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Infrared spectra of samples from oil paintings often show metal carboxylate bands that are broader and

shifted compared to those of crystalline metal soap standards (metal complexes of long-chain saturated

fatty acids). Using quantitative attenuated total reflection Fourier transform infrared spectroscopy (ATR-

FTIR), it is demonstrated that the broad metal carboxylate band is typically too intense to be explained by

carboxylates adsorbed on the surface of pigment particles or disordered metal complexes of saturated

fatty acids. The metal carboxylate species associated with the broad bands must therefore be an integral

part of the polymerized binding medium. Small-angle X-ray scattering (SAXS) measurements on model

ionomer systems based on linseed oil revealed that the medium contains ionic clusters similar to more

classical ionomers. These structural similarities are very helpful in understanding the chemistry of mature

oil paint binding media and the potential degradation mechanisms that affect oil paintings.
1 Introduction

An oil paint is a mixture of pigments, a drying oil (triglycerides
that have a high degree of unsaturation on their fatty acid
chains) and a variety of possible additives. This mixture forms
a complex heterogeneous system of solid particles suspended in
a polymer matrix as it dries and ages through autoxidation. It is
known that the common white pigments lead white (2PbCO3-
$Pb(OH)2) and zinc white (ZnO) easily release lead or zinc ions
into the binding medium and that metal–carboxylate bonds
(COOM) are oen formed. These bonds are identied with
Fourier transform infrared spectroscopy (FTIR) as strong
asymmetric stretch vibration bands in de 1500–1600 cm�1

range. Previous studies on oil paint samples have shown that
there are two distinct types of metal carboxylate species.1–4 One
type is characterized by sharp COOM bands that match pure
references of crystalline metal complexes of saturated long-
chain fatty acids, so-called metal soaps (e.g. at 1538 cm�1 for
zinc complexes5 and 1510 cm�1 with a shoulder at 1540 cm�1

for lead complexes6). Paintings conservators have linked the
formation of these crystalline metal soaps in oil paints to cases
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of brittleness, transparency and delamination of paint layers,
and especially lead soaps appear regularly as white spots on the
exposed paint surface.7–9 Because metal soaps are a widespread
oil paint conservation issue, we have previously studied the
crystallization of metal soaps from linseed oil to gain insight
into the causes and kinetics of this process.10

The second type of metal carboxylate is associated with
a much broader metal carboxylate band that is oen shied
towards higher wavenumbers compared to the band maximum
of crystalline metal soaps. While the two types may occur in
relatively pure form, oen a combination of the sharp and
broad carboxylate band is observed in FTIR spectra of oil paint
samples.1,3 In an earlier paper, we have attempted to identify the
second type of metal carboxylate.4 It was demonstrated that the
broad COOM band corresponds to an amorphous metal
carboxylate species dispersed throughout the binding medium.
Three types of amorphous metal carboxylate species were
discussed:

(1) Carboxylate groups (mostly attached to the polymer
network) adsorbed to the surface of pigment particles;

(2) Non-crystalline (disordered) metal complexes of fatty
acids (possibly kinetically trapped in their amorphous state10);

(3) Metal ions bound to carboxylate functionalities on the
polymerised oil network, a system similar to ionomers.

Though both carboxylates on the pigment surface1,11 and
ionomer structures12–16 have been suggested by previous
researchers as explanations for the broad COOM band, there is
increasing evidence that an ionomer-like oil network is the
dominant contributor to the broad metal carboxylate band in
FTIR spectra. We have presented a novel route to synthesize
ionomeric structures from linseed oil by co-polymerization with
RSC Adv., 2016, 6, 93363–93369 | 93363
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zinc sorbate, and it was shown that this material also has metal
carboxylate features in FTIR spectra similar to the binding
medium in zinc white paints.4 Additionally, there is a striking
similarity between COOM bands in FTIR spectra of commercial
zinc-neutralized poly(ethylene-co-methacrylic acid) (pEMAA)
ionomers and zinc white oil paint binding media.17,18

In this paper, we aim to prove that an ionomer-like state is
indeed formed in the binding medium of oil paints when
a broad metal carboxylate band is observed by quantifying the
concentration of metal carboxylate groups with attenuated total
reection FTIR (ATR-FTIR). Additionally, we have used small
angle X-ray scattering (SAXS) to compare the morphology of
linseed oil-based ionomeric networks with more classical ion-
omers described in literature.
2 Experimental
2.1 Preparation of samples

Metal sorbate complexes were prepared by dissolving 550 mg
sorbic acid (Aldrich, 99+%) with 1 mL triethylamine (Sigma-
Aldrich, >99%) in 20 mL demineralized water at 50 �C. The
addition of 1.0 g Zn(NO3)2$6H2O (Sigma-Aldrich, p.a.) or 1.1 g
Pb(NO3)2 (Sigma-Aldrich, >99%) dissolved in 5 mL water resul-
ted in immediate precipitation of the white product. Aer stir-
ring for 20 minutes, the product was separated by vacuum
ltration, washed with water followed by acetone, and dried in
a rotary evaporator under reduced pressure. The metal sorbate
salts were stored under inert atmosphere and/or at low
temperatures to avoid oxidation.

Ionomer samples for quantitative ATR-FTIR measurements
were made by mixing 10, 15, 20, 25, 30, 35 or 40 mg zinc sorbate
or lead sorbate with cold-pressed untreated linseed oil (Kremer
Pigmente) to a total weight of 200 mg. The mixtures were
ground to a smooth paste with a mortar and pestle, spread
thinly on a glass slide, and cured overnight in an air-circulated
oven at 150 �C. Metal concentrations for the lead ionomer
samples were chosen lower than the zinc ionomers because
higher concentrations led to sample mixtures that were too
thick to be spread evenly. The samples for SAXS measurements
were prepared in a similar fashion (exact composition of the
samples is given in Table S1†).

Model paint mixtures were made by stirring 0.5 g ZnO
(Sigma-Aldrich, p.a.) or 1.37 g PbO (Alfa Aesar, >99%) with 3 g
cold-pressed untreated linseed oil and 1 mL demineralized
water in a sealed vial for 3 days. Aer allowing the mixture to
settle, a few drops of the oil layers were spread thinly on a glass
slide and dried at room temperature. ATR-FTIR spectra of
touch-dry samples were recorded aer approximately 7 weeks.
Fig. 1 ATR-FTIR spectra of Zn (left) and Pb (right) ionomers of linseed
oil, normalized to the ester carbonyl band at 1738 cm�1. The spectra
from black to light grey range in relative concentration from 0.12–0.52
and 0.08–0.33 COOM/COOR for zinc and lead, respectively. The red
and blue spectra are from model paints of ZnO or PbO in linseed oil,
and all spectra are the average of 5 independent measurements.
Dashed lines indicate the band integration limits used after ester CO
band subtraction and spectral processing.
2.2 Analysis

ATR-FTIR spectra of ionomers were measured on a Perkin
Elmer Frontier FT-IR spectrometer equipped with a Pike dia-
mond GladiATR module. Model paints were measured with
a similar module on a Varian 660-IR FTIR spectrometer. In all
cases, spectra were recorded at 4 cm�1 resolution and 16 scans.
To account for potential sample inhomogeneity, ve
93364 | RSC Adv., 2016, 6, 93363–93369
independent spectra were recorded on different sections of each
sample. In Fig. 1, these spectra have been averaged to yield one
spectrum per sample. For data analysis, each spectrum was
treated separately and only the nal band areas were averaged.

FTIR spectra were subjected to a tailored band integration
algorithm using Wolfram Mathematica soware. Each spec-
trum was corrected for baseline shis and normalized to the
peak maximum of the ester CO band at 1738 cm�1. To isolate
the metal carboxylate band, a Pearson type IV distribution19 was
used to t the ester CO band which was subsequently sub-
tracted from the spectrum. The resulting isolated metal
carboxylate band was integrated over a xed range (1500–1690
cm�1 and 1490–1670 cm�1 for zinc and lead ionomers,
respectively). Finally, the band areas were averaged for each
sample, and a linear least squares t was applied to yield
a relation between relative metal carboxylate band area and the
COOM/COOR ratio derived from the composition of the
samples. More detailed information on the band integration
algorithm is available on request.

SAXS analyses were performed at the I911-4 SAXS end station
at the now superseded Max II storage ring at the MAX-lab
synchrotron facility in Lund, Sweden.20 The I911 beamline
contains a superconducting wiggler to produce a brilliance of 3
� 1015 photons/s/mrad2/mm2/0.1% bandwidth and an energy
range of 7–18 keV. Monochromation and focusing was achieved
via a curved Si(111) crystal and a Mo–Si multilayer mirror
further downstream. The beam was collimated by two pairs of
slits. The intensity of the incident (I0) and transmitted (It) X-ray
beam was monitored through a scintillator and a pin diode,
respectively. The X-ray beam size incident on the sample was ca.
300 � 300 mm2. Samples were mounted in holders with Kapton
This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra18267d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
2:

17
:0

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
tape windows. Scattered X-rays were recorded using a Pilatus
1M 2D hybrid pixel detector. Silver behenate was used to cali-
brate the sample-to-detector distance, detector tilt and beam
centre. Data sets including beam intensities, calibrants,
samples and empty cells were reduced and analysed using the
in-house soware package bli9114. Full-circle radial integra-
tions of the 2D measurements yielded 1D q vs. I[q] data sets
including background subtraction and intensity calibration as
the nal output. Measurements were performed using a wave-
length of 0.9 Å and a sample-to-detector distance of ca. 1.9 m,
corresponding to a q-range of 0.08 to 4 nm�1. All samples were
exposed for 5 minutes.
3 Results
3.1 Quantitative analysis of broad metal carboxylate bands

To determine the concentration of COOM groups in paint
samples, we have used quantitative ATR-FTIR. Fig. 1 shows FTIR
spectra of zinc and lead ionomers synthesized from amixture of
the metal sorbate and linseed oil with increasing concentra-
tions of metal ions. Spectra were normalized to the ester CO
band at 1738 cm�1, effectively using it as an internal standard.
Since we cannot directly measure the concentration of ester
groups in paint samples, the derived concentration of COOM
groups will be relative to the concentration of ester groups. The
ester CO band was subtracted from the spectrum using
a custom spectral processing algorithm, aer which the isolated
COOM band could be integrated. A linear relationship was
found between the COOM band area and the ratio of COOM and
ester groups (COOM/COOR), shown in Fig. 2 (R2 ¼ 0.965 and
0.975 for Zn and Pb, respectively), with a similar slope for zinc
and lead ionomers.

Two spectra belonging to model ‘paint’ lms prepared with
ZnO or PbO cured as thin lms at room temperature are also
shown in Fig. 1 (weight ratio pigment to linseed oil Rwt ¼ 0.17
and 0.46 for ZnO and PbO). Though the concentration of
pigment in these model lms was quite low, much lower than in
common oil paint formulations, the broad COOM bands are
very intense in both cases. Using the calibration line of Fig. 2, it
Fig. 2 Relation betweenCOOMband area and COOM/COOR ratio for
zinc (red squares) and lead (blue circles) ionomers. Standard errors in
each point were smaller than the size of the symbol and the dashed
lines are linear fits.

This journal is © The Royal Society of Chemistry 2016
was found that the bands correspond to a COOM/COOR ratio of
0.43 and 0.51 for the ZnO and PbO lm, respectively, which is
equal to roughly 1.5 COOM groups per triacylglyceride mole-
cule. Broad COOM bands of similar or even higher intensity are
routinely found in samples from paintings or paint models in
literature.2,4,21,22 For example, the broad COOM bands of three
custom ZnO paints prepared in 1990 and a Windsor and
Newton safflower oil zinc white paint lm from 1978 described
by Osmond and co-workers1 correspond to COOM/COOR ratios
ranging from 0.42 up to 1.09 (see ESI for ATR-FTIR spectra†).
3.2 Carboxylates on the surface of pigment particles

Focusing on the pigment surface hypothesis, we can calculate
the theoretical upper limit of COOM/COOR if all COOM bonds
were located on the pigment surface using the following rela-
tion (see ESI for a full derivation†):

�½COOM�
½COOR�

�
max

¼ Rwt

�
rpNAACOOdpart

2Mw;LO

� Rwt

��1

: (1)

Here, Rwt is the weight ratio of pigment to oil, rp is the density of
the pigment, NA is the Avogadro constant, ACOO is the surface
area occupied by one carboxylate group, dpart is the average
pigment particle diameter, and Mw,LO is the average molecular
mass of linseed oil. The main two assumptions in this relation
are as follows:

� All particles are spherical and non-porous;23

� All carboxylate groups on the pigment surface are the result
of ester hydrolysis, and therefore go at the expense of an ester
group.

The second assumption is not likely to be true since
carboxylate groups will also form through oxidation of unsatu-
rated fatty acids, causing an overestimation of the maximum
COOM/COOR ratio. However, not knowing the concentration of
carboxylate groups formed through oxidation, the assumption
is made to favor the pigment surface hypothesis.

Fig. 3 shows a plot of eqn (1) for ZnO in linseed oil as
function of particle diameter dpart for different pigment to oil
weight ratios Rwt, using a value of ACOO based on the dense
packing of carboxylates in crystalline palmitic acid (23.3 Å2).24

The red curve corresponds to the pigment concentration of the
model ZnO paint in Fig. 1 and the green curve is a plot for the
approximate maximum pigment concentration of a typical
artists' zinc white oil paint.25 It is apparent that experimental
COOM/COOR values (for instance, the red dashed line at
COOM/COOR ¼ 0.43 for our model ZnO paint) can only be
reached with very small pigment particles, below 50 nm or
smaller. Since ZnO particles used as pigment usually fall in the
0.5–3 mm range,25 it is evident that, for a realistic paint formu-
lation, there is not enough pigment surface area available for
carboxylate groups to give rise to strong broad COOM bands.

In the context of the pigment surface explanation, it is worth
mentioning that we have previously described a model ZnO
paint lm that during drying had formed a transparent ring
consisting of only bindingmedium at the edge of the lm.4 ATR-
FTIR spectra of samples taken from areas with and without zinc
white pigment were nearly identical, both showing a strong
RSC Adv., 2016, 6, 93363–93369 | 93365
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Fig. 3 The dependence of the maximum COOM/COOR ratio on
particle size for various weight fractions of ZnO in linseed oil (grey
lines), as described by eqn (1). The red curve corresponds to the ZnO
model paint film of Fig. 1, where the top horizontal dashed line shows
the experimental value of the COOM/COOR ratio in this system. The
green curve corresponds to the maximum pigment concentration in
a typical commercial zinc white oil paint.
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broad COOM band, demonstrating that the pigment surface is
probably not involved in the metal carboxylate species that
causes the broad COOM band.
3.3 Amorphous metal soaps

We can use a similar quantitative line of reasoning to investi-
gate the amorphous metal soaps explanation of broad COOM
bands. Considering paint lms that have fully dried (i.e. not
longer containing unsaturations, like the model paint lms
shown in Fig. 1), the only carboxylic acids capable of forming
amorphous metal soap complexes are the saturated fatty acids
that are part of the total fatty acid side-chain composition of the
drying oil and dicarboxylic acids that form during the autox-
idative drying process. Both types of carboxylates are initially
bound to the polymerized oil network through ester bonds, so
a hydrolysis step is needed before metal soap complexes can be
formed. Some cases have also been reported of modern oil
paints where unoxidized oleic acid was present.26 However,
since this is not a very common observation and there seems to
be no correlation between the detection of oleic acid and broad
COOM bands, we assume that oleic acid does not generally play
a role in metal soap formation.

In a typical linseed oil, saturated fatty acids account for
about 7–13% of the total number of fatty acids present as
triglycerides.27 When we consider the, rather unrealistic, case
that all saturated fatty acids have become available for metal
binding through hydrolysis of their triglyceride ester bond while
all other ester bonds connected to unsaturated fatty acids
remain intact, the maximum ratio COOM/COOR is still limited
to 0.075–0.15, depending on the exact saturated fatty acid
content. Dicarboxylic acids formed through oxidation and
93366 | RSC Adv., 2016, 6, 93363–93369
subsequent hydrolysis may reasonably increase this maximum
ratio to some extent. However, it remains highly unlikely in the
amorphous metal soaps hypothesis that the COOM/COOR ratio
approaches the typical experimental value of 0.43 or higher.
Therefore, amorphous metal soaps will have at most a minor
contribution to the broad COOM band observed in FTIR
spectra, and the majority of carboxylate groups that give rise to
a broad COOM band in zinc or lead containing oil paint must
have formed through oxidation of the double bonds of lino-
lenic, linoleic or oleic acid side-chains, or through hydrolysis of
ester bonds with unsaturated fatty acids. In both cases, in a fully
cured oil paint system these types of carboxylate groups will be
covalently bound to the polymer network, which the formation
of COOM groups has transformed to an ionomer-like structure.
3.4 Characterization of ionomer morphology by SAXS

Having shown that typical broad COOM bands in (model) oil
paint samples are so strong that the large majority of these
carboxylatesmust be part of the polymerized oil network, we will
now focus on comparing themorphology of our ionomer system
based on linseed oil and metal sorbate with more classical
ionomers as described in literature. In turn, ionomer
morphology may provide useful information on material prop-
erties concerning ion transport, molecular diffusion and
mechanical exibility. In SAXS proles, ionomers typically
exhibit a broad peak with a Bragg spacing d between 20–100 Å
and an upturn at very small angles.28 While the upturn is usually
attributed to long-range inhomogeneities in the concentration
of metal ions,28,29 the broad peak is caused by clustering of ionic
groups (metal carboxylate groups in the present case).30,31 The
concentration and size of ion-rich clusters generally depend on
the metal ion species bound to the ionic groups32 as well as the
positions of pendant ionic groups and the architecture of the
polymer matrix.33

Fig. 4 shows SAXS proles of both zinc and lead ionomers as
function of scattering vector q (where q ¼ 2p/d), for two
different total concentrations of carboxylate groups (molar ratio
sorbate to linseed oil So/LO equal 0.6 and 1.1) and at different
degrees of neutralization by zinc or lead ions (noted COO–Zn or
COO–Pb in Fig. 4). ATR-FTIR spectra of these systems are shown
in the ESI.† The zinc ionomers (Fig. 4a and b) show a charac-
teristic ionomer peak withmaxima close to q¼ 0.9 nm�1 (d¼ 70
Å) that increases in intensity with increasing metal content. The
lead ionomers (Fig. 4c and d) only show an ionomer peak in the
samples with the highest metal-content, with maxima at
approximately q ¼ 0.7 nm�1 (d ¼ 90 Å). This observation of
ionomer peaks in linseed oil co-polymerized with metal
sorbates conrms that clusters rich in ionic groups have
formed, and supports the assignment of the broad COOM band
in FTIR spectra of oil paint samples to an ionomer-like state.

A scattering model was developed by Yarusso and Cooper30

(YC), in which spherical clusters containing a high concentra-
tion of ionic groups are assumed to be distributed with liquid-
like order and surrounded by a layer of immobile polymer
matrix that limits the distance of closest approach between two
ionic clusters. We have used a version of the YC model that
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 SAXS profiles of (a and b) zinc and (c and d) lead ionomers
prepared from linseed oil (LO), sorbic acid (So) and metal sorbate. So/
LO refers to the molar ratio between sorbic acid (‘free’ and metal-
bound combined) and linseed oil (i.e. the concentration of carboxylate
groups). The numbers COO–Zn and COO–Pb refer to the fraction of
the total sorbic acid groups bound to either zinc or lead (i.e. the metal
ion concentration). Solid curves drawn through data points represent
the best fits of the YC model described in eqn (2). The lowest grey
profile in each plot corresponds to a pure linseed oil film, included for
comparison.

Table 1 Fitted parameters of the YC model of eqn (2) to the scattering
profiles of linseed oil ionomers shown Fig. 4a–c. So/LO and COO–M
refer to the carboxylate concentrations and degree of metal neutral-
ization noted in Fig. 4. Standard deviations in all fit parameters were 1%
or lower

Ionomer So/LO COO–M R1 (nm) RCA (nm) np (nm3)

Zn 1.1 0.31 0.53 2.30 589
1.1 0.64 1.34 2.41 598
1.1 1.00 1.31 2.55 468
0.6 0.32 1.21 2.53 553
0.6 0.65 1.26 2.53 495
0.6 1.00 1.45 2.45 1336

Pb 1.1 0.64 1.66 3.08 2373
1.1 1.00 1.78 3.50 7681
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groups all terms that contribute only to the intensity of the
ionomer peak under a single parameter A and adds a constant C
to account for variations in background intensity.31 The result-
ing model is as follows:

I ½q� ¼ A
v1

2F2½qR1�
vp þ 8vCAF½2qRCA� þ C; (2)

in which

F½x� ¼ 3ðsin x� x cos xÞ
x3

(3)

v1 ¼ 4pR1
3

3
(4)

vCA ¼ 4pRCA
3

3
: (5)

Here, I[q] is the intensity of the signal as function of the scat-
tering vector q, R1 is the radius of an ionic cluster, RCA is the
radius of an ionic cluster including immobile polymer shell,
and np is the sample volume occupied by one ionic cluster. The
solid lines in Fig. 4 represent ts of the YC model to the scat-
tering data excluding the low-angle upturn, which match the
experimental data reasonably well even for these highly cross-
linked polymer systems. Values for the radius of ionic clusters
This journal is © The Royal Society of Chemistry 2016
R1, the radius of ionic clusters including the immobile polymer
layer RCA and the volume of polymer medium occupied by one
ionic cluster np for all samples that contained a ionomeric peak
are shown in Table 1.

Interestingly, the size of ionic domains was only weakly
inuenced by the concentration of metal ions or the degree of
neutralization. A similar observation has been made for zinc-
neutralized poly(ethylene-co-acrylic acid) (pEAA) and sulfonated
polystyrene ionomers (SpS).33,34 With the exception of one zinc
ionomer sample with intermediate metal concentration, radii of
ionic clusters in the linseed oil zinc ionomers were in the range of
1.21–1.45 Å and cluster sizes including polymer shell were
roughly twice as large at 2.30–2.45 Å. The radii of these ionic
clusters are a factor of 2–3 larger than those reported for zinc-
neutralized pEAA and SpS ionomers. While the intensity of the
ionomeric peak clearly increases, no clear trend could be
observed in the concentration of ionic clusters. Fitted values of np
were mostly in the range of 500–600 nm3 in these zinc ionomers.

The lead ionomers of linseed oil (Fig. 4c and d) differ signif-
icantly from the zinc ionomers. Only the two systems with
highest lead concentration exhibit ionic clustering, while
samples with lower metal concentration merely present evidence
of inhomogeneity on a decreasing characteristic length scale with
increasing lead concentration.28 In the two samples with an
ionomeric peak, the ionic domains are slightly larger than in
their zinc ionomer counterparts (R1 ¼ 1.66 and 1.78 nm3 and RCA
¼ 3.08 and 3.50 nm3), and the concentration of ionic groups is
signicantly lower with np ¼ 2.4 � 103 and 7.7 � 103 nm3. These
values suggest that in lead ionomers of linseed oil, most lead ions
do not reside in spherical ionic clusters but are distributed
throughout the material with some long-scale inhomogeneity.

The observation that RCA values are roughly twice as large as
R1 in linseed oil-based ionomers containing zinc or lead points
to a relatively thick immobile polymer shell around the ionic
clusters,30,35 which is in agreement with the highly cross-linked
and constrained nature of polymerized linseed oil.
4 Discussion

The signicant differences that were found in the size and
concentration of ionic clusters in zinc and lead ionomers might
be related to effect the metal ions have on the polymerization of
RSC Adv., 2016, 6, 93363–93369 | 93367
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linseed oil.36 It is well known, for instance, that lead ions cata-
lyze some of the oxidative polymerization reactions during
drying, which could lead to a more cross-linked and more rigid
oil network that hinders the formation of metal-rich clusters in
the case of lead ionomers. Alternatively, the different preferred
carboxylate coordination geometries for lead and zinc ions
could play a role in the degree of cluster formation. Though
these preliminary results on the size and concentration of ionic
clusters in linseed oil-based ionomers already present useful
information on the morphology of these systems, more detailed
studies investigating the ionic cluster properties as function of
temperature and/or solvent swelling on samples with a broader
metal concentration range are needed to fully understand the
signicance of these results.

While we have shown that saturated fatty acids can only
account for a small fraction of the broad COOM band observed
in FTIR spectra of oil paint samples, it is important to note that
carboxylate groups of saturated fatty acids may still participate
in ionic clustering in linseed oil-based ionomers. If the
concentration of free fatty acids remains low, it is presumed
that they could remain homogeneously dispersed within the
polymer network, making their behavior virtually indistin-
guishable from carboxylate functionalities attached covalently
to the polymer network.

The presented evidence that the aged binding medium in
many oil paints has important structural similarities to
commercial well-studied ionomers is helpful in our under-
standing of the properties and degradation mechanisms of
mature oil paints. For instance, it is expected that metal ions may
migrate through the polymer medium with a similar ‘ion-
hopping’ mechanism37 as is described for pEMAA38 and
polyether-ester-sulfonate co-polymers.39 This process is strongly
inuenced by the degree of mobility of the polymer segments. If
the presence of lead ions really leads to a more cross-linked
polymer medium compared to zinc ionomers, we may expect
the metal ion mobility to be affected. However, the mobility of
metal ions is also likely to depend on the mass of the specic
metal ion, the strength of the COO–Mbond and the homogeneity
of the metal ion distribution in the polymer medium. Conduc-
tivity measurements of linseed oil-based ionomers could be
employed to investigate the relative inuence of these factors.
Additionally, like all polymers, linseed oil networks feature a glass
transition temperature (Tg), above which the mobility of polymer
segments increases signicantly. A dynamic mechanical analysis
(DMA) study by Phenix reports broad thermal transitions for
a variety of fully dried oil paints with values for Tg ranging from
�2 to 45 �C, though some zinc white paints only showed gradual
thermal soening in the investigated temperature range.40

Further investigations linking thermal analysis methods to
conductivity measurements should reveal the correlation
between the glass transition and ionmobility in oil paint systems.

Our ndings also have important implications for our
understanding of metal soap formation in oil paints. We have
shown that many oil paint layers apparently have a signicant
concentration of zinc or lead ions throughout the paint layer
without forming crystalline metal soaps (yet). This situation
suggests that the partial breakdown of pigments and release of
93368 | RSC Adv., 2016, 6, 93363–93369
ions is not a sufficient condition for crystalline metal soap
formation. Neither does metal soap formation necessarily have
to occur close to pigment particles when metal ions are spread
throughout a paint layer. Instead, we hypothesize that the
presence of a threshold concentration of free saturated fatty
acids—once ‘liberated’ by hydrolysis of ester bonds—is a trigger
for metal soap crystallization, having shown previously that the
complexes of lead and zinc with palmitic acid are practically
insoluble in linseed oil.10 The formation of crystalline metal
soap phases from linseed oil-based ionomers will be the topic of
a forthcoming publication.
5 Conclusions

Two types of metal carboxylate asymmetric stretch vibration
bands can be distinguished in FTIR spectra of oil paint samples:
sharp well-dened (sets of) bands corresponding to crystalline
metal soaps of saturated fatty acids, and broader bands (oen
shied to higher wavenumbers) previously linked to an amor-
phous metal soap species. Employing a tailored model system
of linseed oil co-polymerized withmetal sorbates that shows the
same broad metal carboxylate band, it is now possible to
quantify the concentration of metal carboxylates relative to the
concentration of ester bonds using standard ATR-FTIR. With
this method, we have demonstrated that disordered complexes
of metal ions and saturated fatty acids or carboxylates adsorbed
on the surface of pigment particles can only account for a minor
fraction of the amorphous metal carboxylate species commonly
found in oil paint samples. Therefore, we conclude that,
whenever a prominent broad metal carboxylate band is
observed in FTIR spectra of oil paint samples, an ionomer-like
binding medium has formed where metal ions bound to
carboxylate groups covalently part of the oil network are
dispersed throughout the medium.

Analysis with SAXS has shown that linseed oil-based ionomers
prepared with zinc or lead contain clusters of ionic groups, which
is an important structural similarity to more classical ionomer
system described in literature. This result indicates that the body
of research available on ionomers may be of great help to
understand the properties and degradation mechanisms in
mature oil paints. In the context of the problem of metal soap
formation, it will be of special interest to study the transport of
metal ions and fatty acids as function of temperature, humidity
or degree of solvent swelling to assess the impact of storage and
cleaning procedures on the degradation of oil paints.
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