of the pigmented films presented in the next section.

5.3.3 Infrared spectroscopy of naturally aged oil paints

Several naturally aged paints have been analysed. Their infrared spectra, as well as the sec-
ond derivatives of these spectra are presented in Figs. 5.5-5.21 and discussed in the following
sections.

5.3.3.1 Vermilion paint

The spectrum of a 30-year-old vermilion containing paint is shown in Fig. 5.5. The corre-
sponding second derivative spectrum is displayed to the right of this spectrum. Vermilion does
not absorb inthe MIR (mid infrared) region, but causes extensive scattering. Theintensity of the
transmitted light therefore decreases with thewavel ength. The corresponding slopeinthe baseline
was removed by a baseline correction, but the low transmittance causes the low S/N (Signal-to-
Noiseratio) on the left side of the spectrum. Vermilion does not seem to induce the formation of
detectable amounts of products that are not present in unpigmented aged paint, as its spectrum
closely resembles Fig. 5.4A. The carbonyl moieties lead to a broad absorption at 1734 cm
(1744 cm in fresh oil, Fig. 5.2). Increasing of the spectral resolution by means of the second
derivative spectrum reveals the presence of clearly distinct carbonyl peaks (1740, 1708, and a
smaller absorption at 1781 cmt). The clear triplet of peaks at 1247, 1183 and 1102 cm in the
raw spectrum shows the presence of intact estersin the dried ail.

5.3.3.2 Cadmium red paint

Theinfrared spectrum of a60-years-old cadmium red paint is presented in Fig. 5.6. CdS does
not absorb infrared light, and the scattering islow, compared to vermilion. Therefore, the S/N on
the left side of the spectrum is higher. Otherwise, the spectrum isvery similar to that of vermil-
ion paint. Even the carbonyl absorption pattern observed in the second derivative spectra (1782,
1739 and 1707 cm™?) is very similar. Cadmium red is therefore concluded not to influence the
drying paint to alarge extent.

5.3.3.3 Iron oxide paint

The absorption spectrum of an iron oxide containing paint is displayed in Fig. 5.7. This
spectrum, which is clearly different from the spectra of vermilion and cadmium red paint, asit
shows a strong absorption at 1100 cmit aswell as an absorption at the right side of the spectrum
(< 700 cm™). These absorptions can be assigned to the pigment, as they are also found in pure
iron oxide pigment used in thistest panel. The absorption at 1177 cmtisnot dueto thispigment,
and should be assigned to ester groups. The presence of esters is confirmed by the carbonyl
absorption at 1738 cm (second derivative). Carbonyl absorptions at 1708 and 1782 cm (sec-
ond derivative spectrum) have appeared in the spectrum. The intensity of the 1709 cm™ peak is
relatively high and results in the low wavenumber of the carbonyl absorption in the raw spec-
trum (1720 cm™?). The absorptions at 3200-2500, 1414, and 921 cm™ indicate that the 1709
cm* should be assigned to carboxylic acids. The abundant presence of carboxylic acidsin this
paint is confirmed by mass spectrometry.®
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Fig. 5.5-fig. 5.21. Infrared spectra of aged paints. The figures on the left show the normal infrared spectra. Their
second order derivativesare partly (700-1800 cmt) shown in thefigures on the right. The pigment used in the paint
ismentioned in the Figures. An overview of the included pigmentsis provided in Table 5.1.

5.3.3.4 Minium (red lead) paint

The main features in the spectrum of the minium-containing paint in Fig. 5.8 are peaks at
1177/1117, 1090 (truncated in this figure) and 984 cm. The peaks 1185, 1123 and 1072, and
984 (see second derivative) exactly coincide with the absorptions of BaSO, (SDBS-n0.40201).
The presence of Bahas been confirmed by EDX, but the source of BaSO, isnot known. It can be
due to an imperfect sampling of the red lead paint layer or afiller introduced with the pigment.
Therelatively strong peaks at 1526 and 1404 cm* can be attributed to |ead soaps.’® The inten-
sity of the carbonyl peak at 1741 cm™ is lower than the C H stretch vibration at 2924 cm™,
unlike the pigmented paints discussed so far. This suggests that the amount of carbonyl moieties
isrelatively low and accordingly that the presence of minium asapigment increasesthe hydroly-
sis of the triglycerides. The second derivative spectrum shows the mere absence of carboxylic
acids evidenced by the minute absorption at 1707 cm . The absence of carboxylic acids is
confirmed by the low intensities at ~3200-2600 cm (raw spectrum), and 1414 cm.

5.3.3.5 Naples yellow paint

The infrared spectrum of an aged paint containing Naples yellow is presented in Fig. 5.9.
This spectrum shows strong peaks at 1548 and 1413 cm, which are not present in the pure
pigment (spectrum of pure pigment has been reported before!®). The peaks are assigned to metal
carboxylates that were formed during ageing. The presence of intact ester bonds is clear from
absorptionsat 1740 cmt, and the glycerol ester triplet at 1251, 1178 and 1099 cm*. The second
derivative spectrum shows that the carbonyl peak mainly consists of ester absorption at 1740
cmt with only asmall contribution of carboxylic acids at 1709 cmt. Both red lead and Naples
yellow pigmented paints (Figs. 5.8 and 5.9) show that pigments that mediate the formation of
metal carboxylates simultaneously reduce the number of carboxylic acids, which can readily be
explained by the consumption of carboxylic acids during the formation of metal carboxylates.

5.3.3.6 Yellow ochre paint

The absorptions of ochre are highly dominating in the infrared spectrum of a 65-years-old
yellow ochre paint. The most pronounced features (Fig. 5.10) are the intense truncated silicate
absorptions at 1200-980 cm, 918, 806, and 701 cm*. The presence of quartz in these samples
has been confirmed by XRD (by 1.N.M Wainwright, CCl). Crystal water in the pigment gives
rise to the sharp peaks at 3695 and 3619 cnmr* and might also contribute to the absorptions at
about 1622 cm*. Finally, the characteristic absorption pattern between 2600 and 3500 cm is
partly assigned to hydroxyl groupsin or on the pigment particles, as the observed maximum (as
low as 3114 cmrt) isuncommon for organic materials. The aliphatic moietiesin this samplelead
to broad absorption bands at 2944, 2864, 1453, and 1382 cm. The carbony| absorptions (1724
cmt) are resolved by the second derivatisation in peaks at 1738 and 1705 cmt. Unfortunately,
the ester triplet around 1170 cm is completely masked by the strong Si-O absorptions.
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5.3.3.7 Gold ochre paint

The spectrum of the aged linseed oil paint containing gold ochre (Fig. 5.11) isvery similar to
the spectrum obtained from the yellow ochre. The second derivative spectrum shows a higher
relative intensity of the 1707 cm carbonyl absorption. This subtle intensity change led to the
significant shift of the carbonyl peak in the raw spectrum: from 1724 to 1710 cn™.

5.3.3.8 Green earth paint

The spectrum of green earth pigmented paint film is presented in Fig. 5.12. The green earth
pigment used in the reconstructions was found to contain silicates (1039, 915, 801 cm™) with
crystal water (3697, 3619 cm?), and calcium carbonate (2522, 1799 (small), 1416, 875 cnm?).
Green earth reference spectral®® are clearly different from the pigments in the test panel. The
definition of green earth is not unambiguous. Theinorganic materials mask many of the organic
features in the spectrum. The remaining organic features include aliphatic peaks at 2938 and
2867 cm aswell as 1464 cnrt in the second derivative spectrum. The second order derivatisation
again resolves the carbonyl band into distinct absorptions at 1779, 1738 and 1708 cm™. The
absorption at 1624 cm* is well resolved from the carbonyl peak (1717 cm?), contrary to the
spectra of the ochre-pigmented paints (Figs. 5.10-5.11). The assignment of this peak (1624
cm™) to crystal water (as suggested in the discussion of the ochre paints) is contradicted by this
spectrum, asthe amount of crystal water in this paint (3697 and 3619 cm?) isvery low. A better
assignment might be the presence of metal carboxylates. However, no further indications could
be found to confirm this attribution.

5.3.3.9 Kassel earth (Van Dyke Brown) paint

The infrared spectrum (Fig. 5.13) represents an aged paint prepared with Kassel earth, a
fossil of mainly organic subbituminous coal fossil,*** regularly used as a brown pigment. The
organic absorption at 1611 cm™ is the most intense absorption in the infrared spectrum. This
peak is caused by the pigment itself, and has been assigned tentatively to iron carboxylates.’#
Assignment to a carboxylate or metal carboxylate is confirmed by the presence of an aimost
equally intense and broad absorption at 1416 cm, which can be assigned to the symmetric
carboxylate stretch. The absorption at 1611 cm™ has a very noisy appearance in the second
derivative spectrum. However, the fine-structure (including peaks at 1626, 1567, 1587, 1608,
and 1645 cm™) is reproducible: the same absorptions have been found in the Kassel earth pig-
mented paint taken from the Von Imhoff collection (results not shown). These various peaks
should be assigned to different chemical surroundings of the carboxylates, but a detailed identi-
fication of these absorptions has not been established and is left for further research. Second
derivative analysis of the broad absorption band at 1416 cnr* also reveals a number of underly-
ing absorptions, including those at 1383 (CH,), 1464 (CH,), and 1413 cm* (COOH). The pres-
ence of carboxylic acids is confirmed by absorptions at 915, 3200-2600, and at 1709 cm.
Especialy this spectrum clearly illustrates theincrement in information that can be derived after
second derivatisation, astwo broad peaks can reproducibly be resolved into anumber of narrow
absorptions.

Only atrace of inorganic materials can be observed as arelatively sharp peak at 1099 cnmr™.
This peak isnot part of the glycerol triplet, asitsintensity istoo high compared to the connected
peaks (~1170 and 1240 cmt). Small amounts of glycerol-esters are however indicated by the
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modest absorption at 1736 cm* (second derivative spectrum). The second derivative of the
carbonyl peaks resolves the two absorptions (1736 and 1709 cm™), but the resolution is worse
than in other cases observed so far. This might very well be due to the presence of carbonyl
moieties in the Kassel earth pigment. Unfortunately, the presence of the several related func-
tional groups in the oil and pigment fraction makes a detailed evaluation of the oil fraction
impossible.

5.3.3.10 Ultramarine paint

The strongest absorption in the spectrum of artificial ultramarine pigmented paint (Fig. 5.14)
is the truncated silicate absorption at 1001 cm~ (SDBS, ref 3143). Other pigment absorptions
arepresent at 714 and 680 cm*. The absorptions due to the binding medium are rather broad and
featureless. In fact, the CH bend absorption (1466 cm™) can only be distinguished in the second
derivative spectrum. The broad CH stretch absorptions have their maxima at 2945 and 2873
cmrt, compared to 2926 and 2855 cm for the fresh oil (see Fig. 5.2). The exact positions of
these absorptions appear to be very unstable, and values of the naturally aged paints vary be-
tween 2924 (red lead in Fig. 5.8) and 2945 (ultramarine paint in Fig. 5.14). The shift to higher
wavenumber normally seemsto accompany abroader appearance of the peaks.2 A broad shoul -
der ispresent at 1640 cm. This peak again gives theimpression of ametal carboxylate, asitis
accompanied by a broad absorption at 1414 cm2.

5.3.3.11 Indigo paint

The indigo pigment in the 35-years-old paint is well preserved, as indicated by its intense
blue colour. The many indigo absorptions are clearly present in spectrum 15 (3239, 3064, 1627,
1612, 1588, 1485, 1392, 1321, 1300, 1200, 1173, 1130, 1077, 1014, 882, 861, and 752 cm?).
These peaks mask most of the binding medium peaksin the fingerprint region. In fact, only the
carbonyl band (1728) and the CH stretch vibrations (2940 and 2865 cm™) can be assigned un-
ambiguously.

Second order derivatisation does not improve the interpretation of the spectral data, as aro-
matic structures like indigo normally have many narrow absorption bands. These sharp peaks
are prominently present in the second derivative spectrum. The well-resolved bands for esters
(1737) and carboxylic acids (1707 cm™) are seen as minor featuresin this spectrum.

5.3.3.12 Zinc white paint

The spectrum of zinc white pigmented paint (Fig. 5.16) shows intense CH vibrational peaks
at 2933 and 2858 cm. The narrow carbonyl peak (1740 cm™) is lower than the CH stretch
vibration at 2933 cm™, indicating that the amount of intact ester bonds is relatively low. The
second derivative spectrum shows the absence of carboxylic acids by the negligible absorption
at 1709 cm. The clear and broad carboxylate absorption (1589 cnr?!) consists of several sepa-
rate peaks (second derivative, 1620, 1586, 1540 cm™). The absorption peak at 1460-1418 cm™
resolves into the CH bend vibration (1467 cm™) as well as peaks at 1415 and 1376 cm™. A
minor addition of whiting (CaCO,) to the zinc whiteis suggested by the combination of peaks at
1418, 876 and 778 cm™ (second derivative). The 1150 cm* absorption indicates the abundant
presence of alcohol groupsin the oil. This peak is not due to asilicate or sulphate adulteration,
as these moieties normally show a series of absorbances in this spectral region. Lead sulphate
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impurities**® would further have a different maximum absorption (1060 cm?). The assignment
to alcohols is confirmed by the relatively strong absorption at 3410 cm™. The presented spec-
trum suggests that zinc white influences the ageing of oil in different ways: it stimulates the
formation of alcohol groups, catalyses the hydrolysis of glycerol-esters, and forms metal car-
boxylates with the present carboxylic acids.

5.3.3.13 Lead white paint

Lead white is probably the most commonly used pigment in the history of panel painting.
Thereforeit has been included in many test panel series, e.g. the painting by Gettens, which has
been analysed and reported by Meilunas et al.*” The Doerner test series even contains several
lead white paints, with a number of different lead white types, oils, and additions. The infrared
spectrum of a paint prepared in 1912 is shown in Fig. 5.17. Spectra of other paints from this
series, madein 1941, areshownin Figs. 5.18-5.20. Thelead white paint from the CCI test series
isshownin Fig. 5.21.

The most intense absorption in spectrum 5.17 is due to the carbonates present in the lead
white pigment (truncated, 1300 to 1450 cm™). Less intense pigment absorptions are seen at
3539 cm (OH stretch), 1048 cm, 776 cm™ and 681 cm. The absorption at 838 cm isdueto
neutral lead carbonate (PbCO,), which is a common component of lead white."*” The most in-
tense organic features are present at 2933 and 2875 cm (CH stretch) and 1740 cm (carbonyl).
The second derivative of the carbonyl region showsthe presence ester moietiesat 1740 cm?, but
the almost complete absence of carboxylic acids. The ester C-O triplet (1169, 1248 and 1100
cmt) confirms the presence of esters. The shoulder on the short wavelength side of the intense
carbonate band should be assigned to the absorption of lead carboxylates,® but it is masked by
the adjacent very intense carbonate absorption. Nevertheless, spectral subtraction of apurelead
white spectrum revealed a clear absorption at 1540 cm (results not shown). Second derivative
analysis of the absorption spectrum of lead white paint (Fig. 5.17) reveals the presence of sev-
eral small absorption maxima (1533, 1543, 1551, 1625 cm?). These peaks look like noise, but
their relevance is indicated by their presence in the other lead white pigmented oil paints, see
Figs. 5.18-5.21. The several peaks in this region are probably due to different co-ordination
structures of the lead carboxyl ates, comparabl e to the situation observed for fine structure on top
of the carboxylate absorption peak in the Kassel earth pigmented paint, be it that the exact
spectral locations have altered. An even clearer fine pattern is seen in the region between 1365
and 1480 cm* with peaks at 1364, 1386, 1410, 1428, 1447, 1466 (CH bend), 1474, and 1481
cmr L. All these small absorption peaks appear in the various lead white spectra that were inves-
tigated, which stresses their significance. The absorption at 1410 cm has been assigned to
carboxylic acids in the preceding part of this Chapter. However, this seems not valid here, as
carboxylic acids should giveriseto an absorption band at 1707 cm?, whichisclearly not present.
The same has been observed in the spectrum of the zinc white paint, but a valid aternative
assignment for the 1415 cm~* absorption has not yet been found.

A remarkabl e difference between the several |ead white pigmented paint filmsisthe different
intensity observed for the OH stretch vibration at ~3535 cm™. The intensity of this absorption
variesin intensity between strong (Figs. 5.17, 5.18, 5.21) and negligible (Fig. 5.19). The same
intensity differences are found for the OH bend vibration (775780 cm™). The absence of these
peaks (3535 and 778 cm™) correlates with the presence of peaksat 838 and 2420 cm?, and leads
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presented in Figs. 5.5-5.21. See experimental (section 5.2) for parameters.

to a small shift in the intense lead white absorption around 680 cm: from 681 to 678 cm™.
These intensity changes and peak shift are explained by the content of neutral lead carbonatein
lead white. Reference spectra (*"*# and SDBS) show that basic |ead carbonate absorbs at 3535,
778 and 681 cm, while neutral lead carbonate, which is a normal constituent of lead white,
absorbs at 2420, and 838 cm2. Thisindicates that the composition of lead white from different
sources can be markedly different, which would be consi stent with historic documentary sources.?

The differences between the spectra presented here and the results of the 50-years-old natu-
raly aged lead white paint reported by Meilunas et al. are remarkable, especialy when the
stability of the spectrapresented in Figs. 5.17-5.21 isconsidered. The most important difference
istherelatively low carbonate absorption in the paint analysed by Meilunaset al ., indicating that
this paint hasamuch lower pigment concentration. It isindeed stated that the analysed paint had
been made of a 1:1 mixture of lead white and oil. The lower amount of lead white resulted in a
higher amount of oxidation products with absorptions at 3411 and 1715 cm?, as well asto an
overall absorption increase in the spectral region between 1650 and 1000 cm?, A further differ-
enceisthe better resolution of the peaksat 1622 and 1545 cm™. It islikely that these differences
are caused by the pigment concentration in the paint.
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5.4 Discussion

Thelarge number of spectrathat have been shown in this Chapter allow aclassification of the
different effects that pigments can have on the ageing processesin oil. A number of characteris-
ticswill be highlighted below. The broadening of the carbonyl band, which had been observedin
anumber of earlier studies, was shown to be due to the formation of a new carbonyl bands at
1705-1709 cm~tand around 1780 cm. The spectral location of this triplet appears to be very
reproducible, but their relativeintensities are dependent on the pigment present in the paint film.
Another effect that can be assigned to the presence of pigmentsisthe shift of the CH absorption
bands around 3000 cm™. The most obvious effect observed in a number of paintsis the forma-
tion of metal carboxylates.

5.4.1 Carbonyl bands

The carbonyl bands observed in the different spectravary in peak width and position of the
maximum absorption. Both Meilunas® and Hartshorn®! have explained this by the formation of
an extra, unresolved absorption peak at 1730-1700 cm upon the drying of oil. Resolution
enhancement through second derivative spectra indicates that both effects are caused by the
formation of extra absorptions at 1707 and 1780 cm. These peaks are well resolved in the
second order derivative spectrum, even when no shoulders or fine structure can be seen in the
raw spectra, e.g. in Figs. 5.10-5.15. Furthermore, the carbonyl peak is not hindered by masking
due to absorptions of the common traditional pigments, which forms a major annoyance in
traditional paint research by FTIR. Only one of the investigated pigments (Kassel earth) did
disturb the analysis of the oil absorptions in the spectral region between 1700 and 1800 cn.
Therefore, thisreproducible triplet may be very useful in the classification of binding media.

The absorption at 1740 cm™ can be assigned to esters!®®1% that are still abundantly present in
the fresh oil medium. Thisis confirmed by the presence of other ester peaks (1170, 1240, 1100
cmt) whenever these are not masked by pigment absorptions (Figs. 5.5-5.7, 5.9, 5.17-5.21).
The intensity of this ester peak is variable, which must be related to the number of remaining
ester bonds in the paint. However, a thorough quantification of the intensity would require an
accurate determination of the layer thickness and the pigment content, and is not straightfor-
ward. A general impression of theintensity of the ester peak can be obtained by comparison with
the asymmetric CH, stretch vibration at ~2930 cm™. The quantitative accuracy of this approach
is however aso questionable as the intensity of the CH stretch vibration might not be linearly
related to on the amount of organic materials (see discussion below).

The 1707 cm* absorption has been assigned to the carboxylic acids, which are formed upon
oxidation. This assignment seems to be confirmed by spectra (vermilion, cadmium red, iron
oxide, yellow ochre, gold ochre), in which the 1707 cm is accompanied by absorptions at
32002600, 1415 and 915 cm.1% The mere absence of the 1707 cm™ peak in some of the metal
soap producing pigments, (Naples yellow (Fig. 5.9), lead white (Figs. 5.17-5.21), zinc white
(Fig.5.16) and red lead (Fig. 5.8)), where the carboxylic acids obviously have reacted further to
metal carboxylates, nicely confirmsthisassignment. No indicationswere found for the presence
of other carbonyl groups that also absorb at ~1707 cm. Further proof might be obtained by
chemical derivatisation of aged paint material, e.g. using the method described by Mallegol .2 If
the absorption at 1707 cm is to be assigned exclusively to carboxylic acids, it is remarkable
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that isresolved from the ester absorption (1740 cm™) in only one of the spectra presented in the
current study: the stand oil that has never been prepared as a paint. In all other cases, the two
carbonyl peakswere not resolved in the normal infrared spectra. Thissuggeststhat the extensive
changes that take place upon oil drying induces a broadening of the carbonyl peaks, obviously
by theformation of severa different chemical and physical environmentsfor the carbonyl groups.

The rather small peak at 1780 cmt, which is observed in most of the presented second de-
rivative infrared spectra, has been assigned to lactones or anhydrides. This absorption isthought
to be specific for adrying oil.*” A further carbonyl absorption at 1680 cm? is observed in the
zinc white paint. This absorption has been assigned to conjugated carbonyl groups.®!

5.4.2 Metal Carboxylates

Several complex spectral differences can be seen in the region between 1650 and 1500 cn.
Many of these can be explained by the presence of metal carboxylates. The absorption spectraof
carboxylates containing long chain fatty acids and several metal ions have been accurately re-
ported.’® The reported value for zinc carboxylates is ~1540 cm* and a small peak at 1540
cmtisindeed found in the spectrum of zinc white paint (Fig. 5.16). However, the carboxylate
absorption at 1590 cmr* is much more intense. The values reported for long chain fatty acids
may therefore not be correct for every type of zinc carboxylate. A number of selected reference
spectraindeed illustrate that the nature of the carboxylic acid influences the spectral absorption
characteristics of the metal carboxylate: Zn-stearate and palmitate (~1540 cm™),'* Zn-lactate
(1597 cm™), and Zn-oxalate (1631 cm™?) (SDBS, refs. 3130, 12800 and 17155). A very interest-
ing comparison for these absorptions is provided in the literature on ionomers, which are car-
boxylic acid containing polymers, normally formed by copolymerisation of ethylene and meth-
acrylic acid. lonomers can be neutralised by metal ions,* which form metal carboxylates with
the carboxylic acids. Neutralisation of ionomer with lead acetate has been reported to result in
infrared absorptions at 1560 cm™.24" In another study, ionomers have been neutralised by zinc
oxide, which induced infrared absorptions at 1624, 1585 and 1638 cm™. Therelative intensities
were found to be dependent on the amount of water absorption'#®14 and on the pressure applied
to the sample.**® Kutsumizu et al.»*® mention that the different absorption bands can berelated to
different co-ordination states of the carboxylic acids around the zinc atom, but afull assignment
has unfortunately not been established yet. A better identification would not only lead to abetter
understanding of ionomers, but is expected to be directly applicable in aged paint, a system
whichisrelated to ionomers. Thiswould lead to abetter chemical classification of the variety of
absorptions that are nowadays summarised as metal carboxylates.

5.4.3 CH stretch vibration

Theintensity of the CH stretch vibrationsis commonly seen as a quantitative measure of the
oil content in asample. The decreasing intensities of these peaks are interpreted accordingly as
a decrease in aiphatic moieties due to the loss of volatile products. However, the amount of
volatile productsreported in the literature seemsto be extremely high. Meilunaset al. mention a
60% intensity decrease of the CH stretch vibration. Rasti and Scott even report a 92% decrease
of the absorption intensity at 2930 cm™ (log A /A, = 1.1) for avermilion pigmented paint film.*
It scemsunlikely that theloss of volatile aliphatic materials during ageing would be so extensive
that it sufficesto explain this effect. However, a better explanation has not yet been given. It has
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been noted by Mallegol? that the decreasing intensity iscombined with ashift of the absorptions
maxima to shorter wavelengths. A shift of the CH vibrations has also been observed in the
spectrareported here. The maximum absorption of ultramarine pigmented paint was found to be
as high as 2945 and 2873 cm?, while the absorptions in the original oil binding medium are
present at 2927 and 2855 cm™. Despite the relatively large shifts, the actual widths of the peaks
remained remarkably constant, as the area of the absorption peaks changes linearly with the
height (Fig. 5.22, see experimental for parameters, R=0.99). The varying intensity of the ail
seriously complicates quantitative analysis of aged paint by FTIR. The absolute intensity of the
CH-peaks cannot be compared objectively in the measurementsreported here, asthe exact amount
of organic material in the light path is unknown. Furthermore, these oil components have a
decreasing extinction coefficient due to hydrolysis (1740 cm™) and oxidation (2924 cm). A
valid quantitative analysis would probably require an inert internal standard.

These considerations make an assignment of the decreasing intensity to the loss of volatile
material very unlikely. The direct influence of hydrolysis or metal carboxylate formation can
also be ruled out. Thiswas confirmed by measurements on ionomers, were the intensity of the
CH stretch bands was found to be according to Lambert-Beer’s law.*® The origin of the hypso-
chromic shift of the oil medium during ageing should therefore be assigned to oxidation and
possibly ring closure. These effects are known to occur in the ageing of oil,2%12° put do not occur
in ionomers. Ring closure and the resulting strain on the molecular structure are indeed known
to increase the frequency of the absorption maximum of CH moieties.® The sameistruefor CH
moi eties close to an oxygen atom.® The origin of these effectsis mainly located in the network
fraction of the aged ail. A better understanding of these shifts may therefore become avaluable
tool in the further characterisation of the polymeric fraction.

5.5 Conclusions

Several infrared spectra of traditionally prepared and naturally aged pigmented have been
presented to investigate the long-term influence of the pigments on the oil medium. Reaction
products of metals ions from pigments and the oil binding medium were found as metal car-
boxylates for a number of pigments. Other indications for reactions influenced by pigments
were found in the aliphatic CH absorption at ~2930 cm* and the carbonyl absorption at ~1740
cm . The hypsochromic shift of the CH vibration is assigned to oxidation and ring closure
reactions in the network part of the oil. These shifts are especially pronounced in paints pig-
mented by ochres, Naples yellow and ultramarine.

Theintensity of the ester peak at 1740 cmr* can be greatly reduced by the presence of particu-
lar pigments, indicating hydrolysis of the triglycerides. This decreased intensity is especialy
clear for the zinc white and red lead paints, were the absorbance of the ester band is lower than
the absorbance of the CH vibrations. Unfortunately, thisrelationship cannot be made fully quan-
titative, asthe intensity of the CH vibrationsis not avalid unit for the amount of oil material, as
explained above.

Broadening and shifts of the carbonyl absorption have been observed in most of the aged
paints. These effects are assigned to the formation of new, remarkably reproducible absorptions
at 1707 £2 crmt and 1780 £5 cmt. The number of carboxylic acids, to which absorption at 1707
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cmtisassigned, reduces upon the formation of metal carboxylates. This effect was observed for
lead white, zinc white, red lead and Naples yellow. The characteristic carbonyl pattern is very
useful in the investigation of oil paint, asit is normally not disturbed by any pigment absorp-
tions.
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6 CHEMICAL CHANGES IN OLD MASTER
PAINTINGS: DISSOLUTION, METAL SOAP
FORMATION, AND REMINERALISATION
PROCESSES IN LEAD PIGMENTED PAINT
LAYERS OF 17™ CENTURY PAINTINGS

A serious form of deterioration of lead pigmented paint layers was recently recognised in
The Anatomy Lesson of Dr Nicolaes Tulp by Rembrandt van Rijn (Mauritshuis inv. no. 146).
Almost the entire surface of this painting shows small crater-like holeswith a diameter of about
100 microns. Many of these holes are filled with whitish material that is sometimes seen to
protrude. These‘protrusions’ and related cratersare aresult of chemical changesin the compo-
sition of the underlying ground layer leading to mechanical expansion and protrusion of the
newly formed substances. The phenomenon is not unique for this painting but is much more
widespread. Several paintings showing the same phenomenon have been identified in the collec-
tion of the Mauritshuis. This paper focuses on a presentation of the phenomenon, by means of
imaging microspectroscopic and chemical microscopic data of ‘protrusions in paintings by
Albert Cuyp (Girl with the Peaches; MH inv. no. 829), Frans Hals (Portrait of a Man; MH inv.
no. 982), Daniél Seghers (Garland of flowers around an image of the Madonna; MH inv. no.
256) and Johannes Vermeer (Diana and her companions; MH inv. no. 406). Presentation of
macro photographs and cross-sectionswill be published in a companion paper by Noble, Wadum
and Boon.

In cross-section, the protrusions are seen as irregularly shaped areas consisting of whitish
opaque and more transparent parts. Under UV illumination, the mass fluoresces strongly, while
the transparent parts show a higher fluorescence. Finely divided, layered materials (seen espe-
cially with the Scanning Electron Microscope) suggest that precipitation of newly formed com-
pounds has taken place. In most cases small red particles are present in or around the protru-
sion. Microspectroscopy of the particlesidentifiesthese particlesasminium(Pb,O,), while SEM-
EDX confirms the lead.

A general characteristic is the stunning difference in granulometry between the paint layer
and the protruding mass. The original mineral matter of the paint seems to have disappeared -
asif dissolved - leaving a transparent gel-like mass behind. Imaging FTIR of these‘ gels shows
strong absorption in the 1510 cn1? region, which is due to asymmetric vibrations of the COO-



102 Chapter 6

groupsin metal carboxylates (soaps). Absorption in the 2925 cnr region, due to CH vibrations
of the fatty acid carbon chains, points to a high density of oil network derived organic sub-
stances. SEM-EDX studies demonstrate a high abundance of lead in these areas. Imaging sec-
ondary ion mass spectrometry (SMS) in positive and negative ion mode demonstrates high
concentrations of fatty acids, lead, lead-pal mitate, and |lead-stearate in the protruding gels.

The protrusions in the different paintings show different degrees of remineralisation. In the
case of the Rembrandt painting, lead hydroxychlorides were identified, which raises questions
about the source of the chloride. Lead carbonate, lead hydroxycarbonate and minium are also
present as precipitates. The latter compounds were also found in the protrusions in the investi-
gated paintings by Viermeer, Cuyp, Hals and Seghers. The most complex protrusion was discov-
ered in a lead white/lead-tin yellow paint layer from Vermeer’s Diana and her companions.

The causes for the protrusion phenomenon and the driving forces are presently unknown.
Poor quality batches of lead white may be the cause for an imbalance in the paint chemistry.
Thismight also explain the erratic occurrence of the phenomenon. We further suspect that mois-
ture playsa crucial rolein the formation of protrusions. Variable relative humidities conditions
during the lifetime of the painting or introduction of water during restoration treatments may
have been enough to trip a delicate balance. The precipitation of minium in the protrusions
points to extremely high pH values in the paint layer in question, well beyond the thermody-
namic stability of lead white.
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6.1 Introduction

Small crater-like holes present in the entire surface of The Anatomy Lesson of Dr Nicolaes
Tulp, painted by Rembrandt van Rijnin 1632, have been the subject of renewed microscopic and
spectroscopic investigations. An early hypothesis of their origin proposed that the‘ craters’ were
formed as a result of exposure to a fire in 1723, where the heat caused organic particles to
migrate in the not yet completely dry paint. The microscopic studies by Noble et al.*! point to
chemical changes perhaps unrelated to fire damage. In cross-sections, the ‘craters appear re-
lated to changes in the composition of the underlying ground/paint layer leading to mechanical
expansion and protrusion of the newly formed substances. The present study is part of an exten-
sivesurvey of such phenomenain 17" century paintings performed by Noble and Wadum.**2 The
focus of this paper is the determination of the infrared spectroscopic properties of the paint
samplesusing an innovative FTIR-imaging technique. Thisinformation iscorrelated with imag-
ing datafrom Scanning Electron Microscopy (SEM), imaging secondary ion mass spectrometry
(SIMS) and visible and fluorescence microscopy. The optical examination of the pictures and
their cross-sections are presented in the paper by Noble et al.*>? It is concluded from these stud-
iesthat the protrusion phenomenon is not unique to the Rembrandt paintings but is also present
in other paintings from various artists.

The protrusion phenomenon appears more pronounced in the thinly painted areas. On the
surface of the painting the holes are completely round and uniform in size and shape, although
due to abrasion some have a flatter profile and a more irregular contour. Some are filled with
darkened material (often varnish residues), but in most cases awhitish substance protrudes. This
phenomenon originates in an underlying ground/paint layer, from which a whitish massis ex-
truded that protrudes through the paint layers. In most of the cross-sections described by Noble
et al., the protrusions areirregularly shaped areas consisting of whitish opague and more trans-
parent parts sSituated in the granular matrix of the ground/paint layer. Under UV illumination, the
transparent parts show a higher fluorescence compared to the opague parts. In many cases, the
protrusions contain ahorizontally layered structure that suggeststhe precipitation of newly formed
compounds. Lead white is present in the paint around the protrusions in every case. Small red
particles are present in or around most of the protrusions are identified as lead oxides. Earlier
FTIR-imaging and SIMS studies of The Anatomy Lesson of Dr Nicolaes Tulp have shown that
the protruding mass consists largely of lead carboxylates of fatty acids and drying oil derived
network molecules. It has been proposed that these substances are formed from an oil-rich paint
or ground layer by ‘dissolution’ of the lead white mineral phase leaving an organically rich
residue of highly oxidised drying oil components charge balanced by lead ions.'*®

Since the discovery of protrusions in The Anatomy Lesson of Dr Nicolaes Tulp, other ex-
amples of protrusions have been found in other paintings. Koller and Burmester,™ Wallert'>*
and White' all mention phenomena that resemble the protrusions found in The Anatomy Les-
son of Dr Nicolaes Tulp. Brunnenkant™® compared a small number of paintings having a red
ground layer and found that protrusions only were present where minium (lead tetroxide) was
found in the ground layer. Unn Plahter and Simonsen Plahter®™” recently revised their earlier
interpretation of agellified lumpsin across-section of apainting by Teodoer van Baburen when
new analyses pointed to the presence of lead carboxylates and minium.
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Unpublished reports by the Canadian Conservation Institute (CCI) were made available that
describe similar phenomenain 19" century paintings by Charles Eastlake and W. Harris. %815
Theanalytical dataindicatesthe presence of |ead soaps of palmitate, stearate, azelate and related
di-acids.

The underlying study re-examines data on The Anatomy Lesson of Dr Nicolaes Tulp by R.
van Rijn and presents new data on paintings by Cuyp, Hals, Seghers/Bosschaert and Vermeer.

6.1.1 Advanced imaging methodology

Each imaging technique hasits own analytical window and spatial resolution. It istherefore
of vital importance to be aware of the inherent possibilities and restrictions of each technique
when data of different analytical techniques are compared. An explanation of all techniques
used in thisinvestigation is given below.

Reflection visual light microscopy reveal sthe stratigraphic structure, colour, and granulometry
of layersin a paint cross-section with a resolution of about 1 um. Specific layers or chemical
substances in the cross-section can be highlighted by illumination with ultraviolet light and
observation of the fluorescencein the visible spectrum. We devel oped a visible light spectrom-
eter as an attachment to the visual light microscope that can record spectra of transmitted or
reflected light with a spatial resolution of about 1 um. An extensive explanation of the working
principle of thismicroscopic VIS spectrometer isgiven in Chapter 2 of thisThesis. Visiblelight
microscopy and spectroscopy does not provide detailed chemical information. Infrared spec-
troscopy on the other hand reveals chemical information on functional groups, e.g. —OH, —CH,
—COC-,—C=0,-COOH, —CN. It istherefore particularly useful for theidentification of organic
componentsin paint.®”# Completeidentification of moleculesisnot possible, although the chemi-
cal class of the observed compounds can normally be derived from the specific functional group
absorptions. Apart from organic compounds, some inorganic groups, e.g. —CO, (carbonate) and
SO, (silicate) groups that absorb infrared light can be identified.

The scope of FTIR microscopy for the analysis of painting materials has been reviewed by
Derrick.”® Reflection FTIR microscopy of cross-sections presents many complications because
specular reflection and diffuse reflection of theinfrared light produce amixed spectral signature
of the painting materials, which isvery difficult to interpret chemically. Selection of the sample
spot takes placein normal visible light. The analysisistherefore aspot analysis. FTIR-imaging
isanew techniquethat providesinfrared spectrawith aspatial resolution of about 6 um from an
area of about 400 by 400 um.%® This makes it possible to examine the spatia distribution of
chemical functionalities without any prior assumptions about specific features in the cross-sec-
tion.

Other kinds of chemical microscopy used in this paper are Time Of Flight-Secondary Ion
Mass Spectrometry (TOF-SIMS) and Scanning Electron Microscopy (SEM) combined with
Energy Disperse X-ray detection (EDX). SEM providesvery high-resol ution images (better than
0.01 um). Normally, heavy atoms give a high electron emission intensity in the SEM image,
whilethelighter atomsresult in alower or no intensity. Thisisvery useful in theinvestigation of
paint cross-sections, because the pigments, usually rich in heavy atoms, can be seen with avery
high resolution and contrast in the paint matrix that contains mainly low atomic weight atoms.
Energy Disperse X-ray detection (EDX) isused as an attachment to the SEM and gives elemen-
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tal analytical data of a spot. Thistechniqueis also more sensitive to the heavier elements. EDX
isvery useful in the identification of pigments. X-Ray diffraction (XRD) is used for a precise
determination of molecular structure, but isonly sensitive to crystalline materials.

Secondary lon Mass Spectrometry measures the mass spectrum of a sample after desorption
and ionisation of atoms and molecules with an ion beam. The sensitivity of this technique is
determined by the desorption and ionisation efficiency of the sasmple and therefore dependent on
the composition of the materials. A spatial resolution of 0.1 um isachieved in the analysis of a
cross-section reported here.

6.2 Methods and techniques

6.2.1 Sampling and embedding

Opalescent material was isolated from protrusions in Rembrandt’s Anatomy Lesson of Dr
Nicolaes Tulp (sample 39) and Garland of Flowers around an image of the Madonna by D.
Seghers and W. Bosschaert (sample 5). The whitish material in the protrusions was removed
using ascalpel. A description of sampling procedures and the position of the other paint-samples
investigated isgiven by Noble et al.*>> Samples were embedded in polyester resin Polypol using
the Easysection™ system. After an initial grinding and polishing using silicone carbide paper,
the surface was dry polished using Micromesh™ cloths (final step 12 000 mesh).

6.2.2 Microscopy

Microscopic studies on cross-sections were performed on aLeica DMR microscope (Leica,
Wetzlar, Germany). Normal light was provided by a 100W Halogen projection lamp. An Osram
HBO 50 lamp and Leicafilter D (excitation 360—-425 nm, emission > 460 nm) were used for
fluorescence microscopy.

6.2.3 FTIR Imaging

FTIR-imaging resultswere obtained using the Bio-Rad Stingray (Bio-Rad, Cambridge, USA).
This system consists of a step scan interferometer (Bio-Rad FTS 6000), an infrared microscope
(Bio-Rad UMA 500) and a 64 x 64 pixel Mercury Cadmium Telluride (MCT) focal plane array
camera (Santa Barbara Focal Plane, California, USA). A detailed description of this system is
given by Lewis.®® The measurements on cross-sectionswere done in reflected light mode, using
aZnSe disc as a background. Transmission spectra were recorded using a Graseby Specac P/N
2550 diamond cell (Graseby Specac, Orpington Kent, UK), using the empty diamond cell asa
background.

All measurements were recorded with aresolution of 16 cm™* and an undersampling ratio of
4. Win-IR Pro 2.5 software (Bio-Rad) triggers both the interferometer and the WinlR 2.1 image
acquisition software. The described measurements result in adata cube consisting of 4096 inter-
ferograms. Further data processing such as Fourier transformation and background correctionis
done using Bio-Rad Win-IR Pro software. The reflection measurements were corrected by the
Kramers-Kronig transformation.

Analytical results of the FTIR-imaging system are displayed as infrared spectra and false
colour images. A reflection infrared spectrum is representative for one spot (one pixel) selected
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on the surface. A false colour plots show the intensity distribution of a particular infrared band
on the surface. The wavenumber of that spectral band is indicated in each plot.

6.2.4 SEM-EDX

SEM-EDX measurements were performed to identify heavy elements present in pigments,
dryers or other compounds. These measurements were carried out on a JEOL JSM 5900 LV
scanning electron microscope scanning with a25 kV electron beam. Samples were coated with
athin carbon coating to improve the conductivity of the sample and so prevent the accumulation
of charge. EDX analyses were performed at various points throughout the cross-section by mea-
suring the emitted X-rays with a Noran Vantage EDS-system with Pioneer Norvar detector.

6.2.5 TOF-SIMS

Time of Flight- Secondary lon Mass Spectrometry (TOF-SIMS) measurements were per-
formed on a TRIFT Il instrument of PHI Electronics Inc. (USA).*® The surface of the sample
was scanned with a 25 keV primary ion beam from an Indium liquid metal ion gun. Positive or
negativeions emitted by the primary beam were mass analysed and detected on aposition sensi-
tive detector. The surface of the sample was charge compensated with electron pulsed in be-
tween the primary ion beam pulses. A surface coating to improve conduction is not necessary.

6.2.6 Visible light imaging microspectroscopy

Visible light spectroscopic imaging studies were performed on a Leica DMRX microscope
(LeicaInc., Wetzlar, Germany), equipped with a Specim Imspector V7 imaging spectrograph
(Specim Inc., Oulu, Finland) and a Princeton MicroMax CCD camera (Princeton Instruments
Inc., Trenton, USA). The sample movement during measurement was controlled by a DynaOptic
Motion CTC-512-1 Single Axis Translation Stage (DynaOptic Motion Inc., LagunaHills, USA).
Data recording routines controlling the trandation stage and the CCD camera were written in
Visual basic 6.0 (Microsoft). Data processing procedures were written in Matlab 5.3 (The
MathworksInc.). Thisspatially resolved spectroscopicimaging systemissensitiveinthevisible
region (400—720 nm). It has a spectral resolution better than 5 nm and a maximum spatial reso-
lution of about 1 um in the current set-up.

A 50x magnifying objective was used for the experiments reported. Shutter time of the CCD
camerawas 18 ms, while 500 accumulations were made for every image. Spectra are corrected
for dark current and background corrected using a white Teflon surface. Spectra of the orange
particles were automatically selected by subtracting the images obtained at 580 and 541 nm.
Pure litharge was obtained from Aldrich (Lead(l1) oxide, 99.9999%), while the minium refer-
ence was taken from the Von Imhoff collection (code no. S892).
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6.3 Results

6.3.1 Rembrandt’'s ‘The Anatomy Lesson of Dr Nicolaes Tulp’

Fig. 6.1 summarises the investigations on cross-section 146/1, taken from the background in
Rembrandt’s The Anatomy Lesson of Dr Nicolaes Tulp. All plotsin this figure present data on
the opalescent protrusion in the same cross-section. Figs. 6.1a-c present the results of electron,
visible and fluorescence microscopy; Figs. 6.1d-g display the microscopy FTIR images. Fig.
6.1h is a reflectance infrared spectrum and Figs. 6.1i-l display elemental and chemical com-
pound maps as obtained by imaging SIMS.

Visual light microscopy (Fig. 6.1b) shows a semi-transparent, non-particulate protrusion with
a diameter of about 100 um in an opaque, light grey ground layer and a dark paint layer. The
protrusion is not homogeneous, as the outer parts seem to be more transparent than the core.
Under UV illumination (Fig. 6.1c) thisinhomogeneity is more apparent as the transparent parts
show a stronger fluorescence. On the left side of the protrusion, two small orange particles are
present (seearrowsin Fig. 6.1b). Thesered areas are not visible as discrete particlesin the SEM
image, but EDX showed the presence of lead in these areas.

Thereflection FTIR image in Fig. 6.1d outlines the embedding material asayellow red area
due to the high carbonyl absorption of the embedding resin at 1724 cm-2. The carbony! absorp-
tion in the sample itself is low, as indicated by the blue colour of the sample in this image.
Smearing of embedding medium over the sample has thus been avoided. From this image, the
outline of the sampleis clear which facilitates comparison with the microscopic imagesin Figs.
6.1a-c. Dashed white lines outline the perimeter of the protrusion.

Red high absorption regions in Figs. 6.1e and 6.1f are located within the perimeter of the
protrusion. The FTIR spectrum of apoint (marked * in Fig.6.1€) insidethe protrusion (Fig. 6.1h)
shows absorption peaks after Kramers-Kronig transformation at 2925, 1510 and 1406 cm™.
Absorption at 1510 cm™* (map in Fig. 6.1€) isdueto asymmetric vibrations of the COO-group in
metal carboxylates.’® These metal carboxylates are carbon acid functionalitiesmost likely from
oil derived fatty acids and di-acids, in which the acidic proton is replaced by a metal ion. The
metal in the carboxylatesin this protrusion must be lead, aslead isthe only metal found in SEM-
EDX measurements. Absorption at 2925 cm is due to CH vibrations of the fatty acids carbon
chains, andis primarily observed inside the protrusion (Fig. 6.1f). The amount of aliphatic moi-
etiesin the protrusion is clearly higher than in the intact ground and the paint layer. Close com-
parison of images 1e and 1f shows that the highlighted areain theimage at 1510 cm islarger
thanintheimage at 2925 cm. The outer parts of the protrusion have lower CH bond absorption
than the core. We infer that thisimpliesthat differences exist in the relative concentration of the
metal carboxylate moieties and the aliphatic moieties within protrusions.

The peak seen at 1406 cm™ in Fig. 6.1h isan overlay of asymmetric CO, stretch from metal
carboxylates and a C-O stretch vibration from carbonates. The image of the 1406 cm™ peak in
Fig. 6.1f mainly shows the intact ground layer, where many carbonates are present as chalk
(CaCO,) or lead white (PbCO,-Pb(OH),). The peak position at 1406 cm*in transmission FTIR
indicatesthe presence of lead white."*” An absorption at 1406 cm-tinreflection FTIR also points
to lead white, although chalk patches can lead to absorption shiftsasis pointed out by reflection
FTIR work on reference materials.®® Presence of lead in several particles in the ground layers
was proven by EDX measurements. Calcium isnot found at all in this layer.
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No reflection FTIR data could be obtained on the dark paint areasvisiblein the LM picture of
Fig. 6.1b, most probably because of complete absorption of the infrared light.

Additional information on the distribution of lead, lead palmitate soaps and free fatty acids
was obtained by imaging SIMS (see Figs. 6.1i, j and k). Lead, displayed by the isotope peaks at
m/z 208, is highly concentrated inside the protrusion and in some smaller areas with relatively
large lead white particles. Compared to theintact ground layer, lead metal carboxylates of palm-
itic acids are concentrated inside the protrusion as pointed out by the distribution of the mass
fragment peaks of the lead salt of palmitic acid at mass m/z 461-464 (Fig. 6.1k).2° Palmitic acid
displayed in the map of mass m/z 255 (the negative parent ion of palmitic acid) is also more
concentrated in the protrusion. The molecular information on these oil derived compounds cor-
relates with the FTIR observations on the metal carboxylates, which are interpreted as lead
carboxylates. Palmitic acid is present in many kinds of drying oil but it does not contain double
bonds, and is therefore not build in into polymeric networks. The compound is chemically very
stable however and therefore representative of the original oil binding medium.

Fig. 6.1l isthe negativeion map of chlorine (mass m/z 35), which shows aremarkable resem-
blanceto thelead distribution map. Thishigh correlation isaresult of the presence of crystalline
basic lead chloride (Fiedlerite: Pb,Cl,(OH),), which was confirmed by X-ray diffraction studies
of asmall amount of sample taken from aprotrusion. The origin of thisrare mineral is puzzling
but may be related to impurities in the lead white produced in the 17" century. The highest
relative concentration for the chlorineis clearly associated with the body of the protrusion.

Thefollowing scenario for the formation of the protrusions has been proposed by Heeren and
Boon:'*° the original, relatively oil-rich lead-white containing ground seems to have contained
local areaswherethe oil paint was chemically unstable. It isnot yet understood what triggersthe
process of chemical change that dissolves the mineral phase (i.e. the lead white). The source of
the chlorine is not known, although a poor quality lead white could contain various lead
hydroxychlorides.'®* After dissolution of the mineral phase, the remaining cross-linked oil net-
work polymer appears as opal escent semi-translucent material. The metal ion cross bridging in
this oil network could be significantly reduced, because the chloride anions compete for co-
ordinating Pb?* ions with the anionic carboxylic acid groups in the polymeric network. New
mineralisation in the form of lead hydroxychloride precipitation starts off another competing
reaction for lead. Consequently, the original tight ionomeric structure of the polymer system in
the ground loosens up and becomes a chemical sponge for small organic compounds. Both
processes could lead to a considerable increase in polymer volume and could be the main driv-
ing force for protruding eruptions. Such volume changes could be intensified by exposure to
solvents during restoration.

6.3.2 Seghers’ ‘Garland of Flowers around an image of the Madonna’

The cross-section (256/5) taken from the black background of the Garland of Flowersaround
an image of the Madonna by Daniel Seghers and Thomas Willeboirts Bosschaert is shown in
Fig. 6.2. Figs. 6.2a-c display the images obtained by electron, visual light and fluorescence
microscopy. Figs. 6.2d-i are FTIR images of the cross-section. Figs. 6.2) and 6.2] represent
infrared reflection spectra of the areas marked by an asterisk in Figs. 6.2f and 6.2h respectively.
Fig. 6.2k is a diamond cell infrared transmission spectrum of a protrusion isolated manually
from the painting.
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Fig. 6.1. Microscopic and microspectroscopic analytical investigations of a paint cross section from The anatomy
lesson of Dr Nicolaes Tulp, by Rembrandt van Rijn (MH 146/1). Dotted white line indicates the protrusion. Solid
black line outlinesthe area of study in the cross section. (a) SEM image shows a protrusion asa homogeneous area
inaground layer. (b) Visiblelight microscopy showsthe protrusion asatransparent mass. (¢) Part of the protrusion
shows strong fluorescence under UV illumination. (d) A FTIRimage at 1724 cnr? outlines the embedding material.
The colour map scale ranges from high (red) via medium (yellow-green) to low (blue) absorption. (e)-(f) FTIR
images at 1510 and 2925 cn1t show the presence of aliphatic metal carboxylates localised in the protrusion. (g)
FTIR at 1406 cm! images carbonates that are mainly present in the paint layer as|ead white. (h) FTIR reflection
spectrum of a point in the protrusion (indicated * in figure 1€). The observed bands are characteristic for metal
carboxylates. (i)-(1) SMSimagesthedistribution of lead, C16: 0 fatty acid, lead salt and chlorineinside the protrusion.
(see colour image at the end of this Thesis)
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Fig. 6.2. Microscopic and microspectroscopic analytical investigations of a cross section from Garland of flowers
around an image of the Madonnaby Seghersand Bosschaert (MH 256/5). Dotted white lineindicatesthe protrusion.
Solid black line outlines the area of study in the cross section. (a) SEM image showing a homogeneous protrusion,
in which a small square particle is observed. Remaining granular paint matrix is present on the sides. (b) Visible
light microscopic image. The whitish protrusion contains some orange particles (see arrow). (¢) UV-fluorescence
image shows fluorescence in most of this cross-section. (d) FTIR at 1724 cnrt images the outline of the embedding
material. (e)-(g) FTIR images showing the presence of CH-moieties (2928 cnr?), carboxylates (1508 cnr?) and
carbonates (1403 cnr?) in the protrusions. (h)-(i) FTIR images at 1534 and 1648 cn1? highlight the brownish part
on theright side of the protrusion (see Fig. 6.2b). A spectrum of the highlighted part is displayed in figure 21. (j)
Reflection FTIR spectrumof a point in the protrusion (indicated * in Fig. 6.2f). (k) Transmission FTIR spectrum of
aprotrusion isolated manually. The higher quality of this spectrum compared to the reflection spectrumin Fig 6.2]
allows identification of the mineral basic lead carbonate (specific absor ptions indicated by arrows). () Reflection
FTIR spectrum of the brownish part (red highlighted in Figs. 6.2h and 6.2i) showsthe presence of protein, probably
introduced in the painting during relining. (see also coloured version at the end of this Thesis)
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The small paint sample (Fig. 6.2a) shows next to the whitish protrusion only small areas of
the cream col oured ground surrounding the mass and atiny piece of the black background on the
left. The brownish part on theright, which fluoresceswhite under UV illumination (Fig. 6.2c), is
glue from the tacking edge. Small diffuse orange particles are visible in the transparent mass of
theprotrusion (seearrow). Aninvestigation by SEM using Energy Disperse X-ray anaysis(EDX)
shows that lead is present in the whitish protrusion as well as in the orange particles. Visible
light spectra of these orange particles were obtained with the imaging spectroscopic attachment
to the microscope and compared to spectra obtained from areference minium (Pb,O,, red lead,
Von Imhoff collection) and litharge (massicot, PbO, obtained from Aldrich). The high similarity
of the spectroscopic dataof the orange particlesfound in the painting by Seghersand the minium
reference shown in Fig. 6.3 identifies the orange particles as red lead (Pb,O,) rather than lith-
arge.

Thereflection FTIR-image at 1723 cnm in Fig. 6.2d depicts the embedding medium by the
high carbony! absorption of the embedding medium (red) and outlines the sample circumference
(blue), which can be correlated to the microscopic image. Theblack linein Fig. 6.2d outlinesthe
complete paint cross-section, while the white dotted line outlines the protrusion. Images of ab-
sorption peaks at 2924 cm* (Fig. 6.2e, CH bonds), 1508 cm™ (Fig. 6.2f, carboxylate), and 1403
cm ! (Fig. 6.2g, carboxylate) show that these absorptions are located inside the protrusion. They
are all attributed to aliphatic lead carboxylates, as EDX showed the presence of lead. The ab-
sorption peak at 1403 cm is again an overlay of the symmetric —CQO, stretch absorption in the
carboxylates and the C-O stretch absorption from carbonates. This explains the differences
between the images at 1508 cm™ and 1403 cm (Fig. 6.2f and 6.2g).

A reflection infrared spectrum taken from the protrusion (asterisk in Fig. 6.2f) is shown in
Fig. 6.2j. In this spectrum the peaks at 2924, 1508 and 1403 cm are clearly visible. The peaks
at 1723, 1270 and around 1100 cm™ (marked ‘s') show that on the surface of this cross-section
asmearing layer of embedding medium is still present.

From this painting also atiny sample from an isolated protrusion was available. This protru-
sion sample was squeezed in adiamond cell of the FTIR instrument and produced the transmis-
sion spectrum shown in Fig. 6.2k. The quality of this spectrum is better than the quality of the
reflection spectrum in Fig. 6.2). Furthermore, as no embedding material is used in this experi-
ment the spectrum contains no IR absorptions of a smearing layer of embedding material. The
peak positions are at similar frequencies in the transmission and reflection experiments, which
supportsthe validity of the Kramers-Kronig transformation of reflection spectra. Strong absorp-
tion peaksat 2920, 2850, and 1520 cm* point to aliphatic carboxylates, i.e. lead soaps. Thelarge
absorption at 1404 cmis assigned to a carbonate group. Because of the higher quality of the
transmission spectrum, it ispossible to prove the presence of lead white, based on absorptions at
3535 (OH") and 1086 cm*. Lead white in the protrusion is not the same as the lead white in the
paint layer, asit does not appear as discrete particles. This could be due to partial dissolution of
the existing lead white or due to formation of new lead white through recrystallisation. A pos-
siblerole of chlorine in lead white mineral phases remains to be demonstrated by SIMS in the
future.

The brownish part on theright side of the cross-section (Fig. 6.2b) shows absorption maxima
at 1534 and 1648 cm™ (cf. Figs. 6.2h en 6.2i). The brownish part isidentified asaprotein, based
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Fig. 6.3. Visiblelight spectroscopy of two lead pigments and orange particlesin the paintings studied. The spectra
fromthe reference materials minium (Pb,O,) and litharge (PbO) areindicated by the fat orange and yellow curves,
respectively. Spectral curves directly recorded from orange particlesin various pain cross-sections show a sharp
knee around 560 nm which identifies these particles as minium.

(see coloured image at the end of this Thesis)

on the reflectance spectrum in Fig. 6.2k. As this proteinaceous part of the cross-section is not
pigmented and the painting in question is painted in oil, this proteinaceous matter must be part
of the glue introduced during relining of the painting. Intense fluorescence is not normally ob-
served for aged proteins. No further explanation for the current observation of fluorescence was
found.

6.3.3 Vermeer's ‘Diana and her companions’

Fig. 6.4 shows the results of measurements on a part of a paint cross-section (406/16) taken
from the background in Vermeer’s Diana and her companions. Fig. 6.4a is the SEM image;
Figs. 6.4b and 6.4c are light microscopic and UV-fluorescence images. Part of the dark
undermodelling layer beneath the surface of the embedding material is outlined by awhiteline,
which marksthe border between the parts of the sample at and beneath the surface of the embed-
ding resin. FTIR images are shown in Figs. 6.4d-h. Fig. 6.4i is an FTIR spectrum of the area
marked by an asterisk in Fig. 6.4g. Thevisual image of the cross-sectionin Fig. 6.4b showsthree
layers. Thedark paint layer contains many angular particles of smalt (Cobalt confirmed by SEM-
EDX). The intermediate whitish paint layer contains lead-tin yellow, lead-white, orange par-
ticles and severa relatively transparent areas. The latter are interpreted as protrusions in statu
nascendi. The imprimaturalayer is dark-coloured and finely grained. Thelight ground is below
the embedding material. The protrusion does not erupt through the top layer but its diameter is
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clearly bigger than the thickness of the paint layer from which it originates. The fluorescence
image in Fig. 6.4c shows a crack in the upper paint layer (arrow), which is possibly afirst step
towards the protrusion of these structures through the top paint layer.

The paint layer with the protrusion is rather inhomogeneous. The SEM picture in Fig. 6.4a
shows the *protrusion’ as relatively homogenous vaguely layered areas marked as 1, 2 and 3
outlined with awhite dotted line for easy comparison. Between these areas particleswith ahigh
electron emission are visible as white particles in SEM image. The visual microscopic image
(Fig. 6.4b) shows lead white and yellow particles in that part of the cross-section. SEM-EDX
(red arrow) shows lead and tin from a lead-tin yellow pigment. The cross-section contains also
many orange to red coloured pigment particles near the protrusion. A large cluster of orange
particlesis seen in light microscopy on the left hand side. These orange crystals were not found
as separate entities in the SEM image, implicating that their secondary electron emission is
similar to that of the adjacent lead-containing matrix. These particles are identified as minium
on the basis of their visible light spectrum (Fig. 6.3) and their lead content determined by EDX.

The FTIR imagesin Figs. 6.4d to 4h show an area of observation by the FTIR microscope
that is smaller than the LM and SEM maps. The outline of the protrusion found in the SEM
picture is also plotted in these images for easy comparison. The absorption map at 1064 cm
presented in Fig. 6.4eisdueto silicatesfrom smalt in the upper paint layer. Smalt wasidentified
on the basis of Cobalt found in many particlesin thislayer by EDX.

The absorption maps at 2928 cm, 1516 cmr*and 1401 cm™ (Figs. 6.4 f, g, h) point to the
presence of aliphatic carboxylates in the intermediate white paint layer in question. The spec-
trumin Fig. 6.4i taken from protrusion 1 showsthe different characteristic carboxylate peaks at
2925, 1516 and the combined |ead white/metal carboxylate peak at 1401 cm*. Comparison of
the white dotted outlined protrusions from the SEM picture with those in the FTIR images
demonstrates that the aliphatic carboxylates are not restricted to the transparent areas, but are
also prominent in other parts of the paint film. This suggests that the conversion of the original
paint to the present composition is not confined to the transparent areas 1-3. A possible scenario
isthat an original lead white and lead-tin yellow paint has been converted by * dissolution’ of this
paint producing alead carboxylate rich composition with local residues of the original mineral
pigments and newly formed mineral matter. Examples of the latter are in our view the orange
minium particles that appear near the borders and partly inside the transparent protrusion areas.

6.3.4 Cuyp's ‘'Girl with the peaches’

Results from analytical microscopic investigations on a cross-section taken from the Girl
with the peaches by Albert Cuyp are shown in Fig. 6.5. Sample 829/1 is taken from the flesh
colour, and consists of arelatively homogenous fine-grained yellowish flesh layer broken up by
aprotrusion area. The SEM image in Fig. 6.5a zooms in on the protrusion and the intact flesh
paint layer on the left and right hand sides of the cross-section. The flesh paint consists of a
poorly sorted mass of pigment particles. A tiny amount of residual grey ground is present on the
left side of the protrusion. Inside the protrusion defined particles are absent; cloudy areas with
clear differencesin secondary electron emission density are seeninstead. SEM-EDX only shows
lead in the high intensity emission parts of the protrusion. As lead is the only heavy element
observed inside the protrusion, intensity differences areinterpreted to be depending on therela-
tive lead concentration.
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Chemical changesin old master paintings 115

Left-hand image: Fig. 6.4. Microscopic and microspectroscopic analytical investigation of a cross section from
Vermeer’s Diana and her companions (MH 406/16). Dotted white line indicates the protrusion. Solid black line
outlines the area of study in the cross section. (a) The SEM image shows 3 more or less separated protrusions
(numbered 1-3) that are homogeneous and without granular pigments. (b) Visual light microscopy reveal s presence
of many orange particlesin this cross section, especially in a cluster on the |eft side of the protrusion. The bright
paint layer containslead and tin (EDX data). (c) The UV- fluorescence image shows the beginning of a craquelure
inthe top-paint layer (white arrow). Somered particles are visible around the fluorescing protrusions. (d) FTIR at
1725 cnmrt images the outline of embedding material. (€) The FTIR image at 1064 cn? localises silicates. Thisis
probably due to smalt, as EDX confirms the presence of cobalt in thislayer. (f)-(h) FTIRimages at 2928, 1516 and
1401 cm® indicate that carboxylates are present in the protrusions, but they are not so strictly localised in the
protruding masses and also present in other parts of the paint layer. (i) Reflection FTIR spectrum of a point in the
protrusion (indicated * in Fig. 6.4g). Peaks marked Sare indicative for a smearing layer of embedding material.
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Fig. 6.5. Microscopic and microspectroscopic analytical investigations of a cross section from Cuyp's Girl with the
peaches (MH 829/1). Dotted white line indicates the protrusion. Solid black line outlines the area of study in the
crosssection. (a) SEM image showsthat the paint layer characterised by a very detailed pigment particledistribution
is completely replaced by the protrusion with a dramatically different granulometry. (b) Visual light microscopy of
this yellow paint layer reveals that the protrusion is not completely homogeneous. EDX identifies only lead in the
protrusion, whilelead and calciumwerefound in small remnants of the ground layer. (c) UV-fluorescence microscopy
showsthe similarity between fluorescence of the small varnish layer on top of the paint layer and thetop part of the
protrusion. (d) FTIR at 1726 cnr! images the outline of embedding material. (€) FTIRimage at 1393 cn localises
the carbonates in the intact paint layer. (f)-(g) FTIRimages at 1515 and 2927 cnt! show that carboxylates (1515
cn?) and C-H moieties are found mainly in the protrusion. The C-H stretch vibration is al so observed in the intact
paint layer. (h) The image at 1140 cnm? shows a small region in which silicates are found. Smilar results were
obtained at 1180 cnt. (i) Reflection FTIR spectrum of a point in the protrusion (indicated * in Fig. 6.5f).
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Opaque whitish areasinside the protrusion visiblein the light microscopic images (Fig. 6.5b)
correlate with the high emission lead enriched areas in the SEM picture. UV -fluorescence mi-
croscopy reveals a fluorescent varnish layer on top of the paint (Fig. 6.5¢). The top part of the
protrusion aso showsarelatively high fluorescence. Small remnantsfrom the grey ground layer
are present on the left side of the protrusion. EDX demonstrated both lead and calcium on this
position, presumably from lead white and chalk.

Fig. 6.5d shows the FTIR image of the embedding medium, outlining the circumference of
the sample (black line). Thisoutline is also plotted in the other FTIR images (5e-5h) to enable
their mutual comparison. The FTIR image in Fig. 6.5e shows the distribution of carbonates
(1393 cm™). Thisimage closely resembles the light microscopic distribution, where the distri-
bution of carbonates correspondsto the opaque area. Comparison with the outline showsthat the
unpigmented varnish layer on top of the paint layer is devoid of carbonates. The transparent
matter in the protrusion has avery specific FTIR image at 1515 cm pointing to metal carboxy-
lates (Fig. 6.5€). The circumference of the 1515 cm™ map is reproduced in the other FTIR
images with awhite dotted line. The metal carboxylates are very pronounced in the protrusion.
Theimage of the absorption by CH vibration of aliphatic carbon chainsat 2927 cm in Fig. 6.5f
shows aliphatic moieties in the protrusion as well as in parts of the paint layer. The protrusion
shows maximain the FTIR maps of aliphatic moieties and metal carboxylates pointing to lead
soaps as the body of the transparent matter in the cross-section. Thisinterpretation is confirmed
by the FTIR spectrum (Fig. 6.i). Additionally, a strong absorption at 1393 cm is present point-
ing to carbonates inside the protrusion mass. The cloudy patches with a higher electron density
must be due to lead carbonates or |ead hydroxycarbonates, sincelead isthe only cation detected
by EDX.

Comparison of the 2927 cm™* map to the outline of the sample shows that the varnish layer
does not reflect much IR radiation at 2927 cm although an unpigmented varnish layer usually
contains many CH functionalities. In our experience, it is difficult to obtain FTIR reflection
spectral data on resinsin specular reflectance. The varnish on top of the protruding mass seems
to have penetrated the metal soap mass as deduced from the UV fluorescence picture (Fig. 6.3c).
The FTIR image of 2927 cmis affected by this varnish as the distributions of metal carboxy-
lates (1515 cm™* map) and aliphatic CH vibrations do not match at the top of the protruding
mass.

6.3.5 Hals’s ‘Portrait of a man’

Fig. 6.6 summarises the results of investigations on cross-section 928/2 taken from the thin
dark drapery in the Portrait of a man, painted by Frans Hals. An almost rectangular relatively
transparent mass resembling the protrusions in the examples above is present in athick cream
coloured ground layer protruding through the dark paint layer (Fig. 6.6b). Abovethisare several
layers of varnish, dirt, and overpaint. The SEM picture in Fig. 6.6a shows the cream ground
layer as a poorly sorted granular mass of lead white particles with a relatively homogenous
protrusion within. The protrusion shows a layered structure in the bottom part and almost no
structure in the top part. The varnish layer is not observed in the SEM image (Fig. 6.6a), as it
contains no heavy elements. Lead is the only element observed by SEM-EDX in the ground
layer and the transparent material of the protrusion. One circular dark particle seen as a dark
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Fig. 6.6. Microscopic and microspectroscopic analytical investigations of a cross section from Hals's Portrait of a
man (MH 928/2). Dotted white line indicates the protrusion. Solid black line outlines the area of study in the cross
section. (a) SEM image shows a layered structure in the bottom of the mainly transparent protrusion. Particle size
distribution in the protrusion is completely different fromthe distribution in the intact paint layer. (b) Visible light
microscopic image of the same cross section. The protrusion isindicated by a white dotted line. (¢) The protrusion
and varnish layersfluorescencein UV light. (d) FTIRat 1723 crrt images the outline of embedding material (black
line). Thethick varnish layer shows a small amount of absorption (see arrow). (e) FTIRimage at 1519 cmt clearly
highlightsthe protrusion, wherelead carboxylatesarelocalised. (f) FTIRimage at 1397 crmt shows high absorption
of carbonatesin the paint layer. Varnish layers are not highlighted. (g) Reflection FTIR spectrum of a point in the
protrusion (indicated * in Fig. 6.6€).

(see also the coloured version at the end of this Thesis)
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brown spot in the cream ground (Fig. 6.6b) containsiron and manganese and isinterpreted asa
small addition of umber.

The dark semi-transparent varnish layer clearly consists of several layers when observed in
UV -fluorescence mode (Fig. 6.6¢). In and around the protrusion small orange particles are present.
Visible light spectroscopy identifies these as minium (Fig. 6.3).

The FTIR image at 1723 cm from the embedding material shows the circumference of the
sample (Fig. 6.6d). In addition, some evidence for the varnish layer can be seen in this image
(arrow) asaresult of IR absorptionsfrom acidic and ketonefunctionalities. The 1519 cm™ metal
carboxylate absorptionisimaged in Fig. 6.6e, and ismaximal in the protrusion. It isremarkable
how well the outline of this map follows the contours of the protruding massin the SEM picture.
A density difference at the top in the SEM protrusion picture is also observed as a low absorp-
tion in the metal carboxylate FTIR map. The carbonate absorption map at 1397 cm from lead
white (Fig. 6.6f) mainly highlights the paint layer. The bottom part of the protrusion however
also contains carbonates that correspond to more opague areas seen in visible light.

Thehorizontal pattern observed in the bottom part of the protrusion by SEM (Fig. 6.6a) could
very well be newly precipitated lead white or lead carbonate and so explain the increased car-
bonate absorption observed in this position.

Fig. 6.6i shows atypical infrared spectrum of the protruding mass. Compared to the spectra
obtained from the other cross-sections (Figs. 6.1g, 2i, 4i and 5i) discussed earlier, the peak
positions are similar but the peak intensities are quite different. In this protrusion the absorption
of metal carboxylates at 1519 cm is considerable lower than the carbonate peak at 1397 cmr?,
while the CH absorption is very low. This suggests that the degree of remineralisation of this
protrusion is much higher than in the other cases. The map of aliphatic moieties of thissampleis
rather unspecific and suggests that the surface of the sample may be contaminated.

6.4 Discussion

Protrusions appear as opal escent, partly transparent globules in the cross-sections. In normal
light microscopy, no or very few pigment particles can be seeninside the protrusions, evenif the
protrusion appears embedded in a coloured layer. The grain size distribution in the paint layer
and the protruding mass differs substantially. It appears that the mineral matter in the paint layer
has ‘dissolved’. Light microscopy, and particularly SEM shows that residual or new minera
phases with arelatively homogeneous grain size distribution are present. Protrusions are areas
with aclearly distinct texture and chemistry that differ greatly from the surrounding paint.

The extensive analysis of cross-sections from the different paintings provides a consistent
image of the chemical constituents in the protrusions. It is clear from FTIR-imaging data that
metal carboxylates are present in al protrusions investigated. DTMS and SIMS identify the
carboxylic acid groups as stearic and palmitic acid derived from the drying oil in the paint. EDX
and SIM S measurementsidentify the metal to be lead, probably derived from lead white, which
isfound in the residual ground/paint layer around every protrusion.

Lead soaps are not introduced into the paint as such, but have developed as a result of the
ageing of lead white oil paint. Lead whitewill act asacatalyst in the oxidation and cross-linking
of theunsaturated triglycerides of drying oil. Cross-linked oil is de-esterified upon ageing.915108
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New ionic bonds between acid groups of the residual oil network polymer and dissolved lead
ionsform anionomeric structurein which lead acts asthe main co-ordinating ion. Theseionomers
are confined to the surface of the mineral matter and the interstitial pore space. The relatively
large accumulation of lead soaps, which act as colloidal gelsin the paint layers, pointsto maor
changesinthelocal chemical environment. Dissolution of the mineral phaseinside a paint must
lead to very high local concentration of lead and other substances.

SIMS reveaed the presence of chlorine inside the protrusions in the case of The Anatomy
Lesson of Dr Nicolaes Tulp. Until the pending SIMS research on the cross-sections from the
other paintings presented in this paper is carried out, it is unclear whether The Anatomy Lesson
of Dr Nicolaes Tulp isaspecial case. Chlorine could be a normal contamination of 17" century
lead white, because the production processisfar from well defined. We have observed chlorine
strongly associated with intact lead white in SIMS data from other 17" century paintings. It is
therefore possible that Rembrandt used a bad batch of lead white paint. However, it is not yet
clarified if the presence of chlorine affects the paint during the life-time of the painting.

X-ray diffraction studies of an isolated protrusion revealed the presence of fiedlerite, i.e. a
water-soluble basic lead chloride. Fiedlerite is a water soluble substance, and therefore one
wonders how it has survived the water based lining procedure and the rain water exposure that
are part of the history of this painting.®>! Related chlorine containing lead corrosion minerals
exist and a more precise distribution map of lead-chloride compounds would be desirable.

Dissolution of themineral phase of the paint would releasethischlorineaschloride. Itisclear
from the SIMS data that a relatively large amount is presently concentrated in the protruding
mass. The lead hydroxychlorides are highly concentrated in the protrusion as finely divided
particles and have a banded structure reminiscent of Liesegang precipitation bands. Such bands
point to concentration gradients of lead and chloride inside the gel of the protrusion. Further
studies on the presence of chlorinein protrusionsin other paintings will be performed to inves-
tigate whether chloride is present and plays an active role in the gellification process. Lead
hydroxychlorides are not the only new mineral phasesinside protrusions. Carbonates, indicated
by the FTIR data of all protrusions, are assigned to new precipitation products of lead white or
related lead carbonates. In an infrared spectrum of one protrusion that could be isolated manu-
aly, lead white, i.e. basic |ead carbonate was positively identified. Although the presence of lead
white inside the protrusions is clearly shown by FTIR spectroscopy, the SEM images indicate
that it ispresent in an entirely different form compared to the lead white of the intact paint layer.
For example, the pigment particles of the original paint layer in the painting by Cuyp show
poorly sorted angular lead white particles. Lead white inside the protrusion occurs as cloudy
masses of amorphous or extremely finely divided particles that are homogeneously distributed.
The same phenomenon is also obviousin the other protrusionsinvestigated. We infer that disso-
lution of the mineral phase of the original paint layers has occurred and new mineralisation in
the form of basic lead carbonate and lead hydroxychloride precipitation is taking place in the
residual lead soap gel.

Another indication for remineralisation is the presence of lead oxides. Diffuse orange par-
ticles seen in and around most protrusions were identified as minium (Pb,0O,) by EDX and vis-
iblelight spectroscopy. These particleswere alwaysfound in close proximity to lead carboxylate
protrusions and in many casesin paint layers where no red lead would be anticipated. Contrary
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to theinterpretation of Plahter’>” and Brunnenkant'*® we hypothesise that these red |ead particles
were not added to the paint as such, but are newly formed after dissolution of the original lead
white paint.

These new mineralisation processes provide clues on the chemical environment inside the
protrusions, which determines the course of the demineralisation process. The stability of min-
eral matter in different chemical environments can be derived from thermodynamical data. Garrels
and Christ®? developed this methodology for the calculation of the stability field of corrosion
products on top of ore deposits. Theinfluence of the electrical Nernst potential (Eh), the acidity
(pH) and the partial CO, pressure on the stability of mineral phases have to be taken into ac-
count. Eh-pH diagrams show that |ead oxides (minium and massicot) are the most stable mineral
phases in a highly akaline environment (pH > 12). Also basic lead carbonate (lead white,
hydrocerussite) isfound to be in astable form at high pH values (>10).

We conclude from the mineralisation towards these products that the environment in and
around the protrusion isvery basic, with pH values exceeding pH 10. Itislikely that the dissolu-
tion of the lead white mineral phase providesthe OH- moietiesthat lead to these high pH-values.

The driving force for the dissolution of the origina paint layer is unknown. We infer that
impure lead white may have a different thermodynamic stability under the conditions that have
developed. Thisaspect, combined with arelatively high binding medium content of the affected
ground/paint layer and exposureto relatively wet conditions, may be enough to trip the balance.
The phenomenon is not typically limited to one particular spot in the paintings; in some cases
the whole painting is affected equally. The globular aspect of protrusions suggests that they
grow and affect their immediate environment. Thereisno indication that the processis presently
halted. The products found inside the protrusion are a result of remineralisation of the com-
pounds that were present in the paint and became available through de-esterification of the
drying oil triglycerides and the dissol ution of lead white particles. The composition of the origi-
nal mineral pigments, the morphology of the protrusion, the nature of the remineralisation prod-
ucts and their distribution provide important information about the phenomenon. In further re-
search, we hope to clarify the process that triggers the dissolution of the mineral lead white and
leadsto the formation of protrusions. However from our investigations presented here, itisclear
that this triggering process has occurred in many paintings and plays an important part in the
ageing process of paintings. Paintings respond in various ways to the external and internal envi-
ronment, and should be considered as chemically dynamic systems. The awareness that organic
substances in paintings are vulnerable is growing. Mineral phases and metal co-ordinated or-
ganic networks appear to be equally sensitive to chemical change. Some paintings have still not
reached completely stable conditions even after hundreds of years.

Are we presently looking at the top of theiceberg?

It isdifficult to say at this moment whether other opalescent globules observed in paintings
by other investigators'®31%41% are comparable to the protrusions described here. It is likely that
thisis the case considering the very similar characteristics for protrusions we found in a large
number of paintings. We expect that more paintingswill be found that show this same *disease’.
However, more comparative studies with the same analytical techniques are necessary. Further
studies on how to reconstruct this phenomenon in simulated paintings are planned.
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7 METAL CARBOXYLATES
IN THE GROUNDS OF 19™ CENTURY
PREPRIMED CANVASES USED BY
F. CHURCH

This Chapter describes the investigation of several samples from two primed but unfinished
canvasesfound at Olana, the former home of the 19" century American painter Frederic Church.
Different kinds of defects have been observed on these canvases. formation of protrusions, efflo-
rescence, and ground staining. Several analyses were performed on the surface of a part of
these unfinished paintings and on several microscopic samples taken from these canvases, such
astheground layer, isolated protrusions, and isol ated effl orescence. These sampleswere analysed
by various techniques, such as optical microscopy, FTIR, FTIR-imaging, DTMS GC-MS SMS
and SEM-EDX. The ground layer is a complex system consisting of layers pigmented by chalk,
lead white/chalk and lead white. The material found in protrusions and efflorescence contain
large amounts of lead carboxylates and do not have a significant network fraction. It is
hypothesised that protrusions and efflorescence are formed upon phase separation of the mo-
bile, saturated fatty acids from the oxidised oil network. This hypothesis was confirmed by a
pilot experiment, in which lead white transformed into |ead car boxyl ates quantitatively on reac-
tion with fatty acids.
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<.1 Introduction

Severe deterioration effects disturb the visual appearance of many 19" century American
paintings and form a serious threat for thisimportant part of the cultural heritage of the United
States.'®® Several of these paintings were and still are immensely popular, e.g. Niagara and
Heart of the Andes by Frederic Edwin Church (1826-1900), the most famous American land-
scape painter of mid-19" century.

One of these deterioration effects is the formation of accumulated masses of lead carboxy-
lates. Lead carboxylates are formed after reaction of carboxylic acids derived from the oil me-
dium and lead ions, which become available due to degradation or dissol ution of lead containing
materials, e.g. lead white or |ead acetate. Agglomerations of these lead carboxylatesform trans-
parent whitish masses, which fluoresce under UV illumination. Expansion of the masses makes
the white material visible on the paint surface and deforms the paint layer extensively. These
phenomena are very similar to the protrusions described in the previous Chapter of this The-
sis. 118152 This similarity suggests that the presence of protrusionsis not confined to 17" century
Dutch paintings and instigated the research described in this Chapter.

Another form of deterioration frequently observed in Hudson River School paintingsisground
staining, the appearance of dark coloured patches in the image.** Ground staining can have a
significant impact on the tonality of these translucent paintings. The effect of ground staining
must have developed relatively quickly, as it is known that Frederic Church observed it him-
self.’ He assigned the presence of stains to the use of lead acetate dryer, as ground staining
developed on a painting in which this dryer was certainly used. Another reason for the appear-
ance of ground staining might be that the painting materials used by this group of painterswere
imported from Europe, as they were not produced locally. The accusation that Europeans sold
inferior pigments to far-away America has been made,** but it might also be that colourmen
conscientiously altered export materials, especially primed canvases, to enable the long-term
rolling and storing necessary for transport overseas. Microscopic investigations by Dwyer as-
signed the darkening to an increased and variabl e trand ucency of the ground layer, dueto chemical
ateration of the lead white: the upper particles of this pigment, which is normally opague, had
been transformed into transparent crystals.’® Thelonger path length and therefore higher absor-
bance of incident light in a more transparent medium explains the darker appearance of stained
patches.

Thethird and most apparent effects found in 19" century American paintingsistheformation
of efflorescence or bloom (cf. Fig. 7.1). Efflorescenceisthe appearance of white or bluish white
film on the surface of the oil painting.?816” Analogies have been drawn with the formation of
whitish material on chocolate, wax objects, and leather. Several analyses of efflorescence have
been presented in the literature, and different kinds of materials have been found on the surface
of the paint, e.g. plasticizers from synthetic resins, organic pigments,'81% wax like material ,*¢°
fatty acids and/or their soaps,*¢”17 sulphates, and lead chloride.r™

All these deterioration phenomena were recognised recently on two primed, but unfinished
canvases in the archive at Olana, home of F. Church, located just outside Hudson, New York.%*
Marks on the back of the canvases indicate that they were purchased from one of the regular
suppliers of Church. Thisimpliesthat the canvases are valid models for the priming material in
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Hudson River School paintings. Furthermore, it isvery well possiblethat the deterioration of the
priming layer causesthe defects observed in many 19" century American paintings. In that case,
avery large group of paintings with serious restoration problems is represented by these unfin-
ished paintings, which stresses the necessity of their investigation. The canvases provide an
excellent opportunity to investigate the origin of the deterioration in detail, as the paint system
of these unfinished paintings is relatively simple compared to normal multi-layered paintings.
Furthermore, their art historical value is limited and relatively large samples can be taken for
research. Several samplesfrom these canvases were investigated using multiple analytical tech-
niques. This paper presents the results of optical microscopy, Scanning Electron Microscopy
with Energy Disperse X-ray detection (SEM-EDX), Fourier Transform Infrared spectroscopy
(FTIR), FTIR-imaging, Direct Temperature resolved Mass spectrometry (DTMS), Gas Chroma-
tography-Mass Spectrometry (GC-MS) and Secondary 1on Mass Spectrometry (SIMS). Thefo-
cus of this article will be the description of the paint system and the elucidation of the mecha
nisms that lead to the described defects, especially efflorescence and protrusions.

Source Sample Sample prep.  Technique
122 1 and 2: intact paint Embedded FTIR, SEM
122 3 and 4: paint and protruson Embedded FTIR
122 Paint Diamond cell FTIR
Etoxide/BSTFA GC-MS
DTMS
122 Grourd Diamond cell FTIR
Etoxide/BSTFA GC-MS
DTMS
NA Ground Etoxide/BSTFA GC-MS
DTMS
122 Protrusion Diamond FTIR
DTMS
122 Efflorescence Diamond FTIR
DTMS

Tabel 7.1. Overview of the dissected samples analysed in the presented study.
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7.2 Experimental

Samples

Canvases OL1984.NA and OL1984.122 were found at Olana (Hudson, New York). OL.NA
isaprimed but unused canvas, measuring 78.5 cm (selvage to selvage) by 74 cm. It hasaplain
tabby weave having 18 warp and weft threads per cm. Canvas OL 1984.122 has asimilar cream
coloured priming, which is partly covered by a brown imprimatura. Some pieces of these can-
vases (~1 cm?) were made available for research. These could be directly measured by SIMS,
FTIR (specular reflectance and ATR), and SEM-EDX. Samplesweretaken for analysisby FTIR
(transmission), DTMS, GC-MS, and for the preparation of embedded cross-sections. Sampling
was carried out using a stereomicroscope and afine scalpel. Table 7.1 presents an overview of
these samples. The cross-sections were embedded in Technovit 2000LC (Heraeus Kulzer,
Wehrheim, Germany) and polished with Micromesh® polishing cloths (Scientific Instrument
Services Inc., Minnesota). The samples of the other parts (protrusions, efflorescence, ground
and imprimatura) were isolated manually. The whitish efflorescence material has a waxy ap-
pearance and is not solublein water, ethanol, or hexane. It can however be displaced easily with
some mechanical force.

Microscopy

A Leica DMRX analytical microscope (Leica Inc., Wetzlar, Germany) was used for visual
light microscopy.

SEM-EDX

A XL30 SFEG SEM (FEI company, Eindhoven, The Netherlands) and aEDAX EDX system
were used for the SEM-EDX analysis. The accelerator voltage of the system was 22 kV. The
sample was carbon coated to ensure good conducting properties of the surface.

DTMS

Samples of typicaly 20 to 60 ug were homogenised in ethanol using a mini-glass mortar.
Aliquots of the obtained suspension or extracted materials were applied onto the analytical fila-
ment and dried in vacuo. DTMS analyses were performed on a Jeol SX-102 double focussing
mass spectrometer (B/E) using a direct insertion probe equipped with a Pt/Rh (9/1) filament
(100 micron diameter). The probe filament was temperature programmed at arate of 0.5 A/min
to an end temperature of about 800 °C. Compoundswereionised at 16 €V under electronionisation
conditions in an ionisation chamber kept at 180 °C. Masses in the range of m/z 20-1000 were
analysed with acycletime of 1 second. Theresultswere processed using aJEOL MP-7000 data
system.

GC-MS

Samples were derivatised by a two-step procedure to determine the degree of hydrolysis of
the oil paint system. Discrimination between esterified and free fatty acids is achieved by their
subsequent labelling. The first derivatisation step transethylates all esterified fatty acids, e.g.
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triacylglycerols and waxes. In a subsequent reaction free and metal-bound acid as well as hy-
droxy groups are silylated. The experimental procedure is detailed by Van den Berg et al .*°

TOF-SMS

Time of Flight- Secondary lon Mass Spectrometry (TOF-SIMS) measurements were per-
formed ona TRIFT Il instrument of PHI ElectronicsInc. (USA).1%°172 The surface of the sample
was scanned with a25 keV primary ion beam from an Indium liquid metal ion gun, which hasa
final beam diameter of about 100 nm. Thetriple ESA ion focussing system guarantees a spatial
resolution of at least 1 micron at a mass resolution of about 5000. Positive or negative ions
emitted by the primary beam were mass analysed and detected. The surface of the sample was
charge compensated with electrons pulsed in between the primary ion beam pul ses.

FTIR

FTIR spectrawere acquired by aBio-Rad FTS-6000 spectrometer (Nowadays Digilab, Cam-
bridge, MA, USA), equipped withan UMA 500 infrared microscope and aM CT detector. Samples
were squeezed in a Graseby Specac P/N 2550 diamond anvil cell (Graseby Specac, Orpington
Kent, UK). Spectrawere recorded at a spectral resolution of 4 cm, amirror speed of 5 kHz, an
UDR (undersamling ratio) of 2, and accumulation of 100 spectra. ATR spectra were acquired
using aBio-Rad slide-on ATR accessory connected to the 15x objective of the UMA 500 micro-
scope.

Imaging-FTIR

Imaging-FTIR datawere acquired using the Bio-Rad Stingray, combining the mentioned spec-
trometer and microscope to a 64 x 64 MCT camera. Spectra from cross-sections were recorded
inreflection modewith a16 cm spectral resolution, astep-scan frequency of 1 Hz, and an UDR
of 4. The spectrawere transformed to absorbance-like spectra by the Kramers-Kronig transfor-
mation which is part of the Bio-Rad Win-IR Pro software. A more detailed explanation of this
system is provided in Chapter 4 of this Thesis.

Chemicals

GC-MS: Sodium ethoxide 21 wt% solution in denatured ethanol (approximately 99%) was
obtained from Sigma-Aldrich Chemie Bv. (Zwijndrecht, The Netherlands). Bis-
(trimethylsilytrifluoroacetamide, containing 1% trimethylchlorosilane, was purchased from
Fluka (Zwijndrecht, The Netherlands). Pilot experiment: Xylene and stearic acid were obtained
from Aldrich. Cremser white was obtained from Kremer Pigmente. Lead white and a small
excess of stearic acid were kept for 5 minutes in refluxing xylene. The reaction product was
allowed to cool, and washed with hexane on afilter to remove excess stearic acid. The white
residue was analysed by FTIR using adiamond cell.
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7.3 Results

7.3.1 General description of the paint system

A macro-photo of the surface of OL1984.122 is displayed in Fig. 7.1. Efflorescence and
protrusions cover large parts of the surface and partly mask the brownish imprimaturalayer. The
efflorescence is mainly present in distinct patterns that coincide with the canvas structure.

The layer structure of this unfinished painting was investigated from a cross-section. Visua
light microscopic images of sample OL 1984/3 are shown in Fig. 7.2. The cross-section contains
athick (75 um) white priming. The lower part of the ground layer is more transparent than the
opaque layersthat were applied later. A thin (~1 um), dark imprimaturais present on top of the
priming. The presence of the transparent part in the middle of cross-section OL1984/4 (arrow)
indicates that a protrusion was successfully included in the sample. The layer structure of the
intact paint is consistent for al four paint cross-sections.

Fig. 7.2. Optical microscopy of embedded paint cross section OL1984.122/3.
(see coloured version at the end of this Thesis)
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The identity of the pigments and their distribution was investigated by SEM-EDX. A
backscattered SEM image of sample OL1984/1 is shown in Fig. 7.3A. The cross-section is a
multi-layered system, containing at least four superimposed paint layers, numbered 1-4. The
ground layers (1-3) have an increasing backscatter intensity towards higher layers. This can be
explained by the elemental analysis (Figs. 7.3b-d), which shows the presence of mainly calcium
(Ca) inlayer 1, amixture of Caand lead (Pb) inlayer 2, and the exclusive presence of Pbin layer
3. Theground layersfurther contain some silicon containing particles. Thiscomplex layer struc-
ture has been described before.’®* The thin brown imprimatura (marked 4) is present on top of
thisstack of layersand also contains Caand Ph. Aluminium (Al, seeFig. 7.3d), Silicon (Si), and
phosphor (P) are also found in this layer.

A genera overview of the functional groups in the paint was obtained by FTIR. Figs. 7.4 A
and B show transmission infrared spectraof the ground and imprimaturalayersfrom OL1984.122
squeezed in a diamond anvil cell. The spectrum of the ground layer in Fig. 7.4A shows the
presence of both lead white (3539, 1400 and 683 cm) and calcium carbonate (2519, 1400 and
874 cm?). The broad and intense shoulder at 1540 cm is assigned to metal carboxylates. Car-
boxylic acids (32002600 cm™ and 1700 cm™?) are hardly present. The CH vibrational bands
have alow intensity, around appearance, and absorption maxima at 2940 and 2872 cm . They
are unlike the intense and sharp peaksfound in fresh drying oils (2926, 2855 cm?, see Fig. 5.2).

C) Pb

Fig. 7.3. SEM-EDX results of embedded paint cross section OL1984.122/1. (A) Backscatter SEM image. (B)-(D)
EDX maps of calcium, lead and aluminium respectively.
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Small silicate peaks are present around 1100 cm™,

The dark paint layer (Fig. 7.4B) contains lead white (3537, 1415 and 685 cm™; lead con-
firmed by SEM-EDX). The presence of Ca, P, Fe, Al and Si in the brown imprimatura, identified
by EDX, indicate that the brown pigmentsin thislayer are bone black (calcium phosphate) and
iron oxide. The CH stretch vibration bands in this spectrum are also low (2952 and 2871 cm™?).
The mere absence of absorption at 1540 cm? indicates that lead carboxylate formation has
occurred only to avery limited degree compared to the priming layer.

A thin section of apaint cross-section was made to improvethe spatial resolution of the FTIR
measurements. This was considered necessary, as the different priming layers are very difficult
to separate by scalpel due to their small colour differences (cf. Fig. 7.2). The results of FTIR-
imaging analyses on the thin slice are shown in Fig. 7.5. The three images show the different
layersthat can be distinguished in this cross-section. The 4" layer (cf. Fig. 7.3A) istoo thinto be
resolved by FTIR. Unfortunately, only asmall remnant of the lead white layer is present on the
right side of theimage. The major part has been lost in the polishing process. The corresponding

3000 2000 1000

Fig. 7.5. Results of Imaging-FTIR on a thin cross-section of OL1984.122, prepared by the KBr polishing method.
The spectrain the FTIR data-set were clustered on the basis of their high similarity by the projection algoritm (see
Chapter 2 of thisThesis). Thelocations of the different clustersishighlighted in the score-plots on theright, and the
mean spectrum of the highlighted part is shown in the spectrum alongside the score-plot.

Right-hand image: Fig. 7.4. Results of transmission FTIR of different dissected samplesfrom OL1984.122, analysed
ina diamond cell. (A) White priming. (B) Dark imprimatura. (C) Protrusion material. (D) Efflorescense.
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Fig. 7.6. Total ion chromatogram of the cream-coloured ground layer of OL.NA after transethylation and trimethyl

silylation derivatisation in combination with GC-MS using an on-column injector. Temper ature program: 50(2)-6-
320. Peak numbers correspond to Table 7.2.

spectrum shows clear carbonate (1442 cmrt) and carboxylate (1512 cmt) absorptions. The car-
bonyl absorption (1735 cm™) is rather low compared to the CH absorption (2924 and 2854
cmt, which indicates alow number of ester-bonds. The middle layer shows a broad carbonate
absorption with anumber of sharp peaks on top. These peaks (1566,1504, 1445, and 1381 cm™?)
areegually spaced, at about 60 cm. A similar splitting is seen on the peaks on the left side of the
spectrum. These effects are probably due to interference or an instrumental artefact and heavily
affect the presented spectra. Therefore, adetailed interpretationisimpossible. A similar effectis
seen in the spectrum of the lower layer. Nevertheless, the presence of calcium carbonate in this
layer can be concluded from subtle absorptions at 2512 and 1799 cm . Unfortunately, these
spectrado not allow a binding medium identification.

A chemical identification of the organic componentsin the paint was carried out by GC-MS.
Results of the GC-M S measurements of the priming in OL1984.NA are presented in Fig. 7.6.
The identification of the main componentsis presented in Table 7.2. Palmitic (C,,, label 19,20)
and stearic (C,,, 21,22) acid are present in aratio typically for linseed oils (P/'S=1.48). A range
of oxidised C , fatty acids (25-27) and di-acids (C,-C,, 2, 4-6, 8-18) are present aswell. Azelaic
acid (11,12), a C, dicarboxylic acid is the most abundant of these products. The relatively high
amounts of other di-acids (C,, C,,, 9, 10, 13, 15) are typical for a heat-treated oil. Traces of a
series of even-carbon numbered long chain fatty acids (C,-C,,, 23, 24, 28-31, 34, 36, 37, 39)
and even-numbered alcohols(C,.-C,, 33, 35, 38) indicate the presence of beeswax esters. L onger
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Label Retention Time Compound TM S Ethers @ Ester
Bound
1 155 glycerol 1,23
2 16.7 C4 di-acid -
4 18.7 C5 di-acid -
5 20.3 C4 di-acid 2 -
8 22.8 C7 di-acid -
9 23.6 C8 di-acid +
10 24.6 C8 di-acid -
1 255 C9 di-acid +
12 26.3 C9 di-acid -
13 27.2 C10 di-acid +
15 271.7 C10 di-acid -
19 29.6 C16 FA +
20 304 Cl6 FA -
21 32.7 C18 FA -+
22 33.3 C18 FA -
25 36.7-37.0 Oxo-C18 FA 8, 9, 10 mixture
26 37.3 C18 FA 9, 10 -+
33 42.0 C26 acohol
35 44.1 C28 acohol
38 46.1 C30 acohol

Table 7.2. List of main compounds identified in the cream-coloured ground layer of sample OL.NA after
transethylation/trimethyl silylation and GC-MS analysis using on-column injection. Identification is based on the

70 eV mass spectrum.

3 Position of alcohol groups, derivatised to TMS ethers. Data according to Van den Berg et al.

Scans
10-30

30-45

60-70
72-85
85-110

Components

Fatty acids: 256 (Cyg), 284 (C,g), 312 (Cy), 340 (Cy)
Unidentified: 243, 258

Esters: 239 (Cy), 267 (Cyp)
Fatty acids; 312 (Cy), 340 (Cpy), 368 (C,s), 382 (Cae), 396 (Cue)

Oill network polymer and lead white: 44 (CO.)
Oil paint: 91 (Arometic pyrolysis product)
Lead white: 44 (CO,), 206-208 (Pb)

Table 7.3. Marker compounds identified by DTMSof the ground layer of OL1984.NA. DTMSresults shown in Fig.

1.7.
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fatty acids and alcohols were not analysed as the GC-run was terminated before their elution.
The degree of hydrolysis can be calculated from the relative amounts of ethylated and
trimethylsilylated compounds.’® The average degree of hydrolysis was found to be 88% for the
components derived from the oil binder. Waxes are hydrolysed less severely than the paint.
Samplestaken from theimprimatura of OL1984.122 were al so measured by this procedure. The
results from this measurement are very similar to the results obtained from the ground layer, as
presented in Fig. 7.6.

The physical state of the various componentswas studied by DTMS. Resultsof DTMSon the
white priming layer of OL1984.NA are shown in Fig. 7.7. Assignment of several peaksis pre-
sented in Table 7.3. A TIC (total ion current) trace is shown asinsert in Fig. 7.4A. Thisisan
unusual desorption profile for an aged oil paint because of the high amount of volatile matter
(scans 10-50). Free and esterified fatty acids of the oil network and waxes are detected at |ower
temperatures (scans 10-30, spectrum not shown). The appearance of long-chain material at scans
30-35 confirms the identification of bees wax by GC-MS. However, the source of wax is not
clear, as this canvas has not been lined. A broad envelope of severa low molecular weight
pyrolysis products forms atypical pattern for oil network degradation products at scans 72-85
(Fig. 7.7B). DTMSresults of the priming of OL1984.122 (results not shown) are similar to the
resultsof OL.NA. Thecompoundsidentified intheimprimaturaof OL1984.122 are aso similar,
but the TIC trace of this paint indicates that alower amount of volatile productsis present.

7.3.2 Protrusions

Fig. 7.2 shows an optical microscopic image of cross-section OL1984/3. The protrusion in
thissampleisvisible asan expanded and transparent area. The mass has erupted through the thin
imprimatura. The absence of imprimatura on top of the protrusion explainsits good visibility at
the paint surface (cf. Fig. 7.1).

The results of FTIR-imaging on paint cross-section OL1984/4 are presented in Fig. 7.8. The
four plots in this Figure provide an overview of the intensities of the absorption peaks at four
different wavenumbers, which are indicated in the plots. The brightness of the grey colour in
these plots indicates the intensity of the corresponding peak. The intensity plot of the ester
absorption at 1729 cm (Fig. 7.8A) shows an outline of the sample due to absorption of the
embedding medium. The broad carbonate (CaCO, or lead white) band at 1403 cm is primarily
observed in the intact paint layer (Fig. 7.8B). Figs. 7.8C and D highlight the protrusion because
of their absorption at 1510 cm and 2927 cm?, which are assigned to asymmetrical carboxylate
and CH stretch vibrations. These reflection infrared imaging resultsindicate that the protrusions
observed are comparable to the protrusions described for 17" century Dutch paintings.'®

One of the protrusions was isolated manually and measured by FTIR in the transmission
mode using adiamond cell (Fig. 7.4C), asreflection spectra of inhomogeneous materialssuch as
paints suffer from low signal to noiseratios (S/N) and are difficult to interpret quantitatively (cf.
Chapter 3 of this Thesis). Peaks at 1422, 3539, and 683 cm~ indi cate the presence of lead white
in the protrusion. The intense, well resolved peaks for lead carboxylates (1518 cm) and the
sharp CH bands (2920 and 2853 cm™) confirm the results of reflection imaging data (cf. Fig.
7.8).

The results of DTMS on another manually separated protrusion are shown in Fig. 7.9 and
interpreted in Table 7.4. The TIC-curve, shown as insert in this figure, shows a multiple-peak
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Fig. 7.7. DTMS summation spectrum of OL1984.NA. (A) scans 30-45, insert: TIC, and (B) scans 72-85.
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desorption profile. Free fatty acids are observed at low temperatures (scan <50), while the des-
orption of lead soaps at higher temperature (scans 50-60) is indicated by the peaks at m/z 463
(C;H,,COOPb) and 491(C ,H,.COOPD). The TIC profile shows no distinct signal in the region
where normal aged paint shows pyrolysis of the oil network (scans 70-80). Traces of lead are
detected at high temperatures (scans >80).

2927 cm™: CH

Fig. 7.8. Imaging-FTIR imaging of embedded paint cross-section OL1984.122/3. White representation in these
images implies a high absor ption at the wavenumber indicated in the figure.

Scans Components
10-30 Fatty acids: 256 (C;¢), 284 (Cyg), 312 (Cyp), 340 (Cyy)
50-60 Lead carboxylates: 463 (Cyg), 491 (Cy)

> 60 Lead white: 206208 (trace Pb), 44 (CO,),
No oil polymers

Table 7.4. Marker compoundsidentified by DTMSof a protrusion isolated from OL1984.NA. DTMSresults shown
inFig. 7.9.
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Fig. 7.9. DTMS summation spectrum of scans 50-60 of a protrusion in paint OL.NA. Insert: TIC. Interpretation of
thisanalysisis presented in Table 7.4.

=.3.3 Efflorescence

Efflorescence can hardly be analysed in cross-section, as it is present only in a thin layer,
easily damaged by embedding. Therefore, surface analyses were carried out directly on the sur-
face of a small part of OL1984.122. The efflorescence pattern could easily be found in a
backscattered SEM-image (see Fig. 7.10A), asit has alower backscatter intensity than the un-
covered imprimatura. This lower backscatter intensity is caused by a high carbon content (C,
Fig. 7.10B) in the efflorescence. Other elements are more abundantly present in the imprimatura
(Pb, O, Al, Si, Ca, Fe). Theintensity plotsfor O and Al are shownin Figs. 7.10 C and D.

FTIR was applied to characterise the organic functional groupsin the efflorescence. A micro-
scopic ATR crystal was used to acquire transmission infrared spectradirectly from the surface of
the paint without the need for sampling. However, the high carbonate absorption (1400 cm™?) in
the ATR spectra (not shown) indicates that not only material from efflorescence is sampled, but
also from the intact paint. The pressure applied on the ATR crystal for optimal contact with the
sample might very well have displaced the pliable efflorescence layer. Therefore, the efflores-
cence on the surface of OL1982.122 was aso measured using specular reflectance. The result-
ing spectrum, part of whichisshowninFig. 7.11, hasarelatively poor overall quality, but nicely
shows the mere absence of carbonates (1400 cm™t) and carboxylic acids. Instead, the most pro-
nounced features of this spectrum are the large carboxylate absorptions (1541, 1516, 1416
cm?). The CH bend vibrations give rise to two sharp, nicely resolved peaks at 1473 and 1462
cm . The CH stretch vibrations show two sharp peaks (2922 and 2851 cm2, outside the spectral
region presented). These sharp peaks indicate the presence of mainly non-oxidised, saturated
fatty acids. Theseresultswere confirmed by atransmission spectrum of manually isolated efflo-
rescence, shown in Fig. 7.4D. Intense and sharp CH absorptions (2925, 2853, 1474, 1462, and
possibly 720 cmt) and metal carboxylates absorptions (1520 and 1422 cm?t) also dominatethis
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Fig. 7.10. Results of SEM-EDX directly on the paint-surface of OL1984.122 (compare to optical image in Fig.
7.1.). (A) Backscatter SEM image. (B)-(D) EDX maps of carbon, oxygen and aluminium respectively.

0.1

Absorbance

1400 1300
Wavenumber

|
1500
Fig. 7.11. Specular reflectance FTIR spectrum directly on the paint surface of OL1984.122.

spectrum. This spectrum shows that the amounts of free carboxylic acidsand esters (1710-1740
cmt) are small, while the amount of lead white (681, 3535 cm™?) isnegligible. The broad peaks
on the long wavelength side of the spectrum are probably due to interference. The EDX and
FTIR measurements clearly show the abundant presence of lead carboxylates in the efflores-
cence layer. The sharp absorption peaks for the various CH vibrations indicate ahomogeneous,
non-oxidised, and non-polymerised aliphatic fraction.

DTMS analysis of the efflorescence isolated from the ground layer of sample OL1984.122
(seeFig. 7.12 and Table 7.5) indicates that it consists mainly of relatively volatile components.
Fatty acids are desorbed at low temperatures. Lead soaps, as observed at higher temperatures,
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Fig. 7.12. DTMS summation spectrum of efflorescence on surface OL1984.122. (A) Scans 1-25, insert: TIC.
(B) Scans 33-50.

Scans  Components
1-25 Fatty acids: 256 (Cy6), 284 (Cyg), 312 (Cy), 340 (Cyy)

20-30  Diacylglycerols: 550 (Cyq, Cyq), 578 (Cygr Cug), 606 (Cug Cio)
Wax esters: 648, 676, 704

33-50  Lead carboxylates: 463 (Cyq), 491 (Cys), 239 (CysHs,COY),
267 (Cy;HxCO")

> 60 206208 (Ph), 44 (CO,), No network pyrolysis

Table 7.5. Marker compoundsidentified by DTMSof efflorescenceisolated from OL1984.122. DTMSresults shown
inFig7.9.
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arerarely seen in an aged paint system and indicate that appreciable amounts of saturated lead
soaps are present in the efflorescence material. Thereis no indication for pyrolysis products of
oil from network constituents.

SIMSwas applied to directly analyse inorganic and organic materialsdirectly from the upper
surface of the paint layer. Results from OL1984.122 are presented in Fig. 7.13. lons indicative
for palmitic and stearic fatty acids are seen at m/z 255 (C ) and 283 (C,,). Both free and esteri-
fied fatty acids are known to produce these ions in SIMS.'”® Saturated fatty acids are also ob-
served in the positive mode at m/z +257 (C +H) and m/z +285 (C +H). SIMS-studies on refer-
ence materials (results not shown) indicated that theseions derive from free or metal bound fatty
acids rather than from esterified fatty acids, as esters would also give rise to acylium ions
[R-C=QJ*. Mono- and diacylglycerols esters are however observed at m/z 313 (C ), 341 (C ),
369(C,),397(C,),551(C,,C,),579(C, C,), and 607 (C , C,). Lead soaps and their basic
forms are observed at m/z 463 (C -Pb), 491 (C ,-Pb), 685 (C ,-PbOPb) and 713 (C ,-PbOPb),
with atypical lead isotopic distribution. These findings confirm the observation of |ead soaps of
saturated fatty acids, as hypothesised on the basis of EDX, FTIR and DTMS.

The most abundant peaksin the positive mode spectrum are due to inorganic lead oxides and
lead hydroxides (430 (Pb,0), 654 (Pb,0,), 878 (Pb,O,), 225 (PbOH), 447 (Pb,O,H), 671 (Pb,O,H),
etc). These compounds most likely originate from lead white due to thermal processes induced
by the primary ion beam. A similar reduction of lead has been observed when irradiating lead
white with aNd: YaG laser.t™ PbO clusters of unknown identity are observed above mass 1000
with a mass increment of 224 (PbO).

7.4 Discussion

7.4.1 Paint

The investigated canvases have been prepared with a number of ground layers. A rationae
for the complex layer structure of the priming, shown by the backscattered SEM image in Fig.
7.3, has been described before.*®* These layers cannot be dissected accurately using ascalpel, as
their colour isvery similar. Therefore, amixture of these layered has been analysed in caseswere
an isolated sample is needed. GC-M S measurements indicated a preheated linseed oil, in which
88% of the original ester bondsin the oil have been hydrolysed. Both GC-MSand DTM S show
the presence of fatty acids in the paint system (Figs. 7.4 and 7.5). The relative amounts of the
free fatty acids is however low, as they are hardly seen in FTIR measurements. Instead, FTIR
indicatesthat the priming layer contains a considerable amount of carboxylates (Fig. 7.6A). The
amount of metal carboxylates is not homogeneous throughout the paint system. The infrared
spectrum of the imprimatura (Fig. 7.6B) shows a far lower amount of carboxylates than the
priming (Fig. 7.6A). This might be caused by different qualities of the lead white, as well as
differences in the thickness, drying time, and/or paint composition. The extensive lead soap
formation in the ground layer must go along with a dissolution of lead white particles and hence
areduced scattering power of the paint. Thiswill lead to alonger effective path length of light in
the priming layer, especially when deeper, transparent chalk/distemper layers are penetrated.
These provide a good indication for the cause for ground staining, although an extensive com-
parison between stained and unstained parts of apainting isleft for future research. Dwyer stated



Metal carboxylates in the grounds of 19" century preprimed canvases used by F. Church 141

Total Counts (0.37 amu bin)

]

.]nl. .ilTl T | et . il

50 100 150 200

Total Counts (0.37 amu bin)

3

713

Tatal Counts {0.37 amu bin)

Fig. 7.13. SMS spectrum of the surface of sample OL1984.122. (A) Mass range m/z 0-230. (B) Mass range nvz
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that ground staining is the result of transformation of lead white into transparent crystals.' It
could very well be that she actually observed protrusions, far before this name was given to this
phenomenon.

7.4.2 Protrusions and Efflorescence

Several measurements on protrusions and bloom indicate that these phenomena have impor-
tant similar characteristics. Both were found to contain high amounts of saturated |ead carboxy-
lates(DTMYS). The carboxylate absorptionsfound by FTIR (Figs. 7.4 C and D) are narrow peaks,
exactly on theliterature value for saturated lead carboxylates (1515 cm ). They are unlike the
broad shoulder found for the carboxylates in the intact paint (Fig. 7.4A). Also the CH absorp-
tions in bloom and protrusions (narrow, 2925, 2853 cm™) strongly differ from the intact paint
(broad, 2940, 2872 cm™). In fact, the CH absorptions in bloom and protrusions resemble the
sharp absorptions of fresh linseed oil (2928 and 2866 cm™). The infrared spectral changes upon
artificial ageing of drying oil have been detailed by Mallegol.?”2 This work reports a shift in
band position (to ~2950 cmt) and an absorption intensity drop (60%) of the original intensity
upon artificial ageing of an ail film. Rasti and Scott even report a 92%-decrease of absorption
intensity at 2930 cm* (log A /A, = 1.1) for avermilion pigmented paint film.%® Itisunlikely that
theloss of volatile aliphatic material s during ageing sufficesto explain this decrease, but a better
explanation has not yet been given. It isproposed here that extensive oxidation and polymerisation
of the oil system reduces the intensity of CH vibration peaks (cf. Chapter 5 of this Thesis). The
aliphatic absorptions of protrusions and efflorescence are still intense, sharp, and at the original
position, suggesting anon-oxidised organic fraction. Thisisconfirmed by DTMS, which showed
the abundant presence of saturated fatty acids, but no or very little evidence for the presence of
an oil network (Figs. 7.9 and 7.12). It is concluded that efflorescence originates from the exuda-
tion of saturated fatty acidsin the paint. The expanded volume of protrusions (Figs. 7.1 and 7.2)
indicates that they are caused by clustering of these saturated materials. Both mechanisms basi-
cally are phase separations, for which mobility of the involved materialsis necessary. Saturated
fatty acids are indeed mobile, asthey do not take part in the network formation.®® These mobile
materials can form aconsiderable part of the paint system, aslinseed oil normally contains about
10% saturated fatty acids, 85% of which has been hydrolysed from glycerol (GC-MSresultsin
Fig. 7.5). Furthermore, the mobile fraction can al so include other molecules that are not trapped
in the oil network, such aswax esters.

A spontaneous phase separation would violate the second law of thermodynamics and there-
fore an energetic driving force must be present. Teixeira' mentions a phase separation upon
partial polymerisation in a mixture of monomers and other molecules, a system very similar to
the mobile fraction in aged oil paint. The imbalancein aged oil will be increased by differences
in polarity of the mobile and the stationary phase of the paint. The mobile fraction of saturated
fatty acidsis relatively apolar, while the polarity of the oil network increases due to the forma-
tion of oxygen containing moieties, such as carboxylic acids, aldehydes and ketones. A mis-
match in polarity between mobile and stationary phases in paint might very well be the driving
force for a phase separation and hence the direct reason for instabilities like protrusion forma-
tion and efflorescence.

L ead white might act asanucleation or immobilisation site and thereby trigger the process of
protrusion formation. A pilot test carried out indeed shows that lead white can be transformed
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easily into lead stearate upon reaction with stearic acid. An FTIR spectrum of the reaction prod-
uct (Fig. 7.14) shows the complete absence of carbonate absorption, indicating that the lead
whitereacted quantitatively. The spectrum shows absorption peaksfor thelead carboxylate groups
(1541, 1522 cm™) and diphatics (2960, 2828, 2853, 1475, 1462, 735, 720 cm™). The small
featuresat 1475 and 1462 cm* confirm the similarity of the synthesised |ead stearate (Fig. 7.14)
and the compounds present in the efflorescence (Figs. 7.4D and 7.11). The pilot experiment was
carried out in boiling xylene, which isfar above the temperatures to which normal paintings are
normally exposed. However, the described reaction was finished quantitatively within a few
minutes, and it seems likely that similar reactions also will take place at lower temperatures,
albeit at alower rate.

The mechanism for the formation of protrusions and effl orescence described above provides
a sound explanation for a number of observed characteristics. The previous Chapter of this
Thesis describes a common feature of protrusions. the high absorption of the CH stretch vibra-
tion at 2925 cm .28 The high intensity of these absorptions, also observed in Fig. 7.8, is con-
firmed by the transmission measurements in Fig. 7.4 and is due to the aggregation of organic
materials in protrusions. This aggregated material is mostly saturated, and is therefore not af -
fected by the loss of CH absorption intensity associated with oxidation. The high abundance of
saturated fatty acids al so explainsthe remarkabl e observation of lead stearate and |ead palmitate
in the DTMS results (Figs. 7.9 and 7.12). The presence of lead carboxylate materials further
explains the observed insolubility of the efflorescence.
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Fig. 7.14. Infrared analysis of the products of the reaction between stearic acid and lead white (black spectrum).
The grey spectrum shows a normal lead white spectrum as a reference.
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Animportant next question is what the conditions could be that lead to efflorescence and/or
protrusions. A detailed quantitative answer to this question cannot be based on the presented
results, but the proposed mechanism provides some clues on the circumstances that can increase
the sensitivity of paint.

The carboxylate formation is dependent on the availability of metal ions and free fatty acids.
Themetal ions can only be dissolved from apigment particle, if the specific pigment issensitive
for free fatty acids, in away similar to lead white (cf. Fig. 7.14). Pigments are normally abun-
dantly present in paint and therefore the availability of freefatty acidsisthought to determinethe
final reaction rate. The amount of free fatty acidsis dependent on numerous factors. An impor-
tant factor isthe relative amount of oil originally present in the paint. Another factor inherent in
the paint is the absence of sufficient trapping potential for the fatty acidsreleased by hydrolysis
upon ageing. Part of the fatty acids form lead soaps in the lead white containing layers, another
part reaches the surface where it forms efflorescent material. Esterified fatty esters begin to play
arolein phase separation and metal carboxylate formation after their hydrolysis from glycerol.
Certain pigments, e.g. lead white, can accel erate hydrolysis. Furthermore, hydrolysisisenhanced
by temperature and humidity, which partly explains the frequent observation of these instabili-
tiesin paintingsthat are stored in the humid and warm climate of the New York region. The high
local temperature might also lead to ahigh mobility of the fatty acidsthrough the paint layer and
thereby reduce the time needed for phase separation. We propose that the manufacturers of the
preprimed canvas were applying a medium rich ground with alow buffering capacity.

Summarising, the formation of bloom and protrusions in the present cases is mainly caused
by the high amounts of freefatty acidsreleased in the paint. The high levelsof fatty acidsare due
to the high amount of binding medium in the paint, and probably increased by the presence of
metals, and the humid and warm climate in which the paint has resided. The capacity of the
paints to trap these high amounts of fatty acids in the normal way, as well as the evaporation
from the surface of the painting is clearly insufficient. The accumulation of fatty acids in the
paint layer enables the extensive lead carboxylate formation due to reaction with lead white
particles, similar to the pilot experiment presented in Fig. 7.14. This trapping immobilises the
fatty acids. Protrusions are formed on places where the rate of carboxylate formation is high.
The reason for these non-homogeneous reactions can be explained by phase separation of the
mobile fatty acids. Autocatalysis of the reaction between lead white and fatty acids might be
another hypothesis, but no indications were found for such a process. Efflorescence can be ex-
plained by the carboxylate formation of fatty acids, after accumulation of these surface-active
compounds on the surface of the painting.
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~.5 Conclusions

This study focusses on the investigation of different deterioration effects found in 19" cen-
tury American paintings, i.e. efflorescence, protrusions and ground staining. It is shown that
efflorescence and protrusions are caused by an instability in the ground layer. This instability
causes a phase separation between saturated fatty acids and the oil network. The isolated fatty
acids mostly react to lead carboxylates. The correlated degradation of the lead might cause the
ground staining effects. The presented study confirms the similarity of the protrusions found in
the 19" century canvas to those observed beforein several 17" century paintings. The proposed
mechanism for the formation of these protrusions is therefore considered to be valid also in
these cases. The dissolution of lead white might provide an explanation for the increased trans-
parency of the ground layer and hence to the defect called ground staining. A closer investiga-
tion of this effect is however left for further research.
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ZINC SOAP AGGREGATE FORMATION IN
‘FALLING LEAVES (LES ALYSCAMPS)’
BY VINCENT VAN GOGH

Surface defects have been found recently in Falling Leaves (Les Alyscamps), painted by
Vincent van Gogh in the autumn of 1888. These defects have been analysed to comprehend their
nature and origin. Embedded cross-section and isolated samples of this painting have been
investigated by microscopy, infrared spectroscopy, and FTIR-imaging, SEM-EDX, DTMS. The
analyses show that the material found in the defects consist of aggregated masses of zinc car-
boxylates, which sometimes contain zinc white (ZnO). The carboxylic acid part of the zinc car-
boxylates consist of saturated fatty acids. The paint in which these defects are found contains
lead chromate, barium sulphate (baryte), calcium sulphate (gypsum) in an oil binding medium.
Traces of zinc were found throughout the paint layer. The mobility of metal soaps in this paint
layer was demonstrated by an FTIR study of the paint after squeezing in a diamond anvil cell.
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8.1 Introduction

Routineinvestigation of Falling Leaves (Les Alyscamps), painted by Vincent van Goghinthe
autumn of 1888 (Fig. 8.1, Krdller Muller Museum, Otterlo, the Netherlands, inv. no. 224, F436),
revealed the presence of small defects in the extended orange regions of this painting. These
thousands of surface defects ook like small whitish or transparent spotsin the paint surface. In
some cases, awhitish massisliterally pressed out of a crack in the paint surface (see Fig. 8.2).
These extrusions occurred only after thelatest varnish application, becausethevarnishiscracked
open by the extruding matter, which is deposited on the varnish surface.

The phenomenon of material protruding from a paint surface has recently been investigated
inseveral 17" century Dutch paintings.*8152 | n these pai ntings, accumul ated masses of awhitish
material protrude through the surface of paint layers and thereby manifest themselves on the
surface of the painting. These so-called ‘protrusions’ clearly differ from the original paint, as
they are devoid of pigment particles and have atransparent appearance. Furthermore, they show
clear fluorescence upon illumination with ultraviolet radiation. Chemical analysis showed that
these transparent masses mainly consist of lead carboxylates, i.e. moleculesthat contain anionic
bond between lead ions and carboxylic acids. It has been concluded that the metal ionsoriginate
from the lead white pigments, which dissolve in the paint layer. Carboxylic acids are formed in
paint by oxidation of unsaturated fatty acids'® or hydrolysis of esterified fatty acids. Fatty acids
are not immediately available in fresh paint and the time needed for hydrolysis can be severa
decades.’® The research described in the previous Chapter of this Thesis indicates that hydroly-
sed saturated fatty acids (palmitic and stearic acid) are the most important carboxylic acidsin
protrusionsfound in a19™" century painting. The presence of similar defectsin other 19" century
paintings has also been found by other investigators.11%

The similarities of the 171" and 19" century protrusions to the defects found in the orange
paint of Falling Leaves (Les Alyscamps) suggests that they are caused by a similar mechanism,
and maybe by the same compounds, i.e. metal carboxylates. The present work aimsat averifica-
tion or rejection of thishypothesis by adetailed analysis of the paint and especially the materials
found in the defects.

8.2 Experimental

Samples

The paint samples examined in this paper are taken from Falling Leaves (Les Alyscamps),
painted in 1888 by Vincent van Gogh (Museum Kroller Mller, Otterlo, the Netherlands, Inv.
no. KM224). A summary of the analysed samplesis presented in Table 8.1. Their sample posi-
tionsareindicated in Fig. 8.1. Sample 224/2aisembedded in Technovit 2000L C (Heraeus Kul zer,
Wehrheim, Germany) and polished with Micromesh® (Scientific Instrument ServicesInc.) pol-
ishing cloths. Thin samples necessary for transmission FTIR and transmission optical micros-
copy were obtained by squeezing asamplein aGraseby Specac p/n 2550 diamond cell (Graseby
Specac, Orpington, Kent, UK).
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Fig. 8.1. Falling Leaves (Les Alyscamps) by Vincent van Gogh, 1888 (Museum Kroller-Muller, Otterlo, the
Netherlands, Inv. Km224, F486)
(coloured version at the end of this Thesis)

Fig. 8.2. Macro-photograph of a detail in the orange paint surface of Falling Leaves (Les Alyscamps).
(coloured version at the end of this Thesis)
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Microscopy

A Leica DMRX analytical microscope (Leica Inc., Wetzlar, Germany) was used for visual
light microscopy. An XL30 SFEG SEM (FEI company, Eindhoven, the Netherlands) equipped
withan EDAX EDX system was used for the SEM-EDX analysis. The accelerator voltage of the
system was 22 kV. The sample was carbon coated to ensure good conducting properties of the
surface.

FTIR

FTIR spectrawere acquired by aBio-Rad FTS-6000 spectrometer (Nowadays Digilab, Cam-
bridge, MA, USA), equipped with aBio-Rad UMA 500 infrared microscope and an MCT detec-
tor. Single point spectrawererecorded at aspectral resolution of 4 cmit, amirror speed of 5kHz,
and an UDR (undersamling ratio) of 2. 100 spectrawere accumul ated to optimise the Signal-to-
Noiseratio (S/N).

FTIR-imaging

FTIR-imaging datawere acquired using the Bio-Rad Stingray, combining the FT'S 6000 spec-
trometer and infrared microscope mentioned above with a64 x 64 MCT camera.®"™ Analysis of
the embedded cross-section was carried out in reflection mode. Reflection spectrawererecorded
with a 16 cmi* spectral resolution, a step-scan frequency of 1 Hz, and an UDR of 4. The spectra
were transformed to absorbance-like spectra by the Kramers-Kronig transformation, which is
part of the Bio-Rad Win-IR Pro software. Transmission spectra were recorded using the same
apparatus at a spectral resolution of 8 cm. The different spectrain the data-sets were clustered
using the projection-method described in Chapter 2 of this Thesis. Thisalgorithm calculatesthe
similarity between asingle spectrum selected from the normalised data-set and the other spectra
in the data-set by means of a dot product. Spectra with a high similarity are clustered and the
location of three clustersis visualised using RGB-plots. The (not-normalised) spectrawithin a
single cluster are subsequently averaged to increase the signal to noiseratio. All projection and
visualisation algorithmswere devel oped inMatlab 5.2 (The Mathworks, Inc., Natick, MA, USA).

DTMS

Samples of typicaly 20 to 60 ug were homogenised in ethanol using a mini-glass mortar.
Aliquots of the obtained suspension or extracted materials were applied onto the analytical fila-
ment and dried in vacuo. DTMS analyses were performed on a Jeol SX-102 double focussing
mass spectrometer (B/E) using a direct insertion probe equipped with a P/Rh (9/1) filament
(100 micron diameter). The probe filament was temperature programmed at arate of 0.5 A/min
to an end temperature of about 800 °C. Compoundswereionised at 16 €V under electronionisation
conditions in an ionisation chamber kept at 180 °C. Masses in the range m/z 20-1000 were
analysed with acycletime of 1 second. Theresultswere processed using aJEOL MP-7000 data
system.
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Sample Position Pretreatment M easurement
KM224/2a Cross-section Embedded  SEM-EDX
Imeging-FTIR
KM224/4 Paint/protrusion Diamond cell FTIR, Imaging-FTIR
KM224/5 Paint Diamond cell  FTIR, Imaging-FTIR
DTMS
KM224/6 Varnish Diamond cell FTIR
DTMS

KM224/prot  Protruded material  Diamond cell  FTIR

KM224/relining Relining material Diamond cell  FTIR
DTMS

Table 8.1. Overview of the dissected samples analysed in the presented study.

Fig. 8.3. Microscopic images of cross-section KM224/2a, taken from KM224. (A) Visual light microscopy. The
numbersin thisimageindicate the positions where single point EDX spectra have been recorded. (B) Fluorescence
microscopy of this cross-section. (see also the coloured version at the end of this Thesis)
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8.3 Results and discussion

8.3.1 Microscopy

The transparent masses were observed in the extensive orange paint areas in the painting by
optical microscopy (Fig. 8.2). Thisorange paint contains many of these defects, especially inthe
thicker parts of the paint layer. In some cases, the transparent material compl etely stands upright
through a crack in the paint layer. More regularly, the transparent material is seen in a dight
elevation in the paint. Sample 2awas taken to include one of these defects and includes some of
this whitish material. Optical microscopy of cross-section KM224/2a (Fig. 8.3a) shows athick
(~150 um) bright orange paint layer on top of a transparent dark ground layer (~30 um). Two
large transparent globules and several smaller dark orange particles are visible in the paint. The
globules can be seen clearly upon UV-illumination of the sample (Fig. 8.3b), asthey are highly
fluorescent, contrary to the surrounding paint. The orange paint layer is thicker near the posi-
tions of the globules, suggesting that the surface of the paint has been pushed upwards dueto the
volume increase of these globules. The globules are not covered by paint, which explains their
visibility on the surface of the painting. The fluorescence image shows alight orange structure
along the edges of the aggregate, which indicates a sparse presence of pigment particlesin this
region. Theinverse effect, abrighter areain the paint near the aggregates and the ground layer, is
also observed. This effect is due to the penetration of fluorescence light into the paint layer.

Cross-section KM 224/2awasinvestigated by SEM-EDX to obtain ahigher spatial resolution
and alow elemental analysis. A scanning electron image (backscattered electrons) is displayed
inFig. 8.4A. Theorange paintisvisibleasabright layer, indicating the presence of heavy atoms.
The ground layer, varnish layer and the transparent globules are visible as darker regions. A
detailed structureis present in the bigger globule on theright. The elemental composition of this
cross-section wasinvestigated by single point EDX and EDX mapping. Thedifferent EDX plots
are shown in Figs. 8.4B-1. The element maps and the backscattered image are obtained in a
single measurement, so the images comprise exactly the same area. The bright orange layer
contains high amounts of lead (Pb) and chromium (Cr) with a very similar distribution (Fig.
8.4B-C), which indicates that this orange paint layer contains alead chromate pigment. Barium
(Ba) is found in discrete particles in the paint layer (Fig. 8.4D), suggesting the presence of
barium sulphate (baryte, BaSO,). Unfortunately, this map cannot be correlated to the map of
sulphur (Fig. 8.4E), as the intense X-ray emission of Pb is very close to the S emission lines.
This causesahigh background signal throughout the paint layer and completely masksthe baryte
particles. The barite identity of these particles was confirmed by single point EDX measure-
ments. The particlesdiscerniblein the sulphur plot (Fig. 8.4E) do correspond perfectly to the Ca
particlesinthe paint layer (Fig. 8.4F), suggesting that small quantities of calcium sul phate (gyp-
sum, CaSO,) are present in the paint. Calcium (but not sul phur) isalso found in the ground layer,
most likely due to the presence of calcium carbonate.

The transparent globules contain carbon (C), zinc (Zn), and oxygen (O). The presence of C
suggests that the transparent masses contain a relatively high percentage of organic material.
Thisimagefurther indicatesthe presence of athird, smaller globule near the ground layer (arrow
inFig. 8.4l). Znispresent in al three globules, but has the highest abundance in the bigger one
ontheright. A closer examination of thisbig transparent part showsthe presence of two separate
fractions. The centre part of the protrusion shows the combined presence of Zn and O. This part
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A) SEM Backscatter

Fig. 8.4. SEM-EDX of paint cross-
section KM224/2a.

(A) Backscatter SEM image;

(B)-(1) EDX-mapsfor different elements,
asindicated in the figures.
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isalso visible in the backscatter SEM image (Fig. 8.4A) as ahighly structured region. The left
and right sides of this globule contain less Zn and O, but a clearly higher abundance of C (Fig.
8.41). Thisglobule clearly contains two different fractions: amainly organic part and a part that
contains moreinorganic materials. Themost likely inorganic materia present iszinc oxide (ZnO).
The EDX-plotin Fig. 8.4G further showsthat Znis present throughout the paint layer, albeititin
alower abundance compared to the transparent globules. The presence of Zn in these areaswas
confirmed by a single point EDX measurement.

8.3.2 Imaging-FTIR

The elemental analysisindicated the abundant presence of organic materialsin the protrusion
areas. The same embedded cross-section was investigated by FTIR-imaging to yield a more
specific chemical description. The obtained imaging data-set was processed by a clustering al-
gorithm to enable afast and easy distinction between different areas in the sample. This algo-
rithm quantifies the similarity of all spectrain the imaging data-set to a single, user-selected
spectrum. The quantified similarity can be presented asascore-plot. Fig. 8.5A presentsthe score
plots for three different regions: paint (presented in red), ground (green), and embedding me-
dium (blue). The obtained information on the location can easily be used to combine the corre-
sponding spectrain order to obtain a single spectrum with ahigh S/N (signal to noise ratio) that
isrepresentativefor the complete cluster. An averaged spectrum of the embedding medium area,
outlined in bluein Fig. 8.5A is presented asthe lower spectrum in Fig. 8.5C. While not directly
important in the analysis of the paint, this spectrum iskept as areference to recognise a potential
smearing layer of embedding medium on top of the sample. The green colour in Fig. 8.5A
represents the ground layer. The absorbance maximum of the carbonate peak in the correspond-
ing spectrum (Fig. 8.5C, 1419 cm™) exceeds 5 and istruncated to ascertain the readability of the
other spectrain Fig. 8.5C. The presence of carbonate confirms the presence of calcium carbon-
ate, as was already indicated by the SEM-EDX results (see Fig. 8.4F). The spectrum shows a
small absorption at 1658 cn?, which can be assigned to a proteinaceous binder, most likely
animal glue. Unfortunately, the amide-11 absorption, which would confirm this assignment, is
masked by the carbonate absorption. The carbonyl absorption (1743 cmit) is not expected in a
gluelayer. It can be assigned to dislocated glycerol estersfrom the paint or wax estersintroduced
during therelining of the painting. Contamination by embedding medium seemsunlikely inthis
case, as the embedding medium was found to absorb at 1728 cm? rather than at 1740 cm 2.
Furthermore, the other embedding medium peaks (1072, 1149, 1234 cm™) are absent.

The orange paint is represented in red in Figs. 8.5A and B. Most of the absorptions in this
spectrum are due to organic moieties, as the inorganic lead chromate pigment has no active
infrared absorptionsin the analysed spectral region. Furthermore, this pigment needsarelatively
large amount of oil (20-25%) to form a workable paint.*”® The CH vibrations (2931, 2862 and
1458 cm) indicate the presence of aliphatic materials, while the absorption at 1740 cm? is
again assigned to glycerol or possibly wax esters. The intense absorption at 1543 cm™ and the
shoulder at 1400 cm* are characteristic for metal carboxylates. The exact position of the asym-
metric carboxylate peak at 1540 cm? indicates a zinc carboxylate,**® but the presence of other
carboxylates cannot be excluded. The absorption at 1064 cm* isdueto BaSO,, whichis present
throughout the paint layer with adispersion finer than spatial resolution of FTIR-imaging. Some
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larger lumps of baryte particles can be resolved, and these are represented in green in Fig. 8.5B.
The corresponding spectrum (*sulphate’ in Fig. 8.5C) shows an intense (truncated) sulphate
absorption (1072 cmt). The presence of both finely distributed and coarser baryte particlesis
confirmed the EDX map in Fig. 8.4D.

The blue-coloured partsin Fig. 8.5B show that the reflectance infrared spectra of the trans-
parent globules are clearly distinguished from the spectra of the normal paint by the applied
clustering method. The most notable difference is the complete absence of sulphate absorptions
(1064 cm™) in the spectrum of the protrusion. Furthermore, the asymmetric metal carboxylate
absorption (1404 cm™?) isadistinct peak, instead of a shoulder. Finally, the CH stretch absorp-
tions appear to be intenser and dlightly shifted to lower energy (2924 and 2851 cm instead of
2931 and 2857 cmt). These shifts and peak broadening are assigned to oxidation in the paint
layer, which obviously did not take place in the transparent globule (cf. Chapter 5 of thisThesis).

8.3.3 Manually isolated samples

The possibility to study embedded paint cross-section by FTIR-imaging provides apowerful
and versatile method to investigate paint at a relatively high spatia resolution. The spectral
quality of the results is however compromised as a result of the reflection mode of data collec-
tion, as shown in Chapter 3 of this Thesis. Therefore, several samples were manually isolated
and investigated by transmission FTIR and DTM Sto complement the results obtained by reflec-
tion FTIR-imaging. The sampling positions of the different samples are indicated in Fig. 8.1.

The infrared spectra of materials separated manually from Falling Leaves (Les Alyscamps)
are shown in Fig. 8.6. The upper spectrum in thisfigure isisolated material from a transparent
globule. The spectrum (A) shows aliphatic CH vibrations at 2924, 2851 and 1468 cm. The
obtained spectrum is similar to the spectrum obtained by reflection FTIR (Fig. 8.5C). In the
transmission measurement, a number of narrow peaks can be resolved for both the asymmetric
(1593, 1551, and 1532 cm™?) and the symmetric (1410 and 1400 cmt) metal carboxylate vibra-
tions, due to the higher spectral resolution of the measurement. The transmission spectrum of
isolated paint (KM224/5) shows large absorptions for PbCrO, (856 cm™) and BaSO, (1102
cmY), ester (1739 cmt) and hydroxyl (~3400) groups, all of which are smaller or completely
absent in the isolated globule (top spectrum). The aliphatic absorptionsin the paint are slightly
shifted to 2931 and 2857 cm™, while a clear fingerprint of metal carboxylates (1551, 1413
cm?) isfound.

An additional chemical analysis of sample KM224/5 was obtained by DTMS. The results of
DTMS measurements are summarised in Table 8.2. The ratio of palmitic and stearic acid in
KM224/5 indicates the use of walnut oil. However, the use of the more expensive walnut oil for
ayellow areawould be surprising. It istherefore assumed that the P/Sratio of the oil isdueto a
mixture of cheaper oils or is affected by use of additives, a common practice during the 19"
century. Bees wax, also found in the paint layer, might be one of these additives. However, its
presence in the paint layer can also be explained by impregnation of the bees wax introduced
during the relining of this painting. The ionsindicative for lead and sulphur are due to the lead
chromate pigment and the barium sulphate filler. The presence of carbon dioxide ions can be
explained by the decarboxylation of metal carboxylates. The presence of potassium in the paint
isconfirmed by EDX, but its source is unknown.
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Left-hand image: Fig. 8.5. Imaging FTIR of KM224/2a. The spectra in the FTIR data-set were clustered by the
projection algorithmon the basis of their high similarity (See Chapter 2 of this Thesis). Thelocations of the clusters
are highlighted in the score-plots. (A) Score plots of three different clusters showing the paint layer (red), the
ground layer (green) and the embedding medium (blue). (B) Score plots of three different clusters showing the paint
layer (red), sulphate-rich partsin the paint layer (green) and the aggregrate (blue). (C) Mean spectra of each of the
clusters shown in A and B. (see also the coloured version at the end of this Thesis)
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Fig. 8.6. Transmission FTIR spectra of manually separated samples from KM224, prepared in a diamond anvil
cell, show spectra of isolated material from (A) an aggregate, (B) the paint layer, (C) therelining material, and (D)
the varnish.
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The relining materia is identified as a mixture of bees wax and diterpenoid resin. Wax is
indicated by narrow aliphatic peaks at 2932, 2857, 1476, 1463, and 721 cm in the FTIR spec-
trum (Fig. 8.6) and by the observation of peaksat m/z 592 620, 648, 676, 704, and 732inDTMS
(Table 8.2). The presence of the aged diterpenoid resin is indicated by infrared absorptions at
1693, 1613, 1263, and 1175 cm* and by mass peaks at m/z 257, 285, 302, 315.

The varnish layer (KM224/6) is sampled on a position where the uneven varnish layer is
relatively thick and allows physical separation. The lower spectrumin Fig. 8.6 isrecorded from
thissample. Metal carboxylates, which are present throughout the paint, are not observed in this
spectrum, indicating that the sample was well separated from the paint layer. This spectrum
indicates the presence of aresin (1250, 1130, and 1047 cm™?) and shows extensive oxidation
(OH at ~3300, C-0O at 1100-1300 cm™). Analysis by DTMS indeed showed the presence of
triterpenoids.

Sample KM 224/4 was squeezed in the diamond anvil cell to allow transmission FTIR. Figs.
8.7AB show visual light and fluorescence microscopic images of the sample after squeezing.
The sample clearly shows three different regions, numbered 1-3 in Fig. 8.7A. These regions
were measured individually using adiaphragm in one of theimage planes of the infrared micro-
scope. Thelocation of the diaphragm in the different measurementsisindicated by the coloured
squaresin Fig 8.7A.

Region 1 representsthe varnish layer, asit is completely transparent and contains no scatter-
ing particles. Manual sampling of the thin varnish layer is difficult, but thislayer can very well
be analysed after squeezing of alarger sample. The spectrum of region 1 (Fig. 8.7C) suggeststhe
presence drying oil, as indicated by the characteristic glycerol-ester triplet at 1170, 1244 and
1110 cm™. The oil containing varnish on this position is remarkably different from the isolated
triterpenoid varnish (lower spectrum of Fig. 8.6) and suggests that different kinds of unpig-
mented layers are present. These different unpigmented layers might have been applied during
successive varnish applications. However, the oil part can aso be explained by the presence of a
nourishing or oiling-out layer. A more accurate observation of the fluorescenceimage of sample
KM224/2a (Fig. 8.3B) seemsto confirm the presence of two different layers on top of the paint
layer, asthefluorescing resin layer seemsto be separated from the paint layer by anintermediate
layer. However, more samples would be needed for a definite interpretation of these results.

Region 2 represents the paint layer, as it has a dark colour in transmitted light (Fig. 8.7A),
which indicates scattering and absorption by pigment particles. Theinfrared spectrum obtained
for this region is similar to the paint spectrum (KM224/5) displayed in Fig. 8.6, and shows a
clear chromate absorption at 854 cmi. The spectrum of region 3 is similar to this spectrum,
except for the absence of inorganic material's (sulphates and chromates) and a broadening of the
absorptions around 1500 cm. It can therefore not be assigned to materials from one of the
transparent globules, in which these absorptions are clearly narrower (Fig. 8.6A). Furthermore,
the spectrum is very different from the spectra of the varnish layers shown in Figs. 8.6D and
8.7C (part 1), and the spectrum of the ground layer shown in Fig. 8.5. The most likely explana-
tion for thislayer istherefore that it has been squeezed out of the paint layer by the pressure that
has been applied in the diamond cell. This extruded area 3 was further investigated by FTIR-
imaging.

Imaging-FTIR of this sample (KM224/4) indicated that this area (nr. 3) is not homogeneous.
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Sample Observed masses (interpretation)

KM224/5 256 (palimitic), 284 (stearic), 592, 620, 648, 676, 704, 732 (bees wax),
206-208 (Pb), 64 (S,/SO,), 44 (CO,), 39 (K)

KM224/6 123, 191, 248 (triterpencids)

KM224/relining 257, 285, 302, 315 (diterpenoids), 592, 620, 648, 676, 704, 732 (bees wax)

Tabel 8.2. Interpretation of the results of DTMS on different samples taken from Falling L eaves (L es Alyscamps).
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Fig. 8.7. Microscopy and transmission FTIR spectra of a manually separated, inhomogeneous sample KM224/4).
(A) Visual light microscopicimage of the sample after squeezing inthe diamond cell. (B) Fluorescenceimage of the
same sample. (C) Infrared Spectra of the regions 1-3 indicated in A. (see at the end for a coloured version)
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Fig. 8.8. Imaging-FTIR of KM224/4 (same sample asFig. 8.7). The spectra in the FTIR data-set were clustered by
the projection algorithm on the basis of their high similarity (see Chapter 2 of this Thesis). The locations of the
clusters are highlighted in the score-plots. (A) Score plots of three different clusters showing the areas 1, 2, and 3
(seeFig. 8.7a) asred, green and blue respectively. (B) Score plot of the clusters showing the upper and lower part
of area 3 (See Fig. 8.7a). (C) Averaged spectra of the clusters shown in Figs. 8.8A and B.

(see also the coloured version at the end of this Thesis)
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Data processing was performed as described before. The obtained clusters (Fig. 8.8A) correlate
well to the visual image shown in Fig. 8.7A and the corresponding spectra (Fig. 8.8C) are com-
parabl e to the spectra obtained for the single point measurements (Fig. 8.7C). Unfortunately, the
lead chromate pigment absorption (854 cm™) is invisible for the imaging system due to the
restricted spectral sensitivity of theinfrared camera. Fig. 8.8A shows that the top part of region
3 (blueinFig. 8.8A) did not take part in the clustering. The deviation of the spectrumin thistop
part wasfirst found using multivariate techniques (results not shown), but can aso be visualised
by the projection method, as shown in Fig. 8.8B. The corresponding spectra (Fig. 8.8C) show a
rather large shift in the energy of the CH stretch vibration. These are positioned at 2943 and
2870 cmtinthetop part, compared to 2931 and 2858 cm™ for the bottom part. Furthermore, the
asymmetric carboxylate has become a featurel ess plateau between 1550 and 1600 cm, while
the symmetric carboxylate absorption (~1400 cnm?) is not resolved from the CH bending ab-
sorption (1462 cm™?). Similar effects have been assigned to oxidation and polymerisation of the
oil binding medium (see Chapter 5 of this Thesis). The material extruded by the paint is thus
partly oxidised. The different fractions seem to have separated due to the pressure applied in the
diamond cell. The clear and easy separation of the paint materials suggests that a rather high
fraction of the paint is flexible or even mobile. This observation is important to explain the
mechanism of aggregation that |eads to the formation of the various transparent globules. Phase
separation, the mechanism proposed as the driving force for the formation of protrusionsin the
previous Chapter of this Thesis, implies the existence of a mobile fraction. The squeezing ex-
periment clearly shows that such aflexible and mobile metal carboxylate fraction is present in
the paint of Falling Leaves (Les Alyscamps).

8.5 Conclusions

The transparent material found in the surface defects of Falling Leaves (Les Alyscamps)
mainly consists of zinc carboxylates. The infrared spectra of the carboxylates contain very dis-
tinct and narrow peaks for the CH vibrations. The fatty acids involved are clearly not or hardly
affected by the oxidation, which is broadening the absorption peaks in the spectra of paint (Fig.
8.6, cf. Chapter 5). The involved carboxylic acids are therefore most likely saturated, non-
polymerised fatty acids. This is very similar to the description of protrusions in 17" and 19"
century lead white paints, as described in the previous Chapters in this Thesis. It is therefore
concluded that both are formed by a similar mechanism: the aggregation through phase separa-
tion of mobile, apolar, saturated fatty acids. In this case however, these fatty acids are not con-
nected to lead, but to zinc ions. The Zn compound found in one of the aggregates consists of
ZnO based on the combined presence of Zn and O found in the EDX maps (Figs. 8.4GH), and
the absence of characteristic infrared absorptions of sulphates or carbonates inside the aggre-
gates. The combined use of lead chromate and zinc white pigments by Van Gogh isnot unlikely,
and it has been reported before.r”” Neverthel ess, zinc white is not necessarily the original source
of zinc, as it might very well be derived from other zinc containing compounds in the paint.
Possible other sources are the chromate pigment, which can contain small quantities of zinc
chromate in addition to lead chromates. Furthermore, white vitriol (zinc sulphate) might have
been used as adrier.? Lithopone, amixture of barium sulphate and zinc sulphide, islesslikely as
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azinc source, as the distributions of Zn and Ba do not show any correlation.

The Zn carboxylates are not only present in the aggregates, but appear to be abundantly
present throughout the paint layer. In fact, the differences between the infrared spectra of the
aggregate and normal paint are small (Figs. 8.6AB). The main differences are the presence of
inorganic materials (baryte, 1102 cm, lead chromate 856 cm™), and a higher amount of intact
glycerol esters (1739 cm?) in the paint. Furthermore, a higher level of oxidation in the paint is
indicated by the absorption at 3100-3500 cm and a broadening of the carboxylate peaks at
1551 and 1413 cm™™.

Despite these small differences, it is clear that carboxylates form a mgjor constituent of the
intact paint. The present Zn content of the lead chromate paint seemsto be very low (Fig. 8.4G).
It isremarkable that the Zn concentration in one of the observed aggregatesis higher than in the
intact paint. The large unevenness in Zn concentration suggests a certain mobility of zinc com-
pounds. The potential mobility material in the paint was clearly shown by the squeezing experi-
ment in the diamond anvil cell. A solid paint would be expected to result in a crumbled, but
reasonably homogeneous layer. Instead, clearly separated areas were found, which shows that
part of the metal soap fraction was squeezed out, indicating its mobility. The high amount of
mobile materials observed in this study can be explained by a relatively high amount of oil
needed to make a workable paint from chromate pigment (> 20-25% *7°).

Direct indications for the mobility of metal carboxylates have not been found in the previous
Chapters, in which |ead carboxylates have been investigated. It isindeed very well possible that
the metal ions might have a profound effect on the properties of the metal carboxylates. In fact,
similar effects have been observed in partly neutralised ionomers. These properties also explain
the differences in the visual appearance between the Zn and Pb aggregate material. The higher
mobility might very go along with ahigher pliability of the Zn carboxylates and thereby explain
the squeezing out of the aggregated material.

The mobility of the paint materials can be further increased during varnish application. The
effect of the triterpenoid varnishes themselves is considered small, but the fluids used to apply
the resin might very well accelerate the phase separation by an increase in the mobility of the
materials. The varnish application of Falling Leaves (Les Alyscamps) might thus have acted asa
trigger in the growth of the aggregates.

The aggregates have a profound impact on the visual appearance of the painting due the
extensive expansion. A small calculation indicates that complete transformation of ZnO (M =
81.4, d = 5.6) to zinc palmitate (M = 575.4, d = 1.10) leads to a volume increase of factor 36.
Thislarge volumeincrease explains the extensive damage that zinc soap formation can have on
a painting. Unfortunately, the clustering of saturated fatty acids and soap formation cannot be
reversed. However, it might be possible to reduce the velocity of the formation of these aggre-
gates by lowering the temperature and minimising the exposure to moisture and solvents.
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Summary

Artists have used paint to express themselves for thousands of years. Paintings form an im-
portant part of our cultural heritage, but many questions regarding their chemical composition,
ageing and correct conservation remain to be answered. The analysis of paintings presents a
number of challenges because of the high complexity of these multi-layered, inhomogeneous,
and impure systems. Many of the current analytical techniques require the dissection of a physi-
cal sample and thereforerestrict the accuracy with which the original position of asample can be
determined. The distinction of different sections within a sample can be greatly improved by a
spatially resolved analysis of paint cross-sections using imaging techniques. This Thesisfocuses
on the development and application of spectroscopic imaging techniques for paint research.
Chapter 1 provides a short introduction into the composition of apainting, followed by an over-
view of the most important non-destructive and destructive analytical techniques. The remain-
der of this Thesis can be divided into three sections: development and evaluation of different
imaging techniques and sample preparation methods (Chapters 2, 3, 4), the characterisation of
several naturally aged paintsfrom test panels (Chapter 5), and the investigation of samplesfrom
various paintings by the application of several imaging and other techniques (Chapter 6,7,8).

A VIS-imaging (visua light microspectroscopic imaging) system has been built, tested and
applied to severa paint cross-sections (Chapter 2). The presented technique provides the possi-
bility to acquire visual light spectra with a maximum spatial resolution of about 1 um. Visual
light spectra of different traditional and modern pigments that can hardly be discriminated by
normal microscopy show distinctly different features. Thisimaging technique has proven to be
effective for distinguishing the visual light spectraof several 17" century blue pigments. It was
possibleto recognisethe spectral characteristics of smalt, evenin partly or completely discoloured
particles. Analysisof paint cross-sectionsby VIS-imaging iseasy and does normally not require
sample preparation.

Analysisof cross-sectionsby FTIR and FTIR-imaging providesahigher chemical specificity,
but the experimental procedurefor sample preparation isnot straightforward. Several commonly
used and newly devel oped sample preparation techniques are evaluated in Chapter 3. Transmis-
sion spectra of physically dissected samples yield high-quality infrared spectra, but limit the
spatial resolution to about 50 um. Smaller details can be analysed individually when the applied
sample preparation method |eaves the layer structure intact, for example when asampleis em-
bedded in a synthetic resin. Specular reflectance measurements of these paint cross-sections
compromise the chemical specificity, asthe obtained spectral quality israther poor. Other tech-
niques to allow the acquisition of higher quality spectrafrom embedded cross-sections (diffuse
reflection, microscopic ATR, microtomy, Raman spectroscopy) however were not successful. A
new sample preparation technique for making thin sections by polishing of paint cross-sections
embedded in KBr provides the best combination of high spatial resolution and high spectral
quality.

Chapter 4 describes a study of a paint cross-section of Rembrandts Portrait of a standing
man (Staatlichen Gemalde Galerie Kassel, GK 239). FTIR imaging of this cross-section identi-
fied and localised different compounds such as lead white, calcium carbonates, and metal car-
boxylates in the layers of this sample. These findings could be correlated well to SEM-EDX
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analyses and art historical evidence. The most interesting feature of this specimen was a discol-
oration that was observed in large parts of the described painting. The hypothesis on the nature
of thisdiscoloured paint layer isthe increased porosity of the upper paint layer dueto theloss of
binding medium was proposed to explain this effect.

Chapter 5 provides an overview of the ageing processes involved in the drying of oil and
naturally aged oil paint. Theinitial reactionsin adrying oil were monitored by FTIR spectros-
copy. A large number of naturally aged paints were analysed to evaluate the long-term influence
of pigments on the ageing of oil. The most significant effects of pigmentation are the accelera-
tion of hydrolysis of ester bonds (most pronounced for paint made with minium or zinc white),
changes in the effects of oxidation (in paint with ochre or ultramarine) and the formation of
metal carboxylates (in paints with lead white, zinc white, Naples yellow, or minium).

Thefinal part of this Thesis focuses on the observation and further analysis of a paint defect
found in several 17" and 19" century paintings by the Dutch painters Van Rijn, Seghers and
Bosschaert, Cuyp, Vermeer, Hals (Chapter 6) and Van Gogh (Chapter 8) and the American painter
Church (Chapter 7). These defectsarevisible as ~100 um diameter homogeneous aggregates of
a transparent material. 1solated samples and cross-sections taken through these defects in the
five 17" century Dutch paintings were investigated by FTIR, FTIR-imaging, SEM-EDX, VIS
imaging, and SIMS. These studies indicated the presence of metal carboxylates in the aggre-
gated material. Different remineralised compoundswere found in thismetal carboxylate matrix,
e.g. minium, basic lead carbonate, and basic lead chloride (fiedlerite). Very similar defectswere
found in a primed but unfinished canvas that was found in the archives of Olana, the former
home of the 19th century American painter Frederic Church. Samplesfrom these canvases were
investigated by the techniques mentioned above as well as by GC-MS and DTMS. The results
imply that the defects are formed in the priming, which consists of different layers pigmented by
chalk and/or lead white. The material found in protrusions contains large amounts of lead car-
boxylates of mainly saturated fatty acids, but appearsto lack anionomeric oil network fraction.
It is hypothesised that protrusions are formed upon phase separation of the mobile, saturated
fatty acidsfrom the oxidised oil network and the subsequent reaction of these fatty acidsto lead
carboxylates. This hypothesis was supported by a pilot experiment, in which lead white trans-
formed into lead carboxyl ates quantitatively upon reaction with fatty acids. The unfinished can-
vases found in Olana are also affected by efflorescence, the exudation of a material on the sur-
face of the painting. The compounds identified in the efflorescent material are very similar to
those of protrusions, and it is hypothesised that they are formed by a similar mechanism.

Similar protrusions were found in Falling Leaves (Les Alyscamps) by Vincent van Gogh.
These protrusions formed in a paint containing lead chromate, calcium sulphate is paint mainly
consist of zinc carboxylates. The carboxylic acid part of these protrusions also consists mainly
of saturated fatty acids, similar to the lead based protrusions. Evidence was found for the mobil-
ity of theinvolved zinc components, probably induced by ahigher pressure or temperature. This
implies that the aggregation may have occurred after formation of the zinc carboxylates.
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Samenvatting

Kunstenaars uiten zich a duizenden jaren met behulp van verf. Schilderijen vormen een
belangrijk deel van ons cultureel erfgoed, maar de kennis over hun chemische samenstelling,
veroudering en conservering is nog verre van compleet. Schilderijen zijn complexe systemen
om te bestuderen: ze bestaan vaak uit meerdere verflagen, die op hun beurt weer bestaan uit
mengsels van verscheidene, niet geheel zuivere materialen.

Veel van de huidige analytische technieken kunnen slechts los monstermateriaal analyseren.
Daarmee wordt de precisie waarmee een bepaal de |aag of een bepaald deeltje geanalyseerd kan
worden gereduceerd tot de precisie waarmee die deel structuur bemonsterd kan worden. Deanalyse
van kleinere structuren binnen een monster kan sterk verbeterd worden door verf dwarsdoorsneden
te bestuderen met plaatsoplossende technieken. Dit Proefschrift beschrijft de ontwikkeling en
toepassing van verschillende plaatsoplossende technieken om verf te analyseren. Hoofdstuk 1
beschrijft de globale opbouw van een schilderij, gevolgd door een overzicht van de meest
gebruikelijke technieken om schilderijen te analyseren. Het overige deel van dit Proefschrift
bestaat uit drie delen: ontwikkeling en evaluatie van verschillende plaatsoplossende z.g. imag-
ing technieken en methoden om monsters voor te bereiden voor een meting (Hoofdstukken 2, 3,
4), de analyse van verfmonsters uit verschillende testpanelen (Hoofdstuk 5) en de analyse van
monstersuit diverse schilderijen met verschel deneimaging- and andere technieken (Hoofdstukken
6, 7, 8).

Een VIS-Imaging (microscopisch zichtbaar-licht imaging) systeem is ontwikkeld, getest, en
gebruikt voor de analyse van verschillende verfdwarsdoorsneden (Hoofdstuk 2). M et dezetechniek
kunnen zichtbaar licht spectra van een vlak monster opgenomen worden met een maximale
plaatsresolutie van ongeveer 1 um. Zichtbaar licht spectra van verschillende traditionele and
moderne pigmenten zijn duidelijk te onderscheiden en toe te kennen, ook wanneer directe
identificatie met behulp van normale microscopie vrijwel onmogelijk is. Als voorbeeld
onderzochten we een aantal 17° eeuwse blauwe kleurstoffen. Smalt kon zelfs herkend wordenin
volledig ontkleurde toestand. Analyse van verfdwarsdoorsneden met VIS-imaging is relatief
eenvoudig, en speciale monstervoorbereiding is normaliter niet nodig.

Informatie met een grotere chemische specificiteit werd verkregen met Fourier transform
infrarood spectroscopie (FTIR) en FTIR-imaging. Een goede monsterpreparatie voor deze
analysetechniek is essentieel. Daarom worden verschillende bekende en nieuw ontwikkelde
preparati etechnieken geévalueerd in Hoofdstuk 3. Transmissie spectravan geisol eerde monsters
zijn doorgaans kwalitatief erg goed, maar structuurelementen kleiner dan ongeveer 50 um zijn
nauwelijks toegankelijk met deze methode. Kleinere details kunnen individueel geanalyseerd
worden door de laagstructuur van het monster intact te laten, bijvoorbeeld door een
dwarsdoorsnedein te bedden in synthetische hars. De spectra, die verkregen worden door directe
analyse van deze dwarsdoorsneden met speculair gereflecteerd licht, zijn echter niet optimaal,
wat de mogelijkheden voor een chemische interpretatie beperkt. Andere methoden om betere
spectra van een ingebed monster verkrijgen zijn niet gelukt (diffuse reflectie, microscopische
ATR, microtomie, Raman spectroscopie). Een nieuw ontwikkelde monsterpreparatietechniek,
die gebruik maakt van dunne doorsneden verkregen door het polijsten van een dwarsdoorsnede
ingebed in KBr, leidde tot de meest geslaagde combinatie van goede spectra en een hoge
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plaatsresolutie.

Hoofdstuk 4 beschrijft de analyse van een verfdwarsdoorsnede van Rembrandts Portret van
een staande man (Staatlichen Gemalde Galerie Kassel, GK 239). FTIR-imaging resultaten van
deze dwarsdoorsnede zijn gebruikt om verschillende materialen, zoal sloodwit, cal cium carbonaat,
en metaal carboxylaten, te identificeren en te localiseren. De resultaten verkregen met FTIR-
imaging zijn vergeleken met SEM-EDX analyses en kunsthistorische gegevens. De meest
interessante eigenschap van dit monster is de gedeeltelijke ontkleuring van de verflaag. Als
hypothese voor deze ontkleuring werd een toegenomen porositeit van de verflaag voorgesteld,
wat veroorzaakt kan zijn door verlies van het bindmiddel.

Hoofdstuk 5 geeft een overzicht van de verouderingsprocessen, die optredenin drogendeolie
en verf, die op natuurlijke wijze verouderd is. De initiéle reacties in een drogende olie zijn
gevolgd met FTIR spectroscopie. Daarnaast zijn een groot aantal natuurlijk verouderde verven
onderzocht om veranderingen op lange termijn te onderzoeken, met name de invioed van
pigmenten op de veroudering van het bindmiddel. De belangrijkste effecten die gevonden werden
zijn de katalyse van de hydrolyse van esterbindingen (vooral bij verf met zinkwit of rood lood
(loodmenie)), veranderingen in het oxidatieproces (in verf met okersof ultramarijn) en devorming
van metaal zepen (loodwit, zinkwit, Napels geel of loodmenie verf).

Het laatste deel van dit Proefschrift beschrijft het onderzoek naar defecten die gevonden
werden in 17¢en 19° eeuwse schilderijen van Hollandse schilders als Van Rijn, Seghers en
Bosschaert, Cuyp, Vermeer, Hals (Hoofdstuk 6), Van Gogh (Hoofdstuk 8) en de 19° eeuwse
Amerikaanse schilder Church (Hoofdstuk 7). De onderzochte defecten bestaan uit homogene
aggregaten van transparant materiaal met een diameter van ongeveer 100 mm). Geisoleerde
monsters en dwarsdoorsneden van devijf 17¢ eeuwse Hollandse schilderijen waarin dit fenomeen
gevondenwerd, zijn geanalyseerd met FTIR, FTIR-imaging, SEM-EDX, VIS-imaging, en SIMS
(Hoofdstuk 6). De aggregaten blijken grotendeel s uit metaal carboxyl aten te bestaan met lood al's
metaalion. In de metaalcarboxylaat matrix zijn verschillende mineralen neergeslagen, zoals
loodmenie, basisch loodcarbonaat, and basisch loodchloride (fiedleriet). Vergelijkbare defecten
werden gevonden in een gegrondeerd, maar onvoltooid werk van de 19¢ eeuwse Amerikaanse
schilder Frederic Church (Hoofdstuk 7). Verschillende monstersvan dit doek werden geanalyseerd
met de bovenstaande technieken aangevuld met GC-MS en DTMS. De grondering bestaat uit
meerdere lagen die loodwit en/of kalk bevatten. Het materiaal dat in de protrusies gevonden
werd, bevat vooral |loodcarboxylaten van verzadigde vetzuren. Eenionomere olienetwerk fractie
lijkt niet aanwezig te zijn. De hypothese voor het ontstaan van deze defecten, protrusies genaamd,
is een fasenschelding van de mobiele, verzadigde vetzuren van het geoxideerde olienetwerk, en
de daaropvolgende reactie van deze vetzuren tot loodcarboxylaten. Deze hypothese werd
ondersteund door een experiment waarin loodwit kwantitatief tot loodzepen bleek te reageren
met vetzuren. De wittige uitslag of “bloom”, die ook op dit onvoltooide werk gevonden werd,
vertoond een grote gelijkenis met de materialen in de protrusies. De huidige hypothese is dat
beiden door een vergelijkbaar mechanisme ontstaan.

Vergelijkbare protrusieswerden gevonden in Vallende bladeren (Les Alyscamps), geschilderd
door Vincent van Gogh (Hoofdstuk 8). In dit geval hebben de defecten zich gevormd in een verf
van loodchromaat, calciumsulfaat, barium sulfaat en zeer waarschijnlijk zinkwit. De protrusies
in deze verf bestaan uit zinkcarboxylaten, waarvan het organische deel ook in dit geval
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voornamelijk uit verzadigde vetzuren bestaat. Er zijn aanwijzingen gevonden dat zinkcarboxylaten
in de verflaag mobiel zijn onder invlioed van een hogere druk of temperatuur. In dit geval is het
dus mogelijk dat de aggregatie is opgetreden na de vorming van de zinkcarboxylaten.
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Dankwoord

Ik kan mij nog heel goed herinneren hoeik zo' n 4%2jaar geleden voor het eerst achter deFTIR
zat, en met een stapeltje artikelen probeerde uit te zoeken wat ik nu eigenlijk ging doen. En nu
ineensligt daar een boekje met in het groot mijn naam voorop. Tussendoor iser heel wat gebeurd
en ben ik op vele momenten geholpen en bijgestuurd. Al die personen die daarin bijgedragen
hebben ben ik dankbaar. Ze hebben mijn tijd op AMOLF tot een nuttige en goede tijd gemaak.

Ron, jouw grondig fysischinzicht is regel matig gebruikt om onverklaarbare dingen duidelijk
te maken. 1k heb veel geleerd over het gemak waarmee verschillende apparaten uit elkaar te
halen of aan elkaar te knopen zijn; ietswat nog regel matig van pas komt. Bovenal, je uitbundige
enthousiasme waarmee mijn soms wat sarcastische kijk op tegenvallende resultaten weer in het
juiste perspectief gezet werd, bleek op een aantal momenten hard nodig. Helaas snap ik nog
steeds niet waarom je rondjes draait als je maar aan één kant van een kano peddelt.

Jaap, de kritische blik op verkregen resultaten, het vermogen al die verschillende technieken
naast elkaar te leggen en daar de relevante info uit te halen zijn een voorbeeld geweest. Wat me
bovenal bij zal blijvenisjetomelozeinzet in delaatste periode. De laatste sessies, tot diepin de
nacht, waren vruchtbaar. 1k reken het tot één van mijn betere resultaten dat je nu veel positiever
over IR denkt dan een jaar of vier terug.

Een ander groots resultaat is het computergebruik van mijn gewaardeerde co-promotor, Prof.
Van Asperen de Boer. Het grootste deel van onze samenwerking was gericht op de IRR. Deze
experimenten, en laat ik de daarbijbehorende uitjes naar museaen kerken niet vergeten, verenigden
het nuttige zeer goed met het aangename. Daarnaast wil ik u hartelijk bedanken voor de lessen
over schilderijen, verf, lagenopbouw en onderzoekstechnieken.

De collega's die als vraagbaak gediend hebben, hebben mij voor veel wankele interpretaties
behoed. 1k denk vooral aan Jorrit van den Berg, die a veel langer en beter in de chemie van
drogende olie thuis was. Vaak ben ik bij hem binnengelopen: “Jorrit, ik zie A, kan dat B
betekenen?’. En steevast was het antwoord: “Ehh, dat ligt niet zo gemakkelijk, want dat kan
inderdaad B zijn, maar vergeet ook C en D niet. En ik moet E en F nog even nakijken”. Zo
langzamerhand ben ik op die manier toch ingewijd in de moeilijke olie-chemie. Ook de enorme
mogelijkheden van data-analyse die Gert Eijkel uit een computer kan trekken hebben me enorm
geholpen. Het isjouw verdienste dat ik de matrix-bestanden en berekeningen nu redelijk doorzie,
en kan gebruiken. Het kost wel eens wat moeite om een probleem zo interessant te formuleren
dat je er daadwerkelijk energie in stopt. Maar vervolgens zijn Fourier-transformaties toch ook
minstens zo interessant as borrels....

In deloop der jaren heb ik verschillende mensen ingewerkt op ‘mijn’ FTIR. De nuttige kant
daarvan is dat er een discussie over de interpretatie op gang komt. Vooral Muriel en Annelies
hebben zich vol overgave op de spectroscopie gestort. Beiden hebben mij ook flink wat over
microscopie en pigmenten bijgebracht, waarvoor hartelijk dank.

En dan natuurlijk de vele andere collega s die mijn verblijf hier verder opgefleurd hebben. 1k
denk dan aan Georgiana Languri, Oscar van den Brink, Sander Koster, Petra Novotna, Gisela
van der Doelen, Olga Katsibiri, Stefan Luxembourg, Lidwien Speleers, Jerre van der Horst,
Marc Duursma, Marieke van Veen, Theo van Diepen, Frank Hoogland, Beatrice Marino, Tania
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Oudemans, Dominique Scalarone, Annebeth Kerkhoff, Sander Piersma, Romulus Mihalca,
Nicolas Wyplosz, Achmed al Khalili, Xinghua Guo, Liam McDonnell, Todd Mize, Liz Minor,
Klaas-Jan van den Berg, Wim Muizebelt en Vincent Klap.

Een speciaal woord van dank is toch wel weggelegd voor Katrien Keune, die in de loop van
de tijd met matel oos enthousiasme en inzet de groep een stuk gezelliger maakte. 1k heb genoten
vandediscussieswaarinwe‘even’ dewereld verklaarden. Moeilijk om je een betere kamergenoot
voor te stellen.

De technische ondersteuning binnen AMOLF krijget vele complimenten. En dat isterecht. 1k
heb regel matig ondervonden dat deze mensen werken met enormetoewijding, kennisvan zaken,
en snelheid. Voora bij Ad de Snaijer, Wim Barsingerhorn en Frans Giskes ben ik vaak
binnengel open met vragen. Maar ook andere collega’ sbinnen detekenkamer, E& |, en werkplaats
heb ik regelmatig mogen lastigvallen. Dank voor jullie hulp.

En dan a die mensen van buiten AMOLF, die met hun inzet en samenwerking de meest
interessante schilderijen, monsters en analysetechnieken beschikbaar maakten. Mijn dank gaat
uit naar Hans Brammer, Petria Noble, Jargen Wadum, Maartje Witlox, Joyce Zucker, Luuk van
der Loeff, Suzanne Stangier, Arie Wallert, Margriet van Eikema Hommes, Karin Groen, Thea
van Oosten, Peter van den Brink, René Hoppenbrouwers en Ingrid van Rooyen. Ook wil ik
Marco van de Weert en Mieke Wolters-Arts bedanken voor de mogelijkheid uitstapjeste maken
naar andere onderzoeksgebieden. De lay-out van dit proefschrift is met precisie, geduld en
slaaptekorten verzorgd door Ton Schreuders, waarvoor mijn hartelijk dank.

Sinds ik ‘met schilderijen werk’, worden alle relevante televisieprogramma’s en
krantenartikelen nauwkeurig gevolgd, bewaard en doorgegeven door mijn ouders. Dank jullie
wel voor die belangstelling voor mijnwerk, en voor al de mogelijkheden en kansen diejullie mij
geboden hebben om dit te bereiken.

Jaap Boon heeft zich op een aantal momenten serieus afgevraagd hoe mijn Engels zich zo
snel kon ontwikkelen. Dat had zeker te maken met de begelelding dieik thuisop eeniets minder
formele basisontving. (En JaapB beoordeel de zeker niet atijd mijn beheersing van het Engels....)
Louise, ik ben echt trots op je. Je bent niet aleen de trouwe steun en toeverlaat, maar ook nog
eens een uiterst kritische lezer. Je hebt regelmatig met mijn teksten gestoeid, en vele suggesties
zijn direct doorgevoerd. Het is heel speciaal om te leven met iemand die op zo’ n manier zowel
trouwe vriendin als goede collegais.

Jaap



