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1. Introduction

Paintings are usually characterized by a complex multi-layered is

Mapping at the nanometer scale the effects of
sea-salt derived chlorine on cinnabar and lead
white by using delayed image extraction in
ToF-SIMS+
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In this work, an innovative analytical approach focused on the use of advanced imaging techniques for the
chemical mapping of degradation and/or restoration products is proposed. A representative cross-section
showing a very complex stratigraphy from the Saint Wilgefortis Triptych (Hieronymus Bosch), exhibited in
the Galleria dell’Accademia di Venezia, was investigated. Time-of-flight secondary ion mass spectrometry
(ToF-SIMS) experiments were performed using a time-of-flight detector operating in the so-called delayed
extraction mode. The time delay applied during the extraction of the secondary ions permitted mass
spectra to be obtained with an excellent mass resolution and chemical maps with nanometer scale spatial
resolution. The painting’s cross-section was also analysed at the micrometer scale by micro-Fourier trans-
form infrared spectroscopy (micro-FTIR). The combined analytical approaches highlighted the colocaliza-
tion of lead chloride, oxychloride, and hydroxychloride ions, suggesting the transformation of lead white
((PbCO3),Pb(OH),) into laurionite (PbCIOH). Furthermore, chlorine appears evenly diffused in the cinnabar
(HgS) layer, inducing the alteration of its more external part into calomel (Hg,Cl,). In fact, from the chemi-
cal maps the presence in the sample of an unaltered portion of the cinnabar layer is evident. Such degra-
dation products were probably due to the exposure of the painting to a chloride-rich atmosphere for a
long time. This led to a global blackening of the painting. To protect the painting from aggressive chemical
species, siloxane compounds were probably used as a modern restorative treatment. ToF-SIMS chemical
maps revealed permeation of the silicon-based consolidants within the sample’s cracks and no interaction
products with the other constitutive materials of the painting were found. Finally, the presence of different
lead soaps was detected in correspondence with the lead white layer.

painting system represent an issue of great importance.
In particular, knowledge of the ongoing chemical processes
fundamental to preventing structural and aesthetic

structure composed of mixtures of organic and inorganic sub-
stances." The chemical interaction among the painting con-
stituents themselves and with the environment can lead to
degradation and aging phenomena.>* For this reason, localiz-
ation and identification of the compounds present in the
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damage, especially for artworks stored in an aggressive
environment."*

This is the case of a Hieronymus Bosch painting, the Saint
Wilgefortis Triptych, currently exhibited in the Galleria
dell’Accademia di Venezia. The painting, between the seven-
teenth and eighteenth centuries, was housed in the Palazzo
Ducale in Venice. Later, the opera was moved to Vienna in
1838 and it came back again to the Palazzo Ducale in 1919 as
a property of the Gallerie dell’Accademia. The typical saline
environment of the Venice lagoon could lead to some pro-
blems with the conservation state of this masterpiece. The
presence of marine salt particles (NaCl) can be responsible for
the chemical interactions among the original painting com-
ponents, leading to several degradation phenomena.>® In fact,
it is stated that inorganic salts are considered very dangerous

This journal is © The Royal Society of Chemistry 2021
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agents for pigments since, sometimes, the blackening of the
originally painted layer could take place.”**

In a previous study,” the authors proposed a preliminary
approach to study samples from the Bosch painting using
Raman spectroscopy and ToF-SIMS in the high mass resolu-
tion (HMR) mode to optimize the mass resolution. Raman and
mass spectra were collected to answer some particular conser-
vation questions still left open.”

In the present study, different spectroscopic and micro-
scopic imaging techniques were performed to obtain highly
resolved chemical maps. In particular, the use of micro-FTIR
spectroscopy coupled to ToF-SIMS using the delayed extraction
mode is proposed.

Micro-FTIR spectroscopy is at present one of the most used
micro-analytical techniques for the analysis of the chemical
distribution of materials in heterogeneous samples in the field
of cultural heritage conservation.'**° In addition to identify-
ing the nature of pigments, binders, and fillers in a painting
cross-section, FTIR mapping analysis can also be used to
detect and localize degradation products (such as calcium
oxalate, copper oxalate, metal soaps, etc.) within the painting
layers.274,14,17,18

On the other hand, ToF-SIMS is a very sensitive surface
analytical technique that has recently shown great potentiality
as a diagnostic tool in the field of cultural heritage
conservation.'”** The main advantage of ToF-SIMS analysis is
due to its capability to enable chemical mapping and collect
mass spectra from the same region of interest with a sub-
micrometer spatial resolution and a high mass resolution in a
single run.”* This analytical technique was recently employed
to study the chemical interactions between different constitu-
ent materials and the environment.'®2%23728

It is well known in the literature that ToF-SIMS can be
exploited for the identification of inorganic, organic, and bio-
logical materials used in paintings; pigments, colorants, and
organic and biological binding media can be efficiently
detected even when present at low concentrations.”*° In the
same way, degradation processes and past restoration interven-
tion can be identified.'®'®02931:32

In this work, attention is focused on the study of a painting
cross-section by the ToF-SIMS imaging technique operating in
the delayed extraction of secondary ions. This operation mode
allows obtaining at the same time secondary ion images with
both high mass and spatial resolution by the extraction of sec-
ondary ions from the sample surface having a certain delay
after the arrival of the primary ions. A similar approach was
first adopted by others®***° in previous works to study
several types of samples. ToF-SIMS operating in delayed extrac-
tion could help to better discriminate very small regions in
painting cross-sections, providing precise chemical infor-
mation on the spatial distribution of the different degradation
products.

To clarify and explain interesting results obtained in the
previous work of the authors,” here a deeper study mainly
focused on the localization of degradation and/or restoration
products by micro-FTIR and ToF-SIMS imaging in high lateral
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resolution is proposed. For this purpose, based on the pre-
vious results,” only a representative sample showing a very
complex stratigraphy was selected.

2. Materials and methods
2.1 Sample description

The investigated sample is a fragment from the Saint
Wilgefortis Triptych (oil on oak panel) by Hieronymus Bosch.
During a past intervention for restoration carried out under
the Bosch Research and Conservation Project,*® some micro-
samples were collected from the painting. The analyses pro-
posed in this work are mainly focused on the study of one of
the painting cross-sections prepared and investigated in the
previous study of the authors (sample labelled as S6).” This
fragment had been collected from the red dress of a male
figure in the painting.” The sample was detached from the
paint surface and kept in a sterile Eppendorf tube. To prepare
the polished cross-section (UNI 10922 (2001)), the painting
sample, without any preparation, was embedded in polyester
media, in which 2% of the catalyst was mixed with liquid poly-
ester/styrene resin (Prochima 820). Initially, a mould was half-
filled with the polyester medium and left to harden for 6 h.
After the stereomicroscopic observation, the painting sample
was transferred to the hardened base layer in the mould with
an awl. Finally, the specimen was covered slowly with a freshly
prepared polyester embedding medium. The embedment was
cured for 24 h. The unrefined cross-section was polished using
aluminium oxide abrasive discs (grit sizes: P800/P1200/P1500)
on those sides of the sample until the entire painting section
could be observed.

Fig. 1a shows the painting cross-section areas investigated
in this work by ToF-SIMS and micro-FTIR analysis and
named Area I and Area II, respectively. In Fig. 1b and c, it is
possible to better appreciate the structure of the sample
under study. In particular, the SEM-BSE image (Fig. 1c)
points out the presence of cracks (pointed by the arrows) in
the outermost layers that could represent preferential path-
ways for the aggressive agents. Besides, a detailed description
of the different layers characterizing the painting cross-
section according to the previous results is shown in Fig. 1d.
The analysis performed on sample S6 identified the presence
of seven layers. As shown in Fig. 1d, starting from the
bottom, the sample presents a first preparatory layer
(~100 pm) in which calcium carbonate (CaCO;) and a
protein-based glue were found. The remaining six layers
consist of a very thin oil-based layer (~5 pm) with a trace of
black pigment (second layer) followed by reddish and pinkish
layers. The third layer (~25 pm) was identified as cinnabar
and the pinkish layer (fourth layer) above was recognized as
lead white (~60 pm) in which some red lake particles are dis-
persed. Traces of red lake particles were also observed in the
fifth layer (~15 pm) showing a reddish colour. Finally, a
varnish and a grey alteration were observed respectively in the
sixth (~15 pm) and seventh (~5 pm) layers.

Analyst, 2021, 146, 2392-2399 | 2393
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Fig. 1 (a) Image of the areas of the painting cross-section (sample S6)
under an optical microscope investigated by (i) Area I: ToF-SIMS and (ii)
Area II: micro-FTIR analysis; (b) image of sample S6 obtained with UV
light; (c) SEM-BSE image of sample S6; (d) stratigraphy of sample S6
according to the previous results.”

2.2 Scanning electron microscopy (SEM)

The sample was observed with a Philips 505 scanning electron
microscope with a detector resolution of 132.34 eV, voltage 20
kv, and filament current (W) 20 mA. The section was spurred
with gold under vacuum followed by an application of a silver-
based fluid adhesive paste to establish the electrical connection
between the section and the sample holder support (aluminium
stub). SEM images were obtained in backscattered electrons
(SEM-BSE images) with an acquisition spot of 200 nm.

2.3 Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

ToF-SIMS experiments were performed in the delayed extrac-
tion mode using a customized TOF-SIMS5-300 mass spectro-
meter (ION-TOF GmbH, Munster, Germany) equipped with a
30 keV Bi LMIG (liquid metal ion gun). It is reported in the lit-
erature that the ToF-SIMS apparatus can be used to sputter
away the superficial contamination layers from different kinds
of samples including biological®” and painting®® samples; this
can be accomplished using Arzoo', Bi,', and Cg," cluster ion
beams. In this work, the surface of the painting cross-section
was cleaned using a 30 keV Bi," cluster ion beam on a 500 x
500 pm?* sample area. This was performed to remove adventi-
tious surface contaminants. The ion dose density used for the
surface cleaning was calculated to be 2.6 x 10™* ions per cm?.
ToF-SIMS spectra were obtained after the surface cleaning. A
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Bi;"" ion beam was selected with an incidence angle of 45°.
The emitted secondary ions were accelerated to the kinetic
energy of 2 keV toward the field-free region. Secondary ions
were post-accelerated to the kinetic energy of 10 keV before
hitting the detector. Charge neutralization was obtained by
using low-energy electrons supplied by a pulsed flood gun. The
extraction voltage was set to 1 kV and the delay time was
1.1 ps, operating in the high mass resolution bunched mode.
The mass resolution of the Pb' ion peak in these conditions
was 2500.

The ion beam was rastered over an area of 200 x 200 um?*
with an ion dose density below the static limit (107** ion per
cm?). Both positive and negative polarity spectra and images
(512 x 512 pixels) of elemental and molecular fragment distri-
butions were recorded. Mass spectra were internally calibrated
using both lighter (m/z < 20) and heavier ions (m/z > 20) since
in the delayed extraction acquisition mode lighter ions are
poorly collected using the mass spectrometer. In particular,
C', CH', CH,", CH;", Pb", Pb,", Pb;", and Pb," in the positive
ion mode and C~, CH™, CH,™, CI™, Pb,™, Pb;~ and Pb,” in the
negative mode were used. The data were acquired and pro-
cessed using SurfaceLab 6.4 software (ION-TOF GmbH,
Munster, Germany). Mass spectra related to the heavier ions
used for the calibration are presented in the ESI and shown in
Fig. S1 and S2+.

All secondary ion images shown in this paper were normal-
ized to the total ion image. The spatial resolution was deter-
mined via a line scan (84%/16% method) on a very small
section of a representative ion map (red line, Fig. S3at). The
line scan plot is shown in Fig. S3bt in which the high lateral
resolution (0.20 um) obtained by ToF-SIMS operating in the
delayed extraction mode can be appreciated.

2.4 Micro-FTIR spectroscopy

The measurements were performed using a Thermo Scientific
Nicolet Continuum FT-IR microscope (15%, 0.58 NA objective)
with a liquid-nitrogen-cooled mercury-cadmium-telluride
(MCT) detector. The analyses were performed in the reflection
mode and the spectra were obtained in the range between
4000 cm™' and 650 cm™'. The background spectrum was
obtained on the gold reference mirror. A total of 200 scans for
each spectrum was accumulated and a resolution of 8 cm™'
was used. For all spectra, Kramers-Kronig (KKT) corrections
were applied. The data were acquired and processed using
Thermo Scientific OMNIC Atlus software. Raman measure-
ments were performed on Area I after the ToF-SIMS analysis.
Some damage probably induced by the laser during Raman
measurements was observed. Therefore, micro-FTIR maps
were acquired from a very close area (Area II).

3. Results and discussion
3.1 Degradation products from painted layers

Positive and negative secondary ion maps of the main organic
and inorganic compounds and related degradation products

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 ToF-SIMS normalized negative ion maps acquired from sample S6 Area I. (a) Total ion image; (b) sum of lead oxide signals (Pb,O,,7); (c) sum
of lead chloride ions (PbCl™ and PbCl;7); (d) sum of lead oxychloride and hydroxychloride ions (PbClO~, PbCIOH™, PbCl,O™ and PbCIl,OH"); (e) CI™

ion; (f) ¥’CL™ ion.

detected in the painted layers are explained here. The dashed
white and red lines in the ion maps (Fig. 2, 3 and Fig. 5-7) are
used to highlight the contour of the chemical maps. Fig. 2a
shows the total ion image recorded in the negative mode in
sample S6 Area I. Clusters of lead oxide ions were detected
(Fig. 2b) in the fourth layer previously recognized as lead white
(Fig. 1c). The lead white layer is distributed in the cross-
section with a thickness of about 10-20 pm. Furthermore, lead
chloride ions (PbCl™ and PbCl,”) and lead oxychloride and
hydroxychloride ions (PbClO™, PbCIOH™, PbCl,0” and
PbCl,0OH™) were detected and found to be localized in the
same area (Fig. 2c and d). The corresponding mass spectra are
presented in the ESI and shown in Fig. S4.1 The lead chloride
and oxychloride ions detected may belong to the mineral laur-
ionite (PbCIOH™). It occurs as an oxidation product in lead ore
deposits and it is also produced on lead-bearing slag by reac-
tion with saline solutions.">"® The chlorination of lead white
could be correlated to the high concentration of chlorides that
characterize the atmosphere of the Venetian lagoon.

It is interesting also to report that Noun et al>® have
recently given an alternative explanation for the chlorine
associated with lead white. Chlorine seems to be related to a
historical method of production of the white pigment known
as the Dutch process. This process consists in putting metallic
lead in specific clay pots containing a solution of acetic acid.
They were stored for a prolonged period in a pile of fermenting
horse manure (it is rich in sodium chloride) in which heat and
carbon dioxide were generated. The combination of acetic
acid, heat, and carbon dioxide leads to the transformation of
the lead into white basic lead carbonate.”®*°

This journal is © The Royal Society of Chemistry 2021

However, in this case, as shown in Fig. 2e and f, the pres-
ence of chlorine was distributed even in the underlying layer
(dashed white lines), as it often happens during a contami-
nation process. In the sample under study, the outermost layer
of varnish seems to be cracked (Fig. 1c), allowing the per-
meation of dangerous chemical species inside the sample.
This suggests that the presence of chlorine, in this case, is
mainly related to a degradation phenomenon and not to a pro-
duction process of the lead white. Besides, chlorine is loca-
lized also in the reddish external layer (dashed red lines). It
will be commented on later.

In the fourth layer of sample S6 Area I, weak peaks likely
attributed to lead soaps were also detected in the positive ion
mode (Fig. 3). In general, in ToF-SIMS imaging experiments, the
ion distribution recorded in the positive ion mode could appear
slightly different compared to the ion distribution recorded in
the same area in the negative ion mode. Here, to verify these
signals, a region of interest (ROI) in correspondence with the
Pb' area was drawn to avoid the matrix effect of the surrounding
area and to collect only the signal arising from the lead white
layer. In fact, in Fig. 3b and c, the sum of lead soaps of palmitic
acid (m/z 461-463) and the sum of lead soaps of stearic acid (m/
z 489-491) are observed respectively in correspondence with the
area where also the Pb" positive ion originates (Fig. 3a). Lead
soap characteristic ion signals are shown in Fig. S5.F

Fig. 4a shows the corresponding micro-FTIR map in which
the distribution of the lead soaps in the fourth layer is rep-
resented. Their presence was confirmed by the identification
of the lead carboxylate absorption band at 1518 cm™"
metric COO™ stretch vibration) (Fig. 4b).**°

(asym-
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Fig. 3 ToF-SIMS normalized positive ion maps from a region of interest (ROI) of sample S6 Area |, drawn on the lead white layer (fourth layer). (a)
Pb™* ion; (b) sum of lead soaps of palmitic acid (m/z 461-463); (c) sum of lead soaps of stearic acid (m/z 489-491).
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The detection of lead soaps is of great importance since
they represent a buffing problem during conservation of art-
works because they can produce cracks, white aggregates, and
discontinuities on the painting layers, causing aesthetic and
chemical damage.*'** Deprotonated myristic (m/z 227), palmi-
tic (m/z 255), oleic (m/z 281), and stearic (m/z 283) acid ion
signals were found in the same area (Fig. 5a-d). High-resolu-
tion mass spectra of deprotonated fatty acids were reported in
the literature.”****

In addition, several fatty acid characteristic fragment ions
at m/z 71, 85, 99, 113, 127, 141, 155, 169, 183, 197, 207, 211,
225, 227, 239, 253, 255, 281, 282, 283, 284, and 285 were
detected and mapped in all the painted layers (Fig. S3af).
Their attribution is presented in the literature.”***

Fig. 6a shows the total ion image recorded in the negative
mode in sample S6 Area I. In Fig. 6b and c, the negative ion
maps of S and the sum of CI~ and *’Cl™ are shown. The pres-
ence of S™ ion (dashed white lines) confirms the presence of

2396 | Analyst, 2021, 146, 2392-2399
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(@) Micro-FTIR map showing the distribution of lead soaps detected in the fourth layer of sample S6 Area Il; (b) FTIR spectrum showing the

cinnabar, HgS, in the third layer (10-20 um) as the authors
reported in their previous work.” Furthermore, here it is poss-
ible to better appreciate the presence of the S™ ion also in the
outermost reddish layer (dashed white lines) (10 pm). This
result suggests the use of cinnabar also in the fifth layer
(10 pm).

Instead, as mentioned above, the presence of chlorine ions
is probably due to the chloride-rich atmosphere typical of the
climate in Venice. In Fig. 6d, the effects of these aggressive
chemical species over time are shown. The gradual penetration
of CI” and *’Cl” ions within the sample was observed.
Moreover, it is shown that these signals (dashed red lines) are
immediately superimposed on the innermost cinnabar layer
(dashed white lines), suggesting the alteration of the more
external part of the cinnabar layer (HgS) into calomel
(Hg,Cl,)."* This hypothesis is supported by previous studies
using Raman spectroscopy that have revealed the presence of
calomel (Hg,Cl,).”

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 ToF-SIMS normalized negative ion images obtained from the
painted layers in sample S6 Area I. (a) Total ion image; (b) S™ ion; (c) sum
of Cl™ and *Cl™ ions; (d) overlay of S~ (dashed white lines) and Cl~ and
37Cl™ (dashed red lines) signals.

3.2 Restoration products

Siloxane ion fragments were observed in the outermost layer
(Fig. 7), suggesting the use of a silicon compound (PDMS) as a
restoration product.*’

Fig. 7a shows the total ion image recorded in the positive
mode in sample S6 Area I. In Fig. 7b-d, the typical PDMS frag-
ments SiC3Hy" (m/z 73), Si,CsHy50" (m/z 147) and Si;C;H,,0,"
(m/z 221) are shown.*® In Fig. 7b, Pb" ion signal distribution
(dashed red lines) was added in an overlay as a reference

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

RelPTE )= = 1% 5
0.100

0.080
0.060
0.040

0.020

ym0 50 100 150
MC: 0; TC: 1.482e+003

pm 0 50
Total
MC: 327; TC: 3.058e+007

0 ———
pmo0 50 100 150
MC: 0; TC: 8.507e+001

pm 0 50 100
MC: 0; TC: 8.738e+002

Fig. 7 ToF-SIMS normalized positive ion maps of siloxane compound
fragments (PMDS) detected in the seventh layer in sample S6 Area |. (a)
Total ion image; (b) overly of the SiCzHo* fragment ion (dashed white
lines) and the Pb™ ion (dashed red lines); (c) SioCsH;50™ fragment ion; (d)
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signal to better identify the relative position of PDMS ion
signals in the complex stratigraphy.

It should be highlighted that polydimethylsiloxane
(PDMS) is known as one of the main contaminant species in
ToF-SIMS studies.*” However, in this case, the distribution of
the ion peaks was mapped as a defined layer, localized homo-
genously in the most external part of the investigated cross-
section (dashed white lines in Fig. 7c and d). This is indica-
tive of an additional layer superimposed after the painting
was completed as a conservative intervention. The thickness
of the siloxane
10-20 pum.

As shown in Fig. 7c and d, PDMS signals seem also to pene-
trate the innermost layers (dashed red lines) of the painting.
However, also in this case, it was observed in a precise localiz-
ation of the PDMS-based material within the sample and no
interactions with the surrounding material were revealed from
the chemical point of view. In the 1990s, siloxane products
were usually used as consolidating materials, especially in the
treatment of stones.*® For the conservation and restoration of
wood and wood-based artifacts, the use of organo-silicon com-
pounds as protective agents is a well-known procedure.*®™?
These compounds can be used as wood preservatives to
improve the hydrophobicity and weathering performance and
to protect against wood-destroying fungi. In the case of this oil
on oak panel, it seems reasonable to think that these products
have been applied on the damaged areas to protect both the
painting and the wooden support against decay. In this way,
the presence of the siloxane compound could be attributed to
a past intervention of restoration.

layer was measured as approximately
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4. Conclusions

Based on the obtained results, it is concluded that FTIR
mapping analysis and ToF-SIMS experiments performed with
high spatial resolution have proved to be very useful to study
the complex stratigraphy in a painting cross-section. The
multi-analytical approach highlighted the degradation effects
that a wood painting can undergo in a marine environment.

It was found that chlorine gradually penetrated within the
sample, interacting with the more reactive constituent
materials of the painting layers in different ways and with
different kinetics. The compounds characterizing the outer-
most layers were subjected to alteration faster than the inner-
most ones. In particular, the transformation of the outermost
lead white ((PbCO;),Pb(OH),) layer into laurionite (PbCIOH)
and the alteration of the more external part of the innermost
cinnabar (HgS) layer into calomel (Hg,Cl,) were observed.

Finally, ToF-SIMS chemical maps revealed materials attribu-
table to past restoration interventions. The permeation of a
silicon-based compound was observed, and no interaction pro-
ducts with the other constitutive painting materials were
detected. In fact, no silicon adducts due to the presence of the
consolidant were recognized, suggesting the potential use of
these materials for the consolidation of the painting.
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