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The formation of metal soaps is a major problem for oil paintings conservators. The complexes of either lead or zinc and fatty
acids are the product of reactions between common pigments and the oil binder, and they are associated with many types of
degradation that affect the appearance and stability of oil paint layers. Fourier transform infrared spectroscopy (FTIR) reveals
that a paint sample from The Woodcutter (after Millet) by Vincent van Gogh contains two distinct zinc carboxylate species,
one similar to crystalline zinc palmitate and one that is characterized by a broadened asymmetric stretch COO™ band shifted to
1570-1590cm™". This observation has been made in many paintings. Although several hypotheses exist to explain the shifted
broad carboxylate band, these were not supported by experimental evidence. In this paper, experiments were carried out to
characterize the second zinc carboxylate type. It is shown that neither variations in the composition of zinc soaps (i.e. zinc soaps
containing mixtures of fatty acids or metals) nor fatty acids adsorbed on pigment surfaces are responsible for the second zinc
carboxylate species. X-ray diffraction (XRD) and FTIR analysis indicate that the broad COO™ band represents amorphous zinc
carboxylates. These species can be interpreted as either non-crystalline zinc soaps or zinc ions bound to carboxylate moieties on
the polymerized oil network, a system similar to ionomers. These findings uncover an intermediate stage of metal soap-related
degradation of oil paintings, and lead the way to improved methods for the prevention and treatment of oil paint degradation.

1 Introduction

From a chemical point of view, oil paintings are not stable ob-
jects. The drying oil that acts as binding medium in the oil
paint, usually linseed oil, polymerizes in a matter of weeks !,
but long-term degradation processes take place over the course
of centuries that affect the appearance and structural integrity
of the painting. A prominent issue for paintings conservators
is the formation of metal soaps. The presence of metal soaps
has been reported for numerous paintings ranging from Rem-
brandt in the 17th century to Salvador Dali in the 20th cen-
tury>'!. These complexes of either lead or zinc with stearic
and/or palmitic acid are the consequence of reactions between
the common pigments lead white (2PbCOj;-Pb(OH),), red
lead (Pb;0,), lead-tin yellow (Pb,Sn0O,) or zinc white (ZnO)
and the oil binder. Metal soaps defects may appear in the paint
system in many different forms: as large aggregates that de-
form paint layers, as deposits on the surface of a paint or ho-
mogeneously spread throughout paint layers. Besides causing
a loss of pigment and a change in surface texture, the forma-
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ATR-FTIR spectra and XRD traces of the ZnUFA complex, d-spacing of
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tems. See DOI: 10.1039/b000000x/
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tion of metal soaps has been linked to cases of brittleness, loss
of strength and delamination of paint layers.

The variation in metal soap appearance and location within
the paint suggests a complex set of processes by which metal
soaps form and separate from the paint matrix. However, the
chemical reactions that lead to metal soap formation and the
transport mechanisms for the reactants and products in these
reactions are not fully understood. Answering these questions
is a challenging task because of the limited availability of sam-
ple material from real paintings and the difficulty of repro-
ducing all the different states of degradation that a painting
might be in. A full understanding of metal soap related phe-
nomena in oil paintings must start with an accurate analysis
of the molecular structure of metal soaps and all the varia-
tions that might be found in oil paint systems. Ultimately,
we need to be able to describe the composition and structure
of an oil paint on a molecular level in terms of, for instance,
concentrations of functional groups, polymerization degree,
cross-link density and metal content. Only then, it is possi-
ble to investigate how paint composition and environmental
factors affect the degree of metal soap related degradation of
a painting and finally to develop conservation strategies that
minimize the chance of further paint degradation.

Fourier transform infrared (FTIR) spectroscopy is a pow-
erful technique to identify metal soaps in cross-sections of
oil paintings. The position and shape of the asymmetric
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stretch vibration band of the carboxylate group in the metal
soap (v, COO™) is characteristic for the type of metal ion,
e.g. a single sharp band at 1536cm™! for zinc soaps!>!3.
Though it is known that metal soaps formed in oil paint lay-
ers contain mostly stearic and palmitic acid*!?, the FTIR
spectra of metal soaps formed in paints often do not match
with the metal stearates or palmitates synthesized as refer-
ences. Specifically, the v, COO™ band is frequently signifi-
cantly broadened and shifted to higher wavenumbers (between
1570 and 1590cm™!) in ZnO containing paint layers %1417
We discuss Attenuated Total Reflection Fourier Transform in-
frared microscopy (u-ATR-FTIR) analysis of a sample from
the painting De Houthakker (naar Millet) (‘The Woodcutter
(after Millet)’) by Vincent van Gogh as a clear example of this
phenomenon.

Several explanations have been suggested to account for
the variation in the v, COO™ band in zinc white paints.
In crystalline zinc palmitate (Zn(C),), the zinc atoms are
surrounded by four equivalent carboxylate groups '8, giving
rise to a single sharp v, COO™ band in the FTIR spectrum.
The broadening of carboxylate band suggests that there is in-
creased variation in the local environment of the carboxylate
groups. We have synthesized a range of zinc soaps that con-
tain various mixtures of carboxylic acids or mixtures of met-
als to study the effect of added complexity in the zinc soap
structure on the carboxylate coordination. Secondly, the ad-
sorption of fatty acids on ZnO surfaces has been suggested
as an explanation for the broad v, COO™ band in FTIR spec-
tra'®13. The effect of different binding modes of carboxylic
acids on the surface of ZnO particles has been studied by Lenz
et al.!” While it is likely that the energies of COO~ vibrations
are not identical in Zn(C,¢), and fatty acids adsorbed on ZnO
surfaces, it is not clear whether the concentration of surface-
bound fatty acids is large enough to cause the entire v, COO™
band to shift in paint layers that have a high concentration of
zinc carboxylates. We investigated this effect by following the
reaction of ZnO powder in a solution of palmitate ions. Lastly,
we considered the possibility that there is disorder in the alkyl
chains of zinc soap phases that form in ZnO containing paints,
by studying the crystallinity of zinc carboxylates formed in a
model paint system and zinc containing linseed oil polymers.
Dreveni et al. found that the position and shape of the COO™
vibration bands are strongly dependent on the ability of the
alkyl chains to interact and pack into a well-ordered lattice°.
While the fatty acid chains are neatly packed in an all-trans
fashion in crystalline Zn(C,4), '3?!, chains might not have
sufficient mobility to pack in a well-ordered manner when zinc
soaps form in a polymerized oil network.

This work aims to give a complete overview of the different
molecular structures of zinc carboxylates that may be found
in oil paint samples. Applying a combination of Fourier trans-
form infrared spectroscopy (ATR-FTIR) and X-ray diffraction

(XRD), the effect of relatively minor changes to metal soap
composition or physical state can be investigated and detailed
structures can be resolved. Finally, we applied the obtained
information on the likely structures of zinc carboxylates to
develop an hypothesis on the different stages of metal soap
formation in oil paint and the transport processes that are in-
volved.

2 Experimental

2.1 Synthesis of zinc soaps

Zinc palmitate (Zn(C4),) and zinc palmitate/stearate
(ZnC(C,q) were synthesized by mixing basic aqueous
solutions of the fatty acids with a solution of zinc nitrate.
Mixed-metal soaps were prepared by using a solution of
NaOH to dissolve palmitic acid (ZnNa,(C¢),), or by melting
stochiometric amounts of Zn(C4), and KC;4 under inert
atmosphere (ZnK,(C,¢),). All these procedures are described
in detail in Ref.!®. All zinc soaps were thoroughly dried be-
fore analysis either by placing samples in an oven at 110°C or
in a desiccator over P,Os, and their purity was confirmed by
FTIR and XRD. In experiments where the reaction between
Zn0O and palmitic acid was followed, ZnO powder was added
to an aqueous solution of palmitic acid containing an excess
of triethylamine. Samples were taken after 15 seconds and
then every 2 minutes. The solid fractions were immediately
separated by vacuum filtration and dried in an oven at 110°C.

To synthesize zinc soaps of unsaturated fatty acids (UFAs),
cold-pressed untreated linseed oil (Kremer Pigmente) was hy-
drolized using an excess of a concentrated aqueous solution
of KOH. After neutralization with concentrated HCI, the fatty
acid mixture was extracted with dichloromethane and dried
with MgSO,. Evaporation of the solvent yielded a clear brown
liquid mixture of 53 % linolenic, 19 % linoleic, 16 % oleic, and
12% stearic and palmitic acid (composition determined by
'H-NMR and '3C-NMR). Zinc soaps of this fatty acid mixture
(ZnUFA) were prepared by mixing stoichiometric amounts of
zinc nitrate and UFAs in a 1:1 mixture of ethanol and diethyl
ether containing and excess amount of triethylamine. After
approximately one hour, the solvent was evaporated to yield
an off-white product with a pasty texture.

2.2 Preparation of model paint film (ZnO-LO)

The composition of the model paint system was adapted in an
attempt to promote the rapid formation of zinc carboxylates,
i.e. a high oil/pigment ratio and an addition of water to the
paint mixture. Model paint films were prepared by stirring
3.0g cold-pressed untreated linseed oil (Kremer Pigmente)
with 0.5g ZnO (Sigma-Aldrich) and 1 mL demineralized wa-
ter in a sealed vial at room temperature for three days. After
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allowing the mixture to settle, a few drops of the oil layer were
spread on a glass slide and left to dry in air at room tempera-
ture for up to seven weeks.

2.3 Preparation of zinc ionomer (Zn-pol)

Zinc sorbate was prepared by dissolving 550mg sorbic acid
with ImL triethylamine in 20mL demineralized water at
50°C. The addition of 1.0g Zn(NO;), -6 H,O dissolved in
5SmL water resulted in immediate precipitation of the white
product. After stirring for 20 minutes, the product was sepa-
rated by vacuum filtration and dried over P,0Os.

A ionomer film was made by mixing 55mg zinc sorbate
with 200mg cold-pressed untreated linseed oil, and spreading
the resulting turbid paste thinly on a glass plate. After curing
at 150°C in air overnight, a homogeneous yellow transparent
polymer film was obtained.

2.4 Analysis

A small sample of The Woodcutter (after Millet) by Vincent
van Gogh (Figure 1) was embedded in a polyester resin block.
The resin block was sanded down and polished until the cross-
section was situated on the surface of the block.

Optical analysis was carried out using a Zeiss Axioplan 2
equipped with both a polarized light source and a UV light
source (365nm).

Scanning electron microscopy was performed with a JEOL
JSM 5910 LV microscope. Backscattered-electron images
(SEM-BSE) were mostly taken at 20 kV accelerating voltage
at a 10mm eucentric working distance. Samples were gold
coated to improve surface conductivity.

Cross-sections were analyzed with u-ATR-FTIR using a
Perkin Elmer Spectrum 100 FTIR spectrometer combined
with a Spectrum Spotlight 400 FTIR microscope equipped
with a 16x1 pixel linear MCT array detector at 8cm™! res-
olution. A Perkin Elmer ATR Ge crystal accessory was used
for ATR imaging. Spectra were collected in a 600-4 000cm ™!
range and averaged over 2 scans.

ATR-FTIR spectra of bulk material were collected on a
Varian 660-IR FT-IR spectrometer combined with a Pike
Technologies diamond GladiATR unit with 4cm™" resolution.
Spectra were collected in a 600-3 500cm ™! range and aver-
aged over 16 scans.

XRD was performed on a Rigaku MiniFlex II desktop X-
ray diffractometer with Cu Ko radiation (A = 1.541 80A) at
30kV and 15mA. The equipment was fitted with a Ni K3 sup-
pression filter. Diffractograms were recorded in a 20 = 1-40°
range (2.5°/min scan rate and 0.025° step size). Powder sam-
ples were finely ground with mortar and pestle, and manually
pressed into glass sample holders. Model paint films prepared
on glass slides were lifted from their support and measured on

the underside, since a transparent oil layer formed on top of
the film.

3 Results and discussion

3.1 Painting cross-section analysis

The painting The Woodcutter (after Millet) was painted by
Vincent van Gogh in 1889 (Figure 1). A small sample was
taken of the light green paint near the top of the paint-
ing. Images of this sample obtained with optical microscopy
and SEM microscopy are shown in Figure 2. A previous
study showed that the paints Van Gogh used in this sec-
tion of the painting contain a large variety of pigments. In
the ground layers, a mixture of lead white, calcium car-
bonate, barium sulfate, ochre pigments and a little carbon
black was found. The thick light green paint layer shown
here contains mostly ZnO, and a mixture of emerald green
(Cu(CH5CO0), - 3 Cu(AsO,),) and chrome green (Cr,0;) or
viridian (Cr,05 -2 H,0)%.

Fig. 1 De Houthakker (naar Millet) (‘The Woodcutter (after
Millet)’) by Vincent van Gogh, 1889, 44cm x 26.2cm, Van Gogh
Museum (Vincent van Gogh Foundation). X marks the spot where
the sample shown in Figure 2 is taken.

Analysis of the paint cross-section with pu-ATR-FTIR re-
vealed that the light green paint layer contains a high concen-
tration of zinc carboxylates, as indicated by v, COO™~ bands
in the 1500-1600cm ™! region. There was considerable vari-
ation in the position and width of the carboxylate bands. Fig-
ure 2¢c shows a map of integrated intensity of the sharp band
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Fig. 2 Paint cross-section from The Woodcutter (after Millet) by
Vincent van Gogh, showing a thick light green pain rich in ZnO on
top of two ground layers. (A) Optical microscopy image, (B)
SEM-BSE image and (C) p-ATR-FTIR map of the sharp band at
1536cm ™! (integrated between 1495-1546cm™ !, red color
signifies high intensity). Numbers 1 and 2 mark the averaged areas
of the FTIR spectra in Figure 3.

at 1536em™!. A representative spectrum made by average-
ing the spectra in region 2 is shown in Figure 3. This spec-
trum closely resembles a reference spectrum of zinc palmitate,
with a sharp v, COO~ band at 1536cm™! and well-defined
6 CH, and v; COO™ bands at 1 450cm~! and 1400em ™!, re-
spectively. Zinc carboxylate material with a sharp v, COO™
band at 1 536cm™! seems to be more prominent in the lower
parts of the paint layer, and almost absent in top 20-30 um of
the paint layer. Throughout the paint layer however, a broad
v, COO~ band was found with a maximum at 1 570cm ™!, re-
gion 1 shown in Figure 3. These spectra suggest that the entire
ZnO paint layer is filled with a zinc carboxylate species that
causes a broad v, COO™ band, while deposits of zinc soap
material comparable to zinc palmitate or stearate references
are concentrated in the lower section of the paint film.

In the next sections, we explore possible variations in zinc
carboxylate structures that could induce a change in carboxy-
late coordination and cause a broadened and shifted v, COO~
band.

3.2 Zinc soaps of varying composition

Pure zinc palmitate and zinc stearate are most often used as
reference compounds for FTIR analysis. It is known, how-
ever, that both fatty acids occur simultaneously in metal soap
aggregates in paint samples*. Therefore, a series of zinc soaps

area 1
© area 2
Zn(C,),
18‘00 I I I 16‘00 I I I 14‘00 I I I 12‘00 I I I 10‘00 I I I 8(;0

wavenumber (cm™)

Fig. 3 Averaged p-ATR-FTIR spectra measured at the two areas in
the cross-section of a zinc white paint layer of The Woodcutter (after
Millet) by Vincent van Gogh, as shown in Figure 2. The grey area
marks the wavenumber range integrated to create the zinc
carboxylate map in Figure 2. The bottom spectrum of zinc palmitate
is included as a reference.

containing a mixture of palmitate and stearate in varying ratios
was prepared (ZnC,C,3). A single set of long spacing peaks
in XRD analysis indicated that zinc palmitate and zinc stearate
form a solid solution at all palmitate/stearate ratios (ESI: Fig-
ure S17). The FTIR spectra of these mixed fatty acid soaps
were highly similar for all the palmitate/stearate ratios; a typ-
ical spectrum is shown in Figure 4a. The mixing of palmitate
and stearate only affected the number and intensity of alkyl
chain progression bands in the 1100-1310cm ™! region 3. The
asymmetric carboxylic stretch vibration at 1 538cm ™! was un-
affected by this mixing.

A

absorbance

S B S S BT S PR ST A |
1600 1400 1200 1000 800
wavenumber (cm)

Fig. 4 ATR-FTIR spectra of (a) ZnC,4C,g (1:1 ratio), (b) ZnUFA
and (c) ZnNa,(Cyg)y,.
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We have also explored the effect of unsaturations in the
fatty acid chains on the structure of zinc soaps. Linseed oil
typically contains only 9-13 % saturated fatty acids'. In paint
samples however, often only zinc soaps of saturated fatty acids
are found. It is thought that this occurs because in a fully poly-
merized oil film, hydrolysis of ester bonds in the tryglycerides
leaves only the saturated fatty acids ‘free’ to diffuse through
the oil network. We have fully hydrolyzed linseed oil to yield
a mixture of mostly unsaturated fatty acids. The zinc complex
of this fatty acid mixture is a crystalline material, as indicated
by the presence of progression bands in the FTIR spectrum in
the 1100-1310cm™! region (Figure 4b) and a strong series of
long spacing peaks in the XRD trace (ESI: Figure S27). This
monocrystallinity is quite surprising, given the low melting
point of unsaturated fatty acids and the heterogeneity of the
fatty acid mixture. With a split v, COO~ band at 1 545cm™!
and 1524cm™!, the FTIR spectrum is very similar to that of
zinc oleate and zinc linoleate'>. Possibly, the presence of
cis double bonds in the unsaturated fatty acid chains causes a
slight asymmetry in the tetrahedral coordination of carboxylic
oxygens around the zinc atoms. However, this minor effect is
not capable of explaining the extensive band broadening that
was observed in the Van Gogh paint sample.

Additionally, we investigated whether the structure of Zn-
UFA soaps changes as the non-conjugated double bonds in
the fatty acid chains undergo auto-oxidation reactions with at-
mospheric oxygen to form peroxides, hydroxides and cross-
links?3. A 0.5mm layer of ZnUFA was left to cure in air
at room temperature for up to seven months. In that time,
the v C=CH band at 3008cm™~' decreased and a broad -OH
band appeared around 3400cm~!. The v, COO~ band was
not affected by ageing (ESI: Figure S37). XRD measurements
showed clearer changes to the structure, with a decreasing or-
der in the carbon chain packing and a small but significant
decrease in the long spacing of 0.6 A (ESI: Figure S2 and Fig-
ure S47).

The last variation in the composition of zinc soaps we in-
vestigated is the incorporation of multiple metals. It was
found that a different type of zinc soaps can form in linseed
oil when a source of sodium or potassium is present such as
NaOH or KCI. The synthesis and structure of these alternative
soap complexes (ZnNa,(C4), and ZnK,(C4),) is described
in detail in Ref.!®. Concerning the FTIR of these mixed-
metal soaps, there is a major shift of the v, COO™ band from
1540cm™! to 1595cm™! with two bands of lower intensity
appearing at 1609cm ™" and 1620cm™! for both the sodium
and the potassium containing complexes (Figure 4c). Though
the band maximum is shifted it is still sharp, in contrast to the
band broadening observed in the paint sample of Van Gogh.
In comparison to Zn(C ),, this band shift is caused by a tran-
sition from bidentate to effectively monodentate carboxylic
groups?*. The split in the v, COO~ bands is an effect of

the inequivalence of the carboxylic headgroups in the mixed-
metal structure, in which half the carboxylate groups bind a
zinc and a sodium or potassium atom and half the groups bind
two sodium or potassium atoms. Though the mixed-metal
soaps can easily be synthesized in a reaction mixture of ZnO,
palmitic acid and NaOH/KOH in linseed oil, they have not yet
been identified in oil painting samples.

Concluding, none of the variations in zinc soap composition
we investigated give a satisfying explanation of the v, COO~
band shift and broadening that is often observed in zinc white
paint layers.

3.3 ZnO particles in fatty acids solutions

We performed experiments where ZnO powder was added to
an aqueous palmitate solution, in an attempt to measure IR
absorbance of surface-adsorbed carboxylate molecules. Sam-
ples were taken at regular time intervals from 15 s after start of
the reaction and analyzed with ATR-FTIR spectroscopy. Fig-
ure 5 shows that the height of the characteristic zinc palmitate
bands are indeed rising as the reaction progresses. However,
the position of the v, COO™ band is not affected by the extent
of zinc soap formation. Even after just 15 seconds reaction
time, when the amount of zinc soap formed is very small and
the strength of absorption is very weak, the band has an ab-
sorption maximum at 1 536cm™!. This observation has three
possible explanations:

* the v, COO™ band of fatty acids adsorbed on ZnO sur-
faces lies at 1 536cm™!;

* the fatty acid layer directly on the ZnO surface has shifted
v, COO™ bands, but as soon as IR absorption becomes
measurable, the zinc soap phases are already several lay-
ers thick and the signal is dominated by the non-shifted
bulk zinc soap signal;

* zinc soap formation does not take place on the ZnO sur-
face, but instead it is a precipitation reaction between dis-
solved Zn>* ions and fatty acids in solution.

We did not investigate which of these explanations is valid,
though Taheri et al. did find that myristic acid molecules ad-
sorbed on oxidized zinc surfaces consistently showed sharp
v, COO~ bands at 1536cm—12°. However, the situation
might be different for an oil paint system where there is a
more variation in the molecules with carboxylate functionali-
ties. While we cannot conclude that IR absorption of carboxy-
lates directly adsorbed on a zinc oxide is identical to bulk zinc
soaps, this experiment does show that only that if such surface
adsorbed species exist in paint systems, their concentration is
likely to be too small to account for the entire intensity of the
strong v, COO™ band that is often measured. In other words,
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Fig. 5 ATR-FTIR spectra of ZnO immersed in an aqueous palmitate
solution for 15 seconds to 10 minutes.

most carboxylates will be residing in bulk zinc soap material,
where the effect of the pigment surface does not play a role.

Moreover, we observed the broad shifted v, COO~ band in
zinc-containing polymerized oil films in which pigment was
entirely absent. These crucial experiments are discussed be-
low.

3.4 Disorder in zinc soaps

Next, we discuss disorder in zinc soap structures as an ex-
planation of variations in carboxylate coordination. As men-
tioned before, in a polymerized oil network fatty acid chains
that are to become part of the zinc soap phases might not have
sufficient mobility to pack in a well-ordered manner. To inves-
tigate whether disorder in the alkyl chain packing affects the
coordination of carboxylate groups around the zinc ion, we
first considered the FTIR spectrum of molten zinc palmitate
(Figure 6b). In the melt, the alkyl chains are completely disor-
derd, but each carboxylate group is still bound to zinc. Upon
melting, the single v, COO™ band observed in crystalline
zinc palmitate at 1536cm™! splits into three bands at 1545,
1593 and 1633cm ™! at 160°C, when the complex appears as
a clear colorless liquid. Ishioka and co-workers have stud-
ied the structural changes associated with this phase transition
with EXAFS and concluded that the coordination number and
Zn—0 bond lengths are the same in both phases?®. There-
fore, the striking changes in the FTIR spectrum of molten zinc
palmitate must be due to a geometrical distortion of the tetra-
hedral coordination structure of the carboxylate groups around
the zinc ion, caused by the increased mobility of the molten
alkyl chains. The effect of complete disorder in the alkyl
chains on the v, COO™ vibration is significant. Though the
shape of the bands is still different, the chain disorder pro-

duces a shift to higher wavenumbers comparable to the spec-
trum in region 1 from the Van Gogh paint sample (compare
Figure 6b and 6¢).

absorbance
(on

1 1 1 1 1 1
1800 1600 1400 1200 1000 800
wavenumber (cm)

Fig. 6 ATR-FTIR spectra of (a) zinc soaps formed in a cured film of
ZnO in linseed oil (ZnO-LO), (b) molten zinc palmitate at 160°C,
(c) area 1 in the sample from Van Gogh’s The Woodcutter (after
Millet) and (d) zinc palmitate at room temperature.

In an attempt to produce disordered zinc soaps in a way
more closely related to actual oil paint, we prepared a ZnO
‘paint’ film designed to promote the fast formation of zinc
soaps by using an excess of linseed oil and stirring the paint
with water before application. Already after one week, a broad
v, COO™ band was observed. Figure 6a shows the ATR-FTIR
spectrum of the bottom of such a film after 80 days of drying
on a glass support (ZnO-LO). The broad v, COO™ band cen-
tered at 1 575cm™! is similar to the band from the van Gogh
paint in Figure 3 (area 1), though a weak shoulder can be ob-
served around 1 540cm~!. The intensity of the v, COO~ band
relative to the ester carbonyl band of the cured oil network at
1739cm~! indicates that the concentration of zinc carboxy-
lates in this system is quite high.

It should be remarked that the similarity between the broad
Vv, COO™ bands in the Van Gogh paint and in ZnO-LO is a
crucial finding (Figure 6a and 6c¢). It implies that this ex-
periment is one of the few successful attempts to produce a
film containing zinc carboxylates with a coordination struc-
ture very similar to those found in old paintings on a very short
timescale . We proceeded with X-ray diffraction analysis to
study the crystalline order in this system.

Figure 7 shows the XRD trace measured on the bottom of
the model ZnO paint film ZnO-LO, compared to a linseed oil
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film cured with no additives (LO) and a mixture of zinc palmi-
tate and ZnO. The three characterstic peaks of at 31.8°, 34.5°
and 36.3° in ZnO-LO show that there is still ZnO present. The
broad peak with a maximum around 20° (d = 4.4 A) appears
in both the pure linseed oil film and in the model paint. Such
a broad peak is often seen in amorphous polymer material and
can be associated with the average distance between the car-
bon chains in the cross-linked oil network?’.

intensity

1 1 1
0 10 20 30 40
26 (%)

Fig. 7 XRD traces of (a) ZnO-LO, (b) crystalline Zn(C ),
synthesized from ZnO and (c) a pure linseed oil film. Intensities of
the three traces are not to scale. The insert shows the three peaks
(marked with *) in the low angle section of the XRD trace measured
at higher resolution and slower scanning speed.

In Figure 7b at small angles we see the typical series of
sharp peaks associated with the long spacing in the bulk crys-
talline zinc palmitate. In the trace of ZnO-LO, similar peaks
appear in the same region at 1.5°, 3.3° and around 5°, though
they are significantly broader and much weaker (see inset in
Figure 7). These three evenly spaced peaks correspond to the
first three diffraction orders of the long spacing in zinc soaps.
The width of the peaks shows that the crystalline domains are
much smaller than in bulk zinc palmitate. The absence of a
well-resolved series of long spacing peaks prevents an accu-
rate calculation of the long spacing, but based on this data the
value can be estimated to be around S0A. This spacing is
significantly larger than the long spacing of a zinc soap that
contains both palmitate and stearate (ZnC,C g, 41.4A for a
1:1 mixture) or zinc soaps containing a mixture of unsaturated
fatty acids (ZnUFA, 41.8A).

This XRD analysis shows that the ZnO-LO sample contains
a very low concentration of small (semi)-crystalline zinc soap
particles. This small amount cannot, however, account for the
strong v, COO™ band in the FTIR spectrum of ZnO-LO (Fig-
ure 6). The lack of strong long spacing peaks leads to the con-
clusion that the zinc carboxylate species associated with the

broad v, COO~ band around 1 570cm™! must be amorphous.

Based on the FTIR spectrum and XRD analysis of ZnO-LO,
we will now discuss explanations of the observed v, COO™
band broadening and shift. Possibly, the zinc carboxylate
species are zinc soaps of saturated fatty acids being delayed
or hindered in their crystallization process. In a polymerized
oil network, thermal movement of fatty acid chains might be
constrained by the surrounding oil network, making alignment
and proper crystallization of the chains a much slower process
than the coordination of zinc ions by fatty acid carboxylate
groups. In this scenario, the amorphous state of the fatty acid
chains distorts the ideal tetrahedral coordination of the car-
boxylic groups around the zinc atom in a fashion similar to
molten zinc palmitate (Figure 6). If this hypothesis is cor-
rect, on a longer timescale it is expected that the degree of
crystallization will increase and that a sharp v, COO™ band
at 1 536cm~! will appear in the FTIR spectrum of ZnO paint
layers. This explanation implies that the observed system is
not in thermodynamic equilibrium and is bound to move to a
final state of, probably, large well-ordered metal soap crystals.

A second interpretation is that the zinc carboxylate species
is not an isolated molecular species present in the paint film,
but in fact integral part of the oil network structure. Network
carboxylic acid groups may form by hydrolysis of triacyl glyc-
erol ester bonds after polymerization of the fatty acid chains
has occurred, or through (-scission reactions and subsequent
oxidation in the unsaturated fatty acid chains?3. The view of
the oil network as a polymer chain with carboxylic acid side-
chains would make it a complicated type of ionomer. The
term “ionomer” refers to ion-containing polymers, typically
consisting of a hydrocarbon backbone with a small number
of pendant acid groups. In commercial ionomers, these acid
group are often partially or completely neutralized by Na*,
Zn>* or other metal ions. The structure of ionomers has
been extensively studied. It was found that the ionic groups
have a well-defined local structure and cluster to form ion-
rich domains within the polymer matrix 2839, Interestingly,
an ethylene-methacrylic acid copolymer completely neutral-
ized by Zn>* ions shows a relatively broad v, COO~ band at
1585¢cm~!, which is similar to the band we observed for the
ZnO-LO system 8.

In order to test the ionomer interpretation, we attempted
to produce a zinc ionomer from linseed oil. Commonly,
ionomers are prepared by letting a polymer that contains ionic
groups react with a metal salt in the melt or in solution. Since
polymerized linseed oil decomposes before it melts and has
a poor solubility in organic solvents, we chose to introduce
zinc ions in the polymer matrix by copolymerization. The
zinc complex of sorbic acid (2,4-hexadienoic acid, or C6:2)
was mixed with linseed oil and cured as a film at 150°C in
air to induce cross-linking between the double bonds of un-
saturated triglycerides and the sorbate chains. While zinc sor-
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bate did not dissolve in linseed oil, upon curing the mixture
of zinc sorbate and linseed oil formed a completely transpar-
ent polymer film (Zn-pol), as shown in Figure 8b. Figure 8a
compares the FTIR spectra of zinc sorbate and Zn-pol. Upon
curing, the three sharp bands of zinc sorbate at 1515, 1620 and
1645cm~! disappear and a broad v, COO~ band appears with
a maximum at 1585cm~!. The absence of a C=CH band at
3008cm™! indicated that all double bonds in the system were
either cross-linked or oxidized (ESI: Figure S57). The XRD
trace in Figure 8c confirms that Zn-pol is amorphous and con-
tains no remaining traces of unreacted zinc sorbate, showing
only the broad peak around 20° that was also found in pure
linseed oil films. The weak maximum around 6° (d ~ 15A)
proved poorly reproducible and remains to be interpreted.

ZTwn- flﬂ
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1585 cm’
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b
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intensity
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Fig. 8 (a) FTIR spectra of zinc sorbate (Zn(C6:2), bottom) and a
cured mixture of zinc sorbate and linseed oil (Zn-pol, top), showing
a broad v, COO~ band with a maximum at 1585cm™~!. (b)
Photograph of a completely transparent thin yellow film of Zn-pol.
(c) XRD trace of Zn-pol.

The FTIR spectrum of the Zn-pol ionomer is strikingly sim-
ilar to the spectra of both the ZnO-LO system and the Van
Gogh paint sample, showing that an amorphous polymer sys-
tem containing network-bound zinc carboxylate groups is a
valid explanation for the shifted broad v, COO™ band in oil
paints. Moreover, the complete absence of ZnO pigment in
this system emphasizes that the zinc carboxylate species cor-
responding to the broad v, COO™ band is not associated with
pigment surfaces. This conclusion is further supported by the
observation that the broad v, COO™ band in the ZnO-LO sys-
tem also appeared in transparent sections of the paint film that
contained no ZnO pigment (ESI: Figure S67).

Applying our findings to the sample from The Woodcutter
(after Millet) shown in Figure 2c, it means that amorphous
zinc carboxylate species are homogeneously spread through-
out the light green paint layer. Crystallization of zinc soaps, as
indicated by the sharp 1536cm™! band, has occurred mostly

in the lower section of the paint layer, and is concentrated in
domains rich in zinc soaps. A similar distribution of zinc car-
boxylate species was also found by Osmond et al. in 40 year
old ZnO tube paint films and home-made reconstructions '4,
and could be due to an uneven degree of polymerization in the
paint layer or an inhomogeneous concentration of ‘free’ fatty
acids.

Based on the results shown here, a clear distinction between
disordered zinc soaps or a zinc-neutralized ionomer cannot be
made. However, it may be most likely that both types of zinc
carboxylate contribute to the broad v, COO~ band around
1570-1590cm ™" that we find in ZnO-LO and in historical
zinc white paints. It is often observed that zinc soaps con-
taining mostly saturated fatty acids form spontaneously in oil
paint films containing ZnO, and since our system is so simi-
lar to paint formulations, there is no reason why they should
not be forming at least to some extent in ZnO-LO. In fact, the
shoulder in the FTIR spectrum of ZnO-LO at 1 536cm™! and
the weak set of long spacing peaks in the XRD results sug-
gest that there is a low concentration of crystalline zinc soaps
present already.

Furthermore, if (semi-)crystalline zinc soap material is nu-
cleating somewhere in the paint system and subsequently in-
creasing in size, there must be transport of Zn>* ions from
the ZnO pigment particles to the growing zinc soap aggre-
gate. Since isolated ions are unlikely to exist in a relatively
apolar medium like a polymerized oil film, as Zn>* moves
through the paint system it needs to be accompanied by a suit-
able negative countercharge. The most obvious candidates for
these countercharges are the carboxylic groups that are part of
the polymer network. Diffusion of metal ions in ionomer sys-
tems has been studied both experimentally and through molec-
ular simulations3!=3*, and was shown to occur through an “ion
hopping” mechanism in which metal ions are transferred be-
tween ionic groups on different polymer chains. Crucially, this
diffusion process only occurs at an appreciable rate when the
polymer is heated above its glass transition temperature, when
the polymer chains are mobile enough to bring together their
ionic groups to a distance where the transfer of ion from one
carboxylic group to the other is feasible.

We confirmed to capability of Zn>* ions to exchange be-
tween carboxylate groups in linseed oil experimentally. Two
days after mixing of two clear linseed oil solutions, one con-
taining ZnUFA and the other palmitic acid, crystalline zinc
palmitate could be isolated from the resulting turbid reaction
mixture and identified with FTIR spectroscopy. This simple
pilot experiment shows that even in an oil environment, the
zinc-carboxylate bond may be broken and the precipitation
of zinc palmitate drives the exchange of Zn?* ions from dis-
solved unsaturated fatty acids to saturated fatty acid chains.

If ionomers can indeed be considered valid model systems
for aged oil paint, the glass transition temperature of oil paint
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and any factor that influences this physical property (e.g. rel-
ative humidity, solvent absorption, pigmentation) could be-
come a crucial parameter for the rate of metal ion diffusion and
therefore metal soap growth. Further investigations into the
preparation of ionomeric systems closely resembling a poly-
merized oil network and the analysis of these systems to study
the relation between diffusion processes in ionomers and oil
paint films are the topic of a forthcoming publication.

4 Conclusions

In samples of zinc white paint layers, different types of zinc
carboxylates are found. A species characterized by a sharp
v, COO~ band at 1536cm ™! corresponds to crystalline zinc
soaps of saturated fatty acids, but the nature of a second type
characterized by a broad v, COO~ band with a maximum be-
tween 1570 and 1590cm™! has never been experimentally
demonstrated. We have shown that neither variations in the
composition of zinc soaps (e.g. mixtures of fatty acids of dif-
ferent chain length or number of double bonds, or mixtures of
metal ions) nor fatty acids adsorbed on pigment particles can
account for the broad vibration band. FTIR and XRD analy-
sis on model paint films, however, showed that the zinc car-
boxylate species must be amorphous, and initial experiments
suggest that zinc ionomers prepared from linseed oil may be
accurate models for mature binding media.

The exact nature of the carboxylate species—disordered
metal soaps or metal carboxylate functionalities covalently
linked to the polymerized oil network, or both—is at present
unclear. However, it is important to make the distinction
between zinc soaps and the broader class of zinc carboxy-
lates in the discussion of chemical processes in paint films.
These findings represent a breakthrough in the interpretation
of FTIR spectra of oil paint samples. A broadening and shift
of the v, COO™ band of the metal carboxylate signifies an
oil paint system where pigments have partially degraded but
metal soaps have not been able to crystallize (yet), i.e. an in-
termediate stage between an intact and a strongly deteriorated
paint film. As such, FTIR analysis provides important infor-
mation on the internal conditions of oil paint layers and the
degree of degradation, aiding conservation treatments of in-
valuable works of art.
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