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The crystallization of metal soaps in oil paint is an important chemical phenomenon that affects the
appearance and structural stability of many works of art. A deep understanding of the structural
transitions that occur during crystallization and their kinetics will help to support conservation decisions
that minimize future detrimental change to paintings. We have used a method based on attenuated total
reflection Fourier transform infrared spectroscopy and detailed spectrum analysis to quantitatively
monitor all relevant metal soap structures during crystallization in a linseed oil matrix with varying
degrees of polymerization. It was found that zinc soap crystallization behaviour is strongly influenced by
the properties of the oil matrix, slowing down drastically with increasing polymerization, forming
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crystalline polymorphs in varying ratios, and demonstrating two-stage kinetics. In contrast, lead soap
crystallization was invariably fast, but the degree of disorder in the crystallized phases was increasing
with matrix polymerization. Besides fundamental insight into the mechanisms of metal soap
crystallization, the results lay foundations for improved risk assessment during conservation treatment of
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1 Introduction

Metal soaps are an interesting class of compounds, formed by
complexation of metal ions by long-chain fatty acids. While
metal soaps find application as PVC heat stabilizers," additives
to ionomer or rubber formulations,>® and precursors for
nanoparticle synthesis,” they are also recognized as an impor-
tant degradation product in historic oil paintings and other
painted objects.®® In this context, metal ions from pigments or
driers react with fatty acids released by the drying oil binder or
paint additives, eventually forming crystalline metal soap
phases that can be highly detrimental to the appearance and
structural integrity of valuable works of art.'®"> In oil paint-
ings, the most common metals involved in metal soap for-
mation are lead (usually derived from hydrocerussite, minium
or litharge pigments/driers) and zinc (derived from zinc oxide
pigments), but calcium, copper and potassium soaps have been
reported as well.'»*®'” Linseed oil is a common drying oil used
as a paint binder that can supply saturated fatty acids for metal
soap formation.
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From analysis of cross-sections of historical paint samples,
it is clear that there is considerable variation in the extent and
morphology of metal soap crystallization in oil paint layers, as
well as in the resulting crystal structure. For example, lead
soaps regularly form large crystalline protrusions that can be
observed to break through surface paint layers,"® but in some
cases they remain more homogeneously distributed in paint
layers, causing increased transparency that can reveal under-
lying paint layers."® Zinc soaps, on the other hand, have been
observed to crystallize in different polymorph structures in a
single paint layer, depending on the depth in that layer.>® We
wish to understand the relevant polymer matrix effects that
affect the crystallization kinetics and phase behaviour of metal
soaps, to gain information about the historical conditions that
have acted upon a painting and ultimately inform on conserva-
tion strategies that can be employed to minimize further
changes to oil paint layers.

In a previous study, we investigated the solubility of metal
soaps in oil binders using differential scanning calorimetry
(DSC).>* That work showed that nucleation of crystalline metal
soap phases required greater supersaturation with increasing
polymerization of the oil matrix. There was also some evidence
of remaining disorder in the crystallized phases and long-term
structural transformations after the initial crystallization event.
More recent studies based on attenuated total reflection Four-
ier transform infrared (ATR-FTIR) spectroscopy demonstrated
the complex evolution of zinc carboxylate structures during
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transition from the amorphous to crystalline state,
other researchers have studied the coordination structures of
lead carboxylates in detail with nuclear magnetic resonance
spectroscopy and X-ray scattering.>*** In this work, we build
upon these structural insights to monitor the structural transi-
tions during crystallization of metal soaps with ATR-FTIR
spectroscopy and develop a kinetic model that describes these

crystallization events

1.1 Coordination structure of lead and zinc carboxylates

To aid the interpretation of the kinetics of phase transitions in
metal soaps, it is useful to consider the coordination structure
of zinc and lead soaps and their IR spectroscopic features in
some detail.

As we demonstrated previously,>* four distinct zinc carbox-
ylate coordination geometries can potentially exist for zinc
soaps, as shown in Fig. 1. In the amorphous phase, zinc soaps
can either adopt a lineair coordination polymer ‘chain’ struc-
ture, or a tetranuclear ‘oxo’ complex that includes a O~ anion
in the center of the cluster. An equilibrium has been shown to exist
between these two structures that is dependent on the availability of
water and the concentration of carboxylic acids:>"*°

[Zn(R—CO0),],, + H,0 = nZnO(R—-CO0), + 2nR—COOH
chain 0X0
@)

chain
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The chain and oxo complex can be easily distinguished by FTIR
spectroscopy. While the highly symmetric oxo complex shows a
single asymmetric carboxylate stretch vibration band centered at
approximately 1590 cm ™, the chain complex is characterized by
two main bands and a shoulder at 1544, 1630 and 1565 cm™ " as a
result of coupling of carboxylate vibrational modes.

There are also two crystalline polymorph structures for zinc
soaps (Fig. 1).2°°° The differences between these layered two 2D
coordination polymer structures are rather subtle, with a
completely symmetric orientation of ZnO, tetrehedra and hex-
agonal alkyl chain packing in the ‘type B’ polymorph, and an
alternating ZnO, tetrahedra structure and square chain pack-
ing in the ‘type A’ polymorph. For zinc soaps of long-chain
saturated fatty acids (i.e. a length of ten carbon atoms or more),
the type B polymorph is the most stable structure at room
temperature. Despite the subtlety of the distinction between
type A and type B zinc soaps structures, their asymmetric
carboxylate stretch vibrational modes are rather different, with
type B zinc soaps showing a single band at 1536 cm ™' while
type A zinc soaps give rise to four bands and a maximum at
1524 cm ™.

It is important to note that, in the case of zinc soaps,
crystallization is not just a process of packing individual
molecules or ions in a lattice, but it has characteristics of a
chemical reaction. While the chain, type A and type B structures
all have the same stoichiometry, crystallization from the oxo
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Fig. 1 Overview of the four zinc carboxylate structures that can be adopted by zinc soaps in a polymer matrix and the corresponding features of their
asymmetric carboxylate stretch vibrations bands in FTIR spectra. Carbon atoms are gray, oxygen is red, and zinc ions are indicated with blue tetrahedra.
All carbon atoms except the first beyond the carboxylate group are omitted for clarity. The indicated positions of bands in IR spectra are approximate
values; band positions may vary due to, for instance, disorder in coordination, variations in carboxylate backbone, and temperature. The shoulder at
1565 cm™tin the spectrum of the oxo complex is considered to be caused by an impurity, possibly chain complex, given that no band shoulders have
ever been reported for oxo complexes in ionomers®>2® or in solution.?” Figure adapted from ref. 22, further copyright permission related to this
illustration should be directed to the ACS.
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complex requires reaction with two additional fatty acid mole-
cules and a loss of water. Moreover, the transition from either
the oxo or the chain complex to one of the crystalline poly-
morphs requires breaking and reformation of Zn-O bonds,
because each carboxylate group is bridging a different set of
zinc ions in the crystalline structures. These structural details
of zinc soaps make it interesting to investigate whether there
are differences in crystallization kinetics for the oxo and chain
complex, and whether there are conditions that favour either
the type A or type B polymorph.

The landscape of possible lead soap coordination geome-
tries is less clear than for zinc soaps. Several researchers®*>*
have demonstrated that two distinct types of lead carboxylate
coordination exist for lead soaps, as illustrated in Fig. 2. Short-
chain lead soaps tend to crystallize in a ‘hemi-directed’ struc-
ture where six oxygen atoms from carboxylate groups are
located on the same side of each lead ion. For long-chain lead
soaps, the lead ions are more symmetrically coordinated by
oxygen atoms, leading to a ‘holo-directed’ structure. In FTIR
spectra, the holo structure can be distinguished from the hemi
structure mainly by the appearance of a shoulder at

hemi holo
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Fig. 2 The two lead carboxylate structures adopted by crystalline lead
soaps, characterized by either a hemi-directed or holo-directed coordina-
tion of lead ions, and the corresponding features of their asymmetric
carboxylate stretch vibrations bands in FTIR spectra. Carbon atoms are
gray, oxygen is red, and lead ions are indicated with dark grey spheres. All
carbon atoms except the first beyond the carboxylate group are omitted
for clarity. The indicated positions of bands in IR spectra are approximate
values; band positions may vary due to, for instance, disorder in coordina-
tion, variations in carboxylate backbone, and temperature.

This journal is © the Owner Societies 2021

View Article Online

Paper

approximately 1542 cm ™' next to a main asymmetric carboxylate
stretch vibration band at 1504-1510 cm ™. In the amorphous
phase, however, the details of lead carboxylate coordination are
less certain, while most evidence points to a hemi structure. In
the high-temperature FTIR spectrum of liquid lead soaps, a
single asymmetric carboxylate stretch vibration band can be
observed, though it is shifted to higher wavenumbers.?" The
hemi structure is also favoured for shorter fatty acids, which,
like in the melt, is a situation where the van der Waals interac-
tions between fatty acid alkyl chains are reduced.”® Finally,
Martinez-Casado and co-workers demonstrated with Pair Dis-
tribution Function (PDF) analysis that there are similarities in
coordination in the liquid phase of long-chain lead soaps and
the hemi structure of short-chain soaps.”® Combining this
evidence, we hypothesize that amorphous lead soaps adopt a
hemi-directed structure, but that there is a potential for varia-
tion in the Pb-O bond lengths depending on the level of
crystallinity that gives rise to a shift of the asymmetric carbox-
ylate stretch vibration band to higher frequencies.

The crystallization process for lead soaps is likely to be a
more simple matter than for zinc soaps. Martinez-Casado et al.
showed that the liquid phase of lead soaps still contains locally
ordered lead carboxylate structures with a size of at least 10 A.>*
This existence of local order in the liquid state entails that the
formation of a crystalline nucleus of lead soaps can achieved
simply by bringing together several of these ordered lead soap
domains, forming new lead-carboxylate bridges between
domains in the process. Given these fundamental differences
in nature of the crystallization process between lead and zinc
soaps, it is worthwhile to compare crystallization kinetics for
these two types of metal soaps and try to relate those to the
morphologies of metal soap phases in oil paint systems.

1.2 Model system design

As a model system for metal soap crystallization in oil paint, we
carried out rapid cooling experiments from the melt with
mixtures of either zinc palmitate (ZnPa) or lead palmitate
(PbPa) in linseed oil (LO). These initially liquid mixtures could
be kept at high temperature for variable periods of time up to
120 min to induce increasing degrees of matrix polymerization
due to autoxidative drying of the linseed oil.>* Relating the
experiments to real oil paintings, this model system represents
a situation where metal ions and fatty acids have already
formed complexes to yield a concentration of metal soaps that
is supercritical at room temperature.*' The increasing levels of
oil polymerization in the model system relate to the differences
in oil network connectivity that may arise in oil paints due to
compositional variations and the degree of long-term degrada-
tion processes.

2 Materials and methods
2.1 Sample preparation

ZnPa and PbPa were synthesized by precipitation from an
alkaline solution of the metal nitrate and palmitic acid, as
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described previously.>*** The precipitated powders were thor-
oughly rinsed with water and acetone to wash away unreacted
reagents and water, after which they were dried at room
temperature. Phase purity was confirmed by ATR-FTIR spectro-
scopy and X-ray powder diffraction.

ZnPa-LO and PbPa-LO mixtures were prepared in a 1:3
weight ratio of metal soap and oil. The mixtures were ground
for several minutes with a small mortar and pestle to ensure a
fine dispersion of metal soap particles.

2.2 ATR-FTIR spectroscopy measurements

ATR-FTIR spectra were collected on a Frontier spectrometer
(PerkinElmer) equipped with a heatable diamond GladiATR
module (Pike Technologies). Individual spectra were collected
as a single scan and 4 cm ™' resolution. For ZnPa crystallization
measurements, the relative humidity above the sample was
kept constant at 50% using a stainless steel sample cell’® and a
home-built humidity PID-controller.

Measurement runs were carried out as follows: (1) a spectral
background was collected at 25 °C; (2) the ATR top plate was
heated to 150 °C; (3) a small amount of ZnPa-LO or PbPa-LO
paste large enough to cover the entire ATR crystal was applied
to the crystal, and automated spectrum collection was imme-
diately started with 2-6 spectra per min, depending on the rate
of crystallization; (4) the measurement cell was placed over the
sample with a 50% relative humidity flow on its inlet (only for
ZnPa-LO); (5) After a set time (between 1 and 120 min), the
sample was quenched to 25 °C by stopping the heating module
and placing heavy brass ring that was pre-cooled to —18 °C on
the ATR top plate; (6) after reaching 25 °C, the temperature was
kept constant, and spectrum collection was continued for up to
1000 min. A good estimate of the temperature of the sample
could be obtained from spectral data by using the linear
relationship between temperature and the background phonon
signal of the diamond ATR crystal at 2155 cm™ " (Fig. S1, ESI{).

2.3 Data analysis

All data was processed and analyzed using custom Wolfram
Mathematica scripts. A detailed description of the analysis
workflow and examples of Mathematica notebook files can be
found in the ESL{ A brief description of the method is
given below.

2.3.1 Spectrum analysis. Each spectrum in a measurement
series was pre-processed by normalizing to the ester C=O
stretch vibration band around 1740 cm ™', chopping to the
region of the asymmetric carboxylate stretch vibration band,
and subtracting a linear background between the edges of the
spectral window. For ZnPa, a hybrid non-linear spectral fit was
carried with fixed reference spectra for the crystalline ZnPa
species and variable sets of Gaussian bands for non-crystalline
structures.>” Strong constraints were imposed on the positions,
widths and relative intensities of the Gaussian bands to ensure
meaningful results. For PbPa, the spectra were modeled as a
linear combination of the first and the last spectrum in a series,
setting ¢ = 0 on the last spectrum before crystallization starts.
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2.3.2 Kinetic analysis. The fractional concentration curves
that were produced by fitting of the ATR-FTIR spectra were fit
with kinetic models described in the Results section. For ZnPa,
the three curves describing the concentrations of oxo, chain
and crystalline ZnPa structures were fit simultaneously with a
global parameter optimization algorithm, applying constraints
on the fit parameters to obtain reasonable results. For PbPa, a
simple exponential model was fit to the concentration curves of
crystalline PbPa without constraints.

3 Results

The crystallization behaviour of ZnPa and PbPa will be dis-
cussed in succession. For each metal soap, we will first consider
the relevant structural transitions, and then proceed to char-
acterize the kinetics of these transformations.

3.1 Structural transitions during ZnPa crystallization

Prior to heating, samples started out as a suspension of crystal-
line zinc palmitate (type B structure) in liquid linseed oil. The
crystallization experiments can be divided in three phases, as
illustrated in Fig. 3a: (1) a heating phase at 150 °C of variable
duration, during which the sample is a homogeneous liquid
that gradually thickens due to oil autoxidation; (2) a fast
crystallization phase (¢ ~ 0.5-30 min) immediately after
quenching to 25 °C during which the sample mixture becomes
supersaturated, leading to ZnPa precipitation; (3) a long-term
(re-)crystallization phase on a timescale of hours to days, during
which there can be further crystal growth or polymorph transi-
tions. To investigate the structural transitions in ZnPa crystal-
lization experiments in more detail, we take the experiment with
60 minutes heating time as an example. Typical spectral
changes in the asymmetric carboxylate stretch band envelope
corresponding to each of the time domains are shown in Fig. 3b.

Initially, ZnPa adopted the chain complex structure in the
liquid phase at 150 °C. However, a partial conversion process
from chain to oxo complex started immediately, tailing off at a
conversion of approximately 50%. In most cases of chain-oxo
conversion reported in the literature, this transition is driven by
the presence of water, following reaction (1).>”*° However, in
this experiment it is suspected that water does not drive the
chain to oxo complex conversion, because the water concen-
tration in an oil matrix at 150 °C is extremely low. It is likely
that an oxygen species capable of supplying the oxygen anion in
the oxo complex is generated during oil autoxidation. The fact
that the chain to oxo complex conversion was incomplete
suggests that there is an equilibrium between the two zinc
carboxylate species that relies on the carboxylic acid concen-
tration and the unknown oxygen species.?” In what follows, we
will not consider this chain to oxo complex conversion and its
kinetics further. Apart from the experiments with the shortest
heating times (¢ < 20 min), the starting concentrations of chain
and oxo complex were comparable for each experiment.

Upon quenching to 25 °C (which took approximately 1 minute),
many changes to the structure of zinc palmitate occurred

This journal is © the Owner Societies 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp03479k

Open Access Article. Published on 27 September 2021. Downloaded on 12/6/2025 10:58:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper
as 140 ! 1
o _
2 100r  oil matrix zinc soap 1
& e[ polymerization crystallization ]
IS L i
I 20t . S ; oo Burshdamnun o » >
0 50 100 . 200 250
time (min)
b 0.15 0-60 min 60-80 min 80-1000 min A
o}
§ 0.10 OE)
£
S 0.05
“ J
1500 1550 1600 1650 1500 1550 1600 1650 1500 1550 1600 1650
wavenumber (cm') wavenumber (cm) wavenumber (cm)
I T T T v T T T T T T T v T v v T T
c — it d ' . —
< crystallization start — chain
eeeee data o 0.5 'Il\ 1
—— chain 3 0.8 I | 9xe 7
0X0 © 3 03 I /f‘ SR - g
) = L | — 4
g —A g 0.6f 01} I/ ]
3 \ — B g [ J
§ S [ u 60 80 100
Qo T 04r
© t ~
Re] [ 1
A Y, g 3 ~——
N & 02l | ——— 1
/) X H —_———
% SMAN .
1 1 n 1 1 T 1 0.0 1 1 1 1 1
1500 1520 1540 1560 1580 1600 1620 1640 200 400 600 800 1000
wavenumber (cm) time (min)

Fig. 3 Overview of collected data during a ZnPa crystallization experiment with 60 minutes polymerization time. (a) Temperature of the sample during
first 250 minutes of the experiment. (b) Three series of ATR-FTIR spectra that illustrate the dominant zinc carboxylate transformation processes in each
time domain. (c) Example of a spectral fit to asymmetric carboxylate stretch band envelope. (d) Fractional concentration profiles of the four zinc

carboxylate structures during the crystallization experiment.

simultaneously. Firstly, the decreasing temperature slightly shifted
the equilibrium between the chain and oxo complex in favour of the
chain complex. Just after the sample reached 25 °C, the character-
istic carboxylate features of crystalline ZnPa grew at the expense of
the chain and oxo complex in the ATIR-FTIR spectra (Fig. 3b). While
both type A and type B polymorphs formed immediately, the
concentration of the metastable type A polymorph was initially
higher (Fig. 3d). Interestingly, the initial crystallization process was
incomplete. Approximately 1 h after quenching, the concentration
of non-crystalline ZnPa changed only very slowly, while only
approximately 40% of the total concentration of ZnPa was in a
crystalline state. There was also a stark difference in crystallization
behaviour between the chain and oxo complex. At the start of
crystallization, their concentrations were roughly equal. After the
initial crystallization phase, however, the chain complex had only
decreased by 20% of its initial concentration, while the oxo complex
had decreased by 70%.

After the initial crystallization process, which lasted approxi-
mately 20 minutes after a heating time period of 60 minutes, the

This journal is © the Owner Societies 2021

system of ZnPa in linseed oil remained reactive. Fig. 3b and d show
that there was a polymorph transition occurring from type A to type
B in ZnPa. At the end of the measurement run, 1000 minutes after
quenching, all four zinc carboxylate coordination structures were
still present. However, both the crystallization process and the
polymorph transition continued on a longer timescale. When a
comparable ZnPa in oil sample that was oven-heated at 150 °C for
60 minutes was analyzed with ATR-FTIR spectroscopy again after
3 days, no amorphous ZnPa could be detected anymore (Fig. S2,
ESIT). A further 49 days after heating, there was almost exclusively
type B ZnPa present in the sample. These observations demonstrate
that, while there is a fast crystallization process in partially poly-
merized oil, a fraction of the zinc soaps is characterized by very slow
crystallization kinetics.

3.2 Oil matrix influence on ZnPa crystallization

Having identified the changes in the structure of zinc soaps
that occur during crystallization, we can investigate how the
crystallization process depends on the properties of the

Phys. Chem. Chem. Phys., 2021, 23, 22589-22600 | 22593
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surrounding matrix. As a control experiment, we observed that
a sample of pure liquid ZnPa crystallized completely and
directly in a type B structure in approximately 30 s (Fig. S3,
ESIY).

Fig. 4 shows fractional concentration curves for the four
types of zinc carboxylate structure for several durations of heat
treatment at 150 °C. These experiments illustrate the different
types of behaviour during ZnPa crystallization in an oil matrix.
Interestingly, the oil matrix has an influence on ZnPa crystal-
lization even when it is unpolymerized. When ZnPa/oil samples
were heated for only 1 min, just long enough to achieve a
homogeneous liquid mixture, ZnPa crystallized completely
within 30 s in the type A polymorph rather than type B
(Fig. 4a). However, a polymorph transition occurred on a much
slower timescale, eventually leading to the formation of the
more stable type B polymorph.

At 10 minutes heating time, the crystallization process
looked strikingly different (Fig. 4b). While the initial crystal-
lization was still rapid, it was no longer complete. Approxi-
mately 30% of ZnPa remained non-crystalline at 250 minutes.
Moreover, ZnPa persisted in its type A form for much longer,
with only a 10% fraction of type B ZnPa detected at the end of
the run.

At 30 minutes, initial crystallization started to slow down
and the fraction of ZnPa that was characterized by very slow
crystallization kinetics further increased (Fig. 4c). Notably, at
higher degrees of polymerization the fraction of ZnPa that
crystallized directly into the type B polymorph increased.
Fig. 4d demonstrates that this trend continued, with type B
ZnPa representing the majority of crystalline ZnPa at all times
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during the experiment at 90 min heating time. In this more
highly polymerized system, only approximately 20% of ZnPa
crystallized after 17 hours.

3.3 Kinetic model for ZnPa crystallization

To gain more insight into the kinetics of the individual pro-
cesses occurring during zinc soap crystallization, we con-
structed a kinetic model to describe the concentrations of
ZnPa species over time. In theory, there are seven possible
reactions between the different ZnPa species, as illustrated in
Fig. 5a. It is known that there exists a (partial) equilibrium
between the oxo and chain complex, both these non-crystalline
species can theoretically crystallize to either a type A or B
polymorph structure, and finally Fig. 4 clearly shows that there
is a type A to type B polymorph transition. The spectroscopic
data also suggests that at least some of these reactions have a
fast and a slow component. For a kinetic model, this reaction
scheme needs to be simplified, because it includes multiple
reaction paths leading to the same product that are difficult if
not impossible to distinguish spectroscopically (e.g. type B
ZnPa can be formed from the oxo complex directly, via the
chain complex, or via a type A polymorph), Moreover, the
complete reaction scheme would lead to an underdetermined
system of equations.

The simplified model, illustrated in Fig. 5b, serves to allow a
more quantitative comparison between ZnPa crystallization at
increasing levels of matrix polymerization. For this model, we
made several assumptions and approximations. Firstly, we
assumed that there is no transition between the chain to oxo
complex during crystallization. This transition is likely to have
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Fig. 4 Fractional concentration profiles of the chain, oxo, type A and type B ZnPa species during crystallization in a polymerizable oil matrix at (a) 1 min,
(b) 10 min, (c) 30 min and (d) 90 min heating time at 150 °C. Time t = O is set at the start of quenching.
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Fig. 5 Illustrations of (a) all possible reactions that can occur during ZnPa

crystallization, and (b) the reactions that were considered in the simplified
kinetic model.

little effect on the overall kinetics of the system, because the
factors that affect oxo-chain equilibrium (carboxylate and water
concentrations, and temperature) are all approximately con-
stant from the moment crystallization starts, and the rate
constants of oxo and chain consumption are similar. Secondly,
we neglected the distinction between type A and type B poly-
morphs, grouping their contributions as a single concentration
of crystalline ZnPa species. While it could be the case that
type A and type B ZnPa form in different ratios in the course of a
crystallization experiment, this assumption entails that the rate
constants for the formation of type A or type B are the same.
Finally, while the crystallization from the oxo complex con-
sumes two palmitate molecules and releases a molecule of
water, these reactants are not included explicitly in the model.
This omission entails the assumption that palmitate or water
molecules are not involved in the rate-determining step of the
crystallization process.

Having limited the relevant crystallization reactions to tran-
sitions from either oxo or chain to crystalline ZnPa (Fig. 5b), we
can now write a set of three differential equations that describe
the rate of change in concentration of each ZnPa species. It was
found that the shape of the concentration curves was described
much better across the range of heating times by second-order
reaction kinetics (Fig. S4, ESIt). Incorporating a fast and slow
kinetic component for the two crystallization reactions, the
solution of the set of differential equations gives the fractional
concentrations of each of the three considered structures
over time:

[chain] 1 —se Se
[ZnPa] = - C(l + keap1 (1 — 1) + 1+ keap2 (1 — li))
[oxo] . 1 =5, So
[ZnPa] (1=7) <1 + koap1 (t — 1) * 1+ koapa (7 — li)) @)
[A+B] [chain]  [oxo0]
[ZnPa] ~ [ZnPa] [ZnPa]

where ¢ is an initiation time, f; is the fraction of non-crystalline
ZnPa in the chain complex structure prior to crystallization and
[ZnPa] is the total concentration of ZnPa. keapi, keapr and s.
describe the kinetic behaviour of the chain complex, and they
are the fast and slow rate constants for crystallization, and the
fraction of chain complex that is characterized by slow kinetics,
respectively. koap1, koan2 and s, are the equivalent parameters
for the oxo complex. This set of equations was fit to the
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corresponding set of experimental concentration profiles using
a global parameter optimization algorithm and constraints on
the fit parameters to meaningful values (see ESI} for details of
the fit procedure).

The simplified kinetic model gave excellent fit results for all
experimental runs. Fig. 6a and b show examples of a fit of
eqn (2) to concentration profiles corresponding to 15 and
90 min heating time. The crystallization of ZnPa at 1 min
heating time was complete within the time necessary to collect
a spectrum, so the kinetic fit was not considered meaningful
for that run.

Despite the limitations of the simplified two-reaction model
of Fig. 5b, the kinetic fit yields some interesting observations.
As was observed qualitatively before, crystallization became
slower and the initiation time increased with increasing poly-
merization of the oil matrix. Fig. 6¢c shows that the fast-
component crystallization rate constants decreased by more
than two orders of magnitude beyond one hour polymerization
time. At short heating times, the crystallization rate of oxo
complex was consistently higher than the chain complex.
However, at heating times of 60 minutes and longer, the rates
of crystallization became comparable for both types of amor-
phous ZnPa species. There was considerable uncertainty in the
values of the slow-component rate constants, since the slope of
the concentration curves at longer timescales was very minimal.
However, the slow-component rate constants were usually
10*-10° times slower than the fast rate constants.

There were also clear differences between the two complexes
in the fraction of zinc carboxylates characterized by slow and
fast kinetics, as shown in Fig. 6d. At all heating times where
both amorphous structures were present before quenching, the
oxo complex crystallized to a greater extent in the initial fast
crystallization phase.

While the type A to type B polymorph transition could not be
included in the kinetic model, it was possible to investigate the
transition qualitatively. Fig. S5 (ESIt) shows the fraction of
crystalline ZnPa in the type A polymorph structure over time.
Irrespective of heating time, all samples exhibited a slow
polymorph transition to type B. Interestingly, all curves except
for the 1 min heated sample have a very similar slope, which
suggests that the rate of the polymorph transition is largely
independent of the degree of polymerization in the matrix.

3.4 Structural transitions during PbPa crystallization

Having studied the complexity of ZnPa crystallization in detail,
it is interesting to make a comparison with PbPa crystallization.
Fig. 7a shows the evolution of the asymmetric carboxylate
stretch vibration band of PbPa during rapid cooling to room
temperature. In the course of crystallization, the band with a
maximum at 1530 cm™ " that corresponds to amorphous PbPa
is replaced by a band positioned at approximately 1508 cm .
We could not detect any signs of intermediate PbPa species
between the starting amorphous complex and the crystalline
product by applying singular value decomposition to spectral
series acquired during crystallization. While Martinez-Casado
and co-workers report the existence of a rotator phase between
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the melt and crystalline PbPa,*" this phase is likely to be either
too short-lived and/or not spectroscopically distinct enough to
be detected in our experiments.

The results indicate that the spectra collected during crystal-
lization of PbPa can be modeled simply as a linear combination of
the spectrum at the onset of crystallization and the final spectrum
in the series at equilibrium. Fig. 7b illustrates an example of such a
fit, and Fig. 7c shows the resulting fractional concentration curves of

amorphous and crystalline PbPa. This approach using two-
component linear combination fitting and pure component spectra
sourced from the dataset itself gave very good fits to experimental
spectra for all studied samples (R> > 0.997).

3.5 Oil matrix influence on PbPa crystallization

Mixtures of PbPa and LO were subjected to increasing dura-
tions of heating at 150 °C to induce oil polymerization, after
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(a) ATR-FTIR spectra showing the asymmetric carboxylate stretch vibration band of a mixture of PbPa and LO during quenching from 150 °C after

30 min heating. Spectra were collected every 10 s. (b) Illustration of a linear combination fit of a spectrum collected during quenching, using the spectra
at the onset of crystallization and at equilibrium as pure components. (c) Fractional concentration curves of amorphous and crystalline PbPa.
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which the mixtures were quenched to 25 °C. Fig. 8a shows the
fractional concentration of crystalline PbPa for heating times
ranging from 1 to 120 min. For comparison, a crystallization
curve corresponding to pure PbPa without LO is also included.
From these curves, it is clear that PbPa crystallization is
invariably fast and that the degree of matrix polymerization
has only limited influence on the crystallization kinetics of
PbPa. In all samples, crystallization was more than 90% com-
plete within 2 min after the start of crystallization.

The high crystallization rate of PbPa makes it challenging to
select an adequate kinetic model for the entire series of
experiments. For the more polymerized systems, a second-
order model seemed to describe the crystallization process best
(Fig. S6, ESIt). However, for pure PbPa and PbPa-LO mixtures
at heating times of 1 and 15 min, the crystallization process was
already complete after the collection of three spectra. Such a
small number of data points inevitably leads to large uncer-
tainties in the kinetic rate constants and the shape of the
crystallization curve. We chose to compare the timescales of
crystallization instead, by fitting the concentration curves with
a simple exponential model:

[PbPa} crys

D eys e/t
[PbPa) ae

3)
where [PbPa].,/[PbPa] is the fractional concentration of crys-
talline PbPa, 7 is the timescale of crystallization, ¢ is an
initiation time, and a is the equilibrium concentration of
crystalline PbPa with a value very close to 1. Fig. 8b shows an
example of a fit of this model to the crystallization curve
corresponding to 30 min heating time. The model gave good
fits to all data (R*> > 0.999). The crystallization timescales
clearly increased with increasing oil polymerization (Fig. 8c).
However, the timescale increased only by approximately a
factor of 3 compared to pure PbPa, and the value showed only
minor changes after 30 min heating.

While the properties of the oil matrix do not seem to
strongly affect PbPa crystallization kinetics, it is interesting to
consider the structure of the crystalline PbPa phases by
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studying the ATR-FTIR spectra of the mixtures after crystal-
lization. Fig. 9 compares the spectra collected several minutes
after quenching for increasingly polymerized PbPa-LO mix-
tures and for pure PbPa. The progression bands between
1150 and 1370 cm ™" are caused by coupling of the wagging
vibrations of the CH, units in the alkyl chains of palmitate
chains.?* These bands only appear when the alkyl chains are
packed in an all-trans conformation. For PbPa crystallized in
LO, the intensity of the progression bands clearly decreased
with increasing heating time, indicating that the polymer
matrix induces conformational disorder in the crystallized
PbPa phases. This observation is in line with previous research,
which demonstrated that the crystallization enthalpy of lead
soaps decreased with oil matrix polymerization.>' Additionally,
the asymmetric carboxylate stretch vibration band shows no
clear shoulder at 1540 cm ™" for PbPa crystallized in LO, though
there are some signs of either band broadening or a shoulder at
approximately 1525 cm ™. Together, these spectroscopic obser-
vations suggest that while the crystallization rate is not strongly
affected by the polymer matrix, the oil environment does cause
disorder in the alkyl chain packing, which in turn induces the
adoption of a hemi-directed carboxylate coordination around the
lead ions. It is not clear if or on what timescale this structure
converts to the more stable holo-directed conformation.

4 Discussion

The time-dependent ATR-FTIR experiments have provided
many insights into the mechanisms and kinetics of metal soap
crystallization. It is important to note that these quenching
experiments reflect a situation where a relatively high concen-
tration of metal soaps (25% by weight) is already present prior
to crystallization. In oil paintings, metal soap crystallization
may start before such high concentrations can build up in paint
layers. In that case, the crystallization process is likely to be
slower due to a lower supersaturation of metal soaps. The
experiments reported here were designed to study the effects
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Fig. 8 (a) Fractional concentration curves of crystalline PbPa, and a comparison with pure PbPa without a LO matrix (no LO). In these curves, t = O is set

at the onset of crystallization. (b) Example of a fit to egn (3) of the PbPa concentration curve for 30 min heating time. (c) Crystallization timescales t as

function of heating time at 150 °C. The dashed curve is a guide to the eye.
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of polymerization of the oil matrix surrounding the metal
soaps, and the observed effects are likely to be relevant across
a larger range of metal soap concentrations.

The observation that ZnPa, and possibly also PbPa, crystal-
lization in oil is best described with second-order kinetics
provides some more understanding of metal soap crystal-
lization. We can envision that the crystallization of metal soaps
from the liquid state is composed of two processes: an internal
structural rearrangement (packing of the fatty acid chains and
induced changes in metal carboxylate coordination), and a
diffusion process (the movement of metal soap ‘units’ to form
or join a crystalline nucleus). While the internal rearrangement
is a first-order process, second-order kinetics would be
expected if diffusion is the rate-limiting step during metal soap
crystallization. The second-order shapes of the crystallization
curves for ZnPa in Fig. 6, and potentially also for PbPa in Fig. S6
(ESIT), suggest that diffusion is indeed the key process that
limits crystallization rate for metal soaps in a polymerized
matrix.

Focusing on ZnPa, it is interesting that the initial crystal-
lization process was incomplete in polymerized oil. The exis-
tence of a fraction of amorphous ZnPa with crystallization
kinetics orders of magnitude slower than the primary crystal-
lization process suggests that there is variation in the local
environment of non-crystalline ZnPa. Perhaps a fraction of
ZnPa in the chain and oxo geometry is tangled in relatively
densely polymerized pockets of the oil matrix, making the
necessary structural rearrangement for the formation of type
A or type B crystalline nuclei much slower. If this is true, it
could even be that the formation of new nuclei is practically
impossible for this fraction of ZnPa, and that this fraction
contributes to crystallization exclusively through a slow process
of dissolution and growth onto existing crystalline phases. This
link between matrix polymerization and crystallization mecha-
nism is supported by the observation that the fraction of ZnPa
characterized by slow kinetics increased with the degree of
polymerization (Fig. 6d), and it is in line with previous observa-
tions on the concentrations of chain and oxo species in paint
films that pointed to the existence of variation in local

22598 | Phys. Chem. Chem. Phys., 2021, 23, 22589-22600

conditions in oil polymers.>* The fact that a larger fraction of
the chain complex is characterized by slow kinetics than oxo
and therefore more susceptible to matrix polymerization
(Fig. 6d) suggests that either crystallization from chain complex
requires more molecular rearrangement, or that the chain
complex is more likely to reside in polymer environments that
force slower crystallization.

Generally, the crystallization rate of the oxo complex was
slightly faster than the chain complex (Fig. 6¢). This observa-
tion seems to contradict previously published results, where we
found evidence that oxo complexes are consumed more slowly
than the chain complex.”> However, in those eatlier experi-
ments based on mixtures of ZnO and LO, ionomeric oxo and
chain complexes needed to react with in situ generated satu-
rated fatty acids prior to crystallization, while the ZnPa complex
has already formed in the experiments described here. This
distinction could be important. Combining the current and
previous observations, the results suggest that the zinc soaps in
the oxo geometry may crystallize slightly faster, but that iono-
meric chain complexes exchange polymer network-bound car-
boxylate groups for those of fatty acids more easily. Finally, it
should be noted that, so far, the differences in reactivity
between chain and oxo complexes have proven to be rather
limited compared to all other factors that influence the kinetics
of metal soap formation.

The reported experiments also shed light on the relationship
between ZnPa crystallization kinetics and crystalline poly-
morph structure. While pure ZnPa crystallizes immediately into
the stable type B polymorph (Fig. S3, ESIT), the presence of a
liquid oil matrix causes the initial adoption of a type A
structure. This effect is probably due to a disruption of optimal
packing of the palmitate chains by the oil matrix, which in turn
causes ZnPa to adopt the type A structure that is characterized
by more favourable carboxylate coordination around zinc.>
Interestingly, as oil matrix polymerization starts to slow down
crystallization, type B ZnPa becomes the more dominant poly-
morph again during the initial crystallization phase. These
observations have important implications for oil paintings
research. The persistence of type A polymorphs for zinc
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palmitate or stearate in real oil paint samples®® can now be
associated with a fast and possibly also recent crystallization
process, perhaps caused by a sudden change in climate condi-
tions (high temperature or relative humidity) or certain con-
servation procedures (solvent/water cleaning or consolidation
treatments). As such, zinc soap polymorph detection can give
information on the conservation history of a painting.

Comparing the results of PbPa and ZnPa, PbPa crystal-
lization was markedly faster than ZnPa crystallization, especially
at higher degrees of polymerization of the oil matrix. This result
is in line with the fact that there is much more structural
similarity between the liquid and crystalline state in lead soaps
than in zinc soaps, as discussed in the Section 1.1. The presence
of more local order in the liquid state of PbPa could mean that
liquid PbPa essentially already contains nuclei for crystal-
lization, explaining why crystallization was relatively indepen-
dent of matrix polymerization for PbPa. In contrast, for
nucleation of crystalline ZnPa phases, bonds need to be broken
and substantial molecular rearrangement needs to take place.

It could be said that crystallization of lead soaps is both
more simple and more complex than in the case of zinc soaps.
On the one hand, PbPa crystallization could be adequately
described as a simple X — Y transition running to completion,
and the effects of the polymer matrix on the crystallization
process were far more limited than for ZnPa. On the other
hand, there seems to be more room for varying degrees of
conformational disorder in PbPa, while the coordination geo-
metries of ZnPa are mostly limited to four well-defined ZnPa
species (possibly with the exception of disorder in the confor-
mation of the chain complex*®). As a consequence, while the
kinetics of crystallization remained similar, the degree of
polymerization of the oil matrix did influence the level of order
of the PbPa phases that crystallized. For oil paintings, these
varying degrees of order in the lead soap phases could influ-
ence the rate of further chemical processes that involve lead
soaps, for instance recrystallization to other lead salts®® or lead
ion migration. It is also interesting to attempt to link these
differences between the metal soaps to the metal soap
morphologies observed in oil paint systems. The commonly
observed lead soap protrusions with dimensions of hundreds
of micrometers suggest there is a process similar to Ostwald
ripening at play, where larger crystalline PbPa phases grow at
the expense of smaller ones. For such a process to occur, there
needs to be an equilibrium between lead soap crystallization
and dissolution, and a non-zero diffusion coefficient to allow
movement of lead ions and fatty acids between crystalline
phases. With the results reported here, we hypothesize that
the relatively disordered nature of lead soap phases in oil paint
polymers makes it easier for precipitated lead soap structures
to dissolve and reform elsewhere. In comparison, zinc soaps
were shown to have a lower solubility in oil and a higher
activation energy for crystallization,® making it more likely
that they can remain dispersed as small crystallites for long
periods of time after precipitation.

Given the differences in the nature of the crystallization
process for lead and zinc soaps, it is also likely that they are not
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affected in the same way by environmental factors that may
influence metal soap crystallization, such as the moisture
content in paint films or the exposure to heat and organic
solvents. Experiments to study these effects are the topic of a
future publication.

5 Conclusions

ATR-FTIR spectroscopy can give highly detailed insight into the
structural transitions of metal soaps during crystallization and
the kinetics of these processes. With prior knowledge of the
spectroscopic features of all relevant metal carboxylate coordi-
nation geometries, quantitative information on the concentra-
tions of species can be obtained from ATR-FTIR data and
kinetic models can be applied to study the mechanisms of
crystallization.

Zinc palmitate crystallization is strongly influenced by the
properties of the surrounding oil matrix. As the matrix becomes
more polymerized, crystallization slows down dramatically and
an increasing fraction of zinc soaps exhibits ultra-slow crystal-
lization kinetics. Moreover, a metastable type A polymorph
structure is formed as an intermediate at low degrees of matrix
polymerization. Crystallization kinetics for zinc soaps in oil
appear to be second-order, which suggests that the process is
diffusion-limited under these conditions.

Lead palmitate crystallizes faster than zinc palmitate, and
the kinetics are only slightly affected by matrix polymerization.
However, there seem to be remaining levels of disorder in fatty
acid chain packing in the crystalline lead soap phases when
crystallization occurs in a strongly polymerized matrix.

The results demonstrate the ability of FTIR spectroscopy to
give information on the conservation history of oil paintings
and their potential for further chemical reactivity. In turn, such
information can help to support restoration and conservation
decisions for painted artworks.
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