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Abstract  

The supramolecular and mesoscopic architectures of lead-saponified linseed oil, used by painters 

since the Renaissance, have been characterised and linked to their rheological properties. The multi-

scale organization of saponified oils has been demonstrated by SAXS (Small angle X-ray Scattering), 

FF-TEM (Freeze-Fracture Transmission Electron Microscopy) and DIC (Differential Interference 

Contrast): some of the lead soaps (formed when the oil is heated in the presence of PbO) are 

organized into microscopic lamellar domains, distributed in a continuous matrix made up of 

unorganized species (partially saponified triglycerides, glycerol, remaining soaps, etc.). The 

concentration of lead soaps in the oil controls the average size and interaction between the lamellar 

domains. Linseed oil + PbO 17 mol% is viscous and consists of aggregates of lamellar domains 

isolated within the continuous unorganized matrix. In contrast, in linseed oil + PbO 50 mol%, the 

domains are homogeneously dispersed and form what can be described as a three-dimensional 

network, giving the system viscoelastic properties. 
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Introduction 
From the Renaissance onwards, the technique of oil painting spread throughout Europe, based on 

the grinding of pigments with natural drying oils, such as linseed, walnut or poppy seed oils. To speed 

up their drying process, the use of metallic driers seems to have given good results and became 

common practice among painters, a practice that continues to this day. A common treatment was to 

heat the oil with metal oxides, the most commonly used being lead (II) oxide PbO 1. This treatment 

leads to the partial saponification of the triglycerides of the oil and to the formation of metal soaps, 

which consist of two long-chain carboxylate anions R-COO- (R being a linear saturated or unsaturated 

carbon chain) complexed with a divalent metal cation of lead Pb2+ 2. Metal soaps are formed from the 

aliphatic chains of triglycerides, the most common of which are shown below (Table 1). 

The presence of metallic soaps significantly modifies the oils’ properties, not only their drying 

capacity  but also their rheological properties (viscosity, viscoelasticity) 3–5. The painters could 

therefore adjust the consistency and workability of their oils to suit their needs 6,7. The kinetics of 

oxidation and cross-linking of the triglycerides, which are necessary steps for the formation of a solid 

and durable film, are accelerated by the presence of metallic driers 3,8–11. However the presence of 

lead soaps is also associated to long-term conservation issues, such as the formation of the so-called 

protrusions which are micrometric aggregates of saturated organized lead soaps identified in 

artworks that are centuries old, creating irreversible damages 12–17. 

Clarifying the structuring of saponified oils is a key step in understanding how lead soaps modify the 

properties of paints before and during drying (i.e. polymerization of the 

film-forming compounds). Several works on pure systems have shown that saturated soaps based on 

lead, zinc, copper, cobalt and silver have the ability to self-assemble into lamellae 18–22. 

Monounsaturated soaps, such as lead and zinc oleates (C18:1) also form lamellar structures with 

reduced thickness compared to the equivalent saturated soaps, due to the kink formed by the double 

bond 23,24. Cohesion is favored for saturated aliphatic chains, for which van der Waals interactions are 

maximized. In the case of vegetable oils used as a binder for paints, such as linseed and walnut oils, 

the main components are triglycerides of C16 and C18 fatty acids chains, saturated, and mostly 

polyunsaturated 25,26. Heating the oil with lead oxide induce the partial saponification of these 

triglycerides, i.e. the formation of saturated, mono- and mainly polyunsaturated lead carboxylates. A 

significant fraction of un-saponified molecules (tri-, di- and monoglyceride) remains in the system, as 

well as products of additional reactions induced by the heating process,  such as oxidation 27, 

isomerization 28,29, cleavage 30 and oligomerization 31. All these molecules form a complex “oil 

matrix”. Considering the diversity of the fatty chains and the “oil matrix” seems essential to describe 

the structuring of saponified oils. 

Table 1 : Names and formulas of the main aliphatic chains of vegetable oil triglycerides used in paint. An example of a 
triglyceride (1-palmitoyl-2-linoleoyl-3-oleoyl-glycerol) is represented on the right. The green part on the triglyceride 
corresponds to the glycerol residue.  

Fatty acids chains 
Triglyceride  

Name Formula 

Palmitic 
(C16:0)  
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Stearic 
(C18:0)  

Oleic 
(C18:1)  

Linoleic 
(C18:2)  

Linoleni
c 

(C18:3) 
 

 

The aim of this study was to identify the supramolecular and mesoscopic organization of the 

saponified oils formulated according to historical recipes (based on linseed oil and lead (II) oxide PbO 
32). We used SAXS (Small Angle X-ray Scattering) measurements and microscopy to describe their 

architecture, focusing on the results obtained for two model formulations of linseed oil + PbO 17 and 

50 mol%. SAXS analyses provided access to the supramolecular organization of the systems. FF-TEM 

(Freeze-Fracture Transmission Electron Microscopy) enabled the visualization of the internal 

structure of the saponified oils at the micron scale (0.1 µm - 10 µm). In addition, DIC (Differential 

Interference Contrast) microscopy gave information on the structuring at a scale ranging from 1 to 

100 µm. Complementary measurements of viscoelasticity and chemical composition are provided to 

interpret the obtained results. 

Material and Methods 

Formulation of saponified oils 
The used linseed oil was untreated cold pressed oil from Kremer (ref. 73020). The composition of 

fatty acids is given by the provider as: linolenic acid 61.3 %, oleic acid 15.3 %, linoleic acid 14.6 %, 

palmitic acid 4.4 %, stearic acid 2.9 % plus others minor compounds (arachidic acid 0.1 %, gadoleic 

acid 0.1 %, lignoceric acid 0.2%, nervonic acid 0.3 %). To investigate the influence of the initial PbO 

concentration, formulations containing 1, 5, 10, 20 and 25 wt% PbO (corresponding respectively to 4, 

17, 31 and 50 and 57 mol% PbO) were prepared. The samples were formulated in batches of 20 g. 

Lead (II) oxide PbO (Emsure) was first pre-ground with 2 mL of linseed oil in a porcelain mortar for 20 

s. The remaining oil was then added and the mixture was ground for 40 additional seconds. The 

mixture was transferred to a 100 mL beaker and heated in a silicone oil bath at a control temperature 

of 150°C, with magnetic stirring. At the end of heating, the treated oil was immediately poured into a 

glass pillbox, left to cool at ambient temperature, and the saponification rate S (i.e. the percentage 

of saponified ester bonds) was determined by FTIR (Fourier Transform InfraRed spectroscopy), 

following a method described in detail elsewhere 2, with 3 measurements per sample. All 

saponification rates are given in Supporting Information, Table S1. GC-MS (Gas Chromatography – 

Mass Spectrometry) measurements were also performed on linseed oil + PbO 17 and 50 mol% to 

quantify and compare the lead soaps and free fatty acids formed during processing (see Supporting 

Information Figure S1). To avoid any effect related to the aging of samples, the analyses presented 

below were performed on ‘‘fresh” samples, apparently homogeneous, at the latest ten days after 

formulation. Between measurements, the samples were stored at 4°C in sealed pillboxes under inert 

gas (N2).  
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Rheology 
Oscillatory measurements were performed to assess the viscoelasticity of the saponified oils. 

Measurements were carried out on a HAAKE MARS 40 controlled stress rheometer (Thermo Fisher 

Scientific), equipped with a sand blasted stainless steel cone-plate geometry (diameter: 35 mm, 

angle: 2°; gap: 0.104 mm). A strain sweep test from 0.05 to 1000 % strain was carried out at f = 1 Hz 

to evaluate the extent of the linear regime. When samples were viscoelastic, a frequency sweep test 

from 0.1 to 20 rad/s was performed in the linear viscoelastic plateau at constant strain of 0.1 % on a 

new sample, in order to describe the time-dependent behavior of the saponified oil in the non-

destructive deformation range identified by the strain sweep. Measurements were done at 25 °C, the 

temperature being maintained by an air Peltier module. Each measurement was repeated at least 

twice to check reproducibility. A duplicate sample with the same composition, prepared in the same 

conditions, was also analyzed and its properties compared to the first one. 

SAXS (Small angle X-ray Scattering)  

Preparation of samples 
The oils were transferred into cylindrical quartz capillaries of 1 mm outer diameter and 0.01 mm 

thickness (Hilgenberg). The samples were introduced into the capillaries using a syringe and a 0.8 mm 

diameter needle. When samples were too viscous to be introduced by syringe (e.g. 50 mol% PbO), a 

centrifuge Sigma 2-16P was used at 2000 rpm for 1 min. Acquisitions were done at several positions 

in the capillary to ensure that centrifugation did not result in heterogeneous structuring of the 

sample. Capillaries were then sealed with a blowtorch.  

Experimental Conditions  

The measurements were performed at room temperature at the SOLEIL synchrotron on the SWING 

beamline: the samples were irradiated by a 12 keV beam. The scattered intensity was collected by an 

EigerX4M detector (Dectris) with a 75x75 mm2 pixel size (10 frames acquisition per image, 1000 ms 

of exposure time). For each sample, 10 images were recorded and averaged. Two sample-detector 

distances of 0.5 m and 6 m were used. In such condition, the accessible q range, q being the 

scattering vector (            where 2   is the scattering angle and   the wavelength) extends 

from 0.002 to 0.6 Å-1 after mask application. The obtained images were treated with Foxtrot 3.5 using 

an angular integration from 0 to 360°. Such a procedure yields curves in which the scattered intensity 

is plotted versus the scattering vector modulus q. Because of the uncertainty in the capillary 

diameter, we considered the scattered intensity in arbitrary units (a.u.). 

Microscopy 

FF-TEM (Freeze-Fracture Transmission Electron Microscopy)   
The samples were prepared using a BAF060 device from LEICA: they were frozen directly in liquid 

propane cooled to liquid nitrogen temperature, and knife-fractured at -125°C, under vacuum (1.6x10-

6  mbar). The cut surface was then coated with a layer of 4 nm platinum and 40 nm carbon. The 

resulting replicas were washed with a 50/50 mixture of tetrahydrofuran (THF) and chloroform to 

remove the sample underneath and then transferred on copper TEM grids (AGS160-4 carbon-coated 

grids Cu 400, from Oxford Instruments). Visualizations were performed at room temperature on a 

CM 120 - FEI TEM (Thermo Fisher Scientific) equipped with a LaB6 (lanthanum hexaboride) source, at 

an acceleration voltage of 120 kV. The images were collected using a CCD camera (resolution 

1300x1030), from GATAN, with an exposure time of between 0.3 seconds and 2 seconds. The images 

were acquired and processed using Digital Micrograph software suite from GATAN. 
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DIC (Differential Interference Contrast) microscopy  
DIC microscopy is used to enhance the contrast of transparent samples, such as oils. Adjacent areas 

with different refractive indices appear contrasted, giving the appearance of a three-dimensional 

physical relief. Observations were performed in transmission between slide and coverslip on an Axio 

Imager 2 microscope (Zeiss) with a white light source. 

Results 

Viscoelasticity 
Rheology of saponified oils have previously been investigated and presented in detail in 5. The main 

results obtained for linseed oils + PbO 17 and 50 mol% (leading respectively to saponification rates S 

of 18 ± 2 % and 59 ± 4 %) are summarized below and the behavior of oils with higher saponification 

rate (57 mol%, S = 72 ± 1) is described. Linseed oil + PbO 50 mol% exhibited viscoelastic properties 

whereas viscous behavior predominated in the linseed oil + PbO 17 mol% sample, as G' was lower 

than G'' over the entire strain range tested (see Supporting Information Figure S2.a). Linseed oil + 

PbO 50 mol% exhibited a linear viscoelastic plateau located between 0.05 and 0.5 % strain (Figure 

1.a). From 0.5% strain, G' and G'' started to decrease and then crossed each other at around 2 % 

strain. Additional frequency sweep test on the viscoelastic plateau (Figure 1.b, strain  = 0.1%) 

revealed that G' was higher than G'' over the whole frequency range studied, and the two moduli 

increased as a function of the frequency according to a power law of exponent 0.27 (G') and 0.34 

(G''). Surprisingly, when the PbO content was higher than 50 mol%, the viscoelastic properties were 

not enhanced as one would have expected but linseed oil + PbO 57 mol% was not viscoelastic (see 

Supporting Information, Figure S2.b) 

  
(a) (b) 

Figure 1 : (a) Oscillatory strain sweep test on linseed oil + PbO 50 mol% from 0.05 to 1000 % (f = 1 Hz). (b) Oscillatory 
frequency sweep on linseed oil + PbO 50 mol%, from 20 to 0.1 rad/s (strain = 0.1%). 

To clarify the origin of these distinct rheological behaviors, a closer look on the organization of 

saponified oils was necessary. 

Organization 

SAXS (Small angle X-ray Scattering) 
The Figure 2.a displays the scattered intensity profiles as a function of the scattering vector q for 

linseed oil samples heated with 0 up to 57 mol% PbO. 
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    Lamellar organization 
 

 
(a) (b) 

Figure 2 : (a) Scattered intensity profiles as a function of the scattering vector q for oils heated with 0 to 57 mol% PbO from 
0.002 to 0.6 Å

-1
. Data were normalized in transmission and the empty capillary signal was subtracted. The broad peak 

observed on the linseed oil profile, corresponding to the correlation distance between polar cores of the triglycerides, is 
noted T. The two contributions observed on the profiles of the saponified oils are noted A and B. Red arrows indicate 
periodic oscillations characteristic of local lamellar organization, with q* the position of the first oscillation.  For the linseed 
oil + PbO 57 mol%, the data are displayed from 0.01 to 0.35 Å

-1
, due to a mask defect. (b) Scheme of the lamellar 

organization. The lead soaps shown are saturated, with C16:0 (palmitic, in blue) and/or C18:0 (stearic, in light brown) 
chains. 

Table 2 : Evolution of the characteristic distances    of the contributions A and B and the correlation length of the lamellar 
domains ξ as a function of the initial PbO concentration. 

mol% PbO 4 17 31 50 57 

  
     (Å) 49 47 44 42 40 

  
     (Å) 30 30 31 30 30 

ξ (Å) 267 382 176 171 174 

 
 

Linseed oil did not show any particular organization: only a broad peak, centered at q = 0.28 Å-1, was 

visible. This signal has been previously observed on other types of vegetable oils. The position of this 

peak corresponds to the average correlation distance between the glycerol residues of the 

triglycerides (  
               23 Å) 33.  

The signals of the saponified oils significantly differed from that of the reference linseed oil. 

Dominated by the elastic scattering of lead atoms, they provide information on the structuring of the 

lead soaps contained in the formulations. The profile of linseed oil + 17 mol% PbO showed a series of 

periodically spaced oscillations with a position ratio of 1:2:3:4. These oscillations can be assigned to a 

lamellar organization (noted A, in red, represented schematically in Figure 2.b), whose characteristic 
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distance is given by   
         , i.e. 47 Å for linseed oil + PbO 17 mol% (with q* the position of the 

first oscillation, located at 0.13 Å-1).  

Moreover, a broad signal, centered at 0.20 Å-1 (noted B, in black) was also visible. This liquid order 

signal may originate from unorganized species in particular lead soaps, with a correlation distance 

between lead centers of   
      30 Å.  

Variations of these two signals were observed depending on the lead content. The broad liquid order 

signal B increased with the initial proportion of PbO: it was not pronounced for linseed oil + PbO 17 

mol% but dominated the profile for linseed oil + PbO 50 mol%. The proportion of unorganized 

species is thus more important in the highly saponified samples.  

The periodically spaced oscillations, width and position, also depended on the initial PbO 

concentration. The characteristic distance    
     decreased with increasing initial PbO content (hence 

saponification rate): it was 44, 42 and 40 Å respectively for linseed oil + PbO 31, 50 and 57 mol% 

(Table 2).  

Moreover, the width of the periodic oscillations was smallest for linseed oil + PbO 17 mol% and then 

increased with the initial PbO content. As an example, the lamellar signal of linseed 

oil + PbO 50 mol% was broader than that of the linseed oil + PbO 17 mol% and its harmonics, 

expected at q = 0.30, 0.45, and 0.60 Å-1, were not visible. The full width at half maximum (FWHM, in 

Å) of the deconvoluted lamellar signal after baseline subtraction is directly related to the correlation 

length of the lamellar domains ξ (Å) according to the Scherrer equation 34 : 

   
     

    
      

with K a constant related to the shape of the lamellar domains, fixed at 0.9 for undefined shape 35. 

The correlation length allows to estimate the size of the lamellar domains. This simple approach has 

already been applied to partially crystallized triglyceride systems in a liquid oil matrix 36,37. According 

to the Scherrer equation, the correlation length of the lamellar domains of linseed oil + PbO 17 mol% 

is of the order of 400 Å (Table 2). That of the most saponified sample, linseed oil + 50 mol%, would 

be twice as thin, about 200 Å. These estimated values indicate a trend but should be considered with 

caution, as other factors may come into play and impact the shape of the lamellar signal. Caillé 38 

showed that the intensity scattered by a lamellar phase decreases around the positions relative to 

the maximum of the lamellar signals following a simple power law, related to the thermal 

undulations of the lamellae along the axis normal to their stacking 39. These undulations destroy long-

range order and arise from the flexibility of the lamellae; in other words, the shape of the lamellar 

signals provides information about the flexibility of the lamellar organization 40. Several theoretical 

papers have improved the Caillé theory, initially valid for an ideal, infinite-dimensional and perfectly 

oriented lamellar system, by including finite-size and mosaicity. For an isotropic sample consisting of 

lamellar domains oriented in multiple directions, the structure factor S(q) related to the lamellar 

organization is: 

                  

with η a constant called the Caillé parameter (dimensionless) 41. Qualitatively, the higher η is, the less 

ordered the system is and the greater its flexibility (low rigidity) 39. In practice, precisely determining 

η is a very difficult task, as high resolution is required around the Bragg peaks. Moreover, in the case 

of saponified oils, the presence of the liquid order signal (noted B) partially overlapped the first order 
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signal. However, a rough estimate of η can be obtained directly from the number of detected 

reflections (noted n) 42: 

    
 

  
      

The SAXS profile of linseed oil + PbO 17 mol% showed 4 periodic reflections related to the lamellar 

organization, while for linseed oil + PbO 50 mol%, only the first order signal was clearly visible. 

According to equation (3), the Caillé parameter increased with the saponification rate, suggesting 

that the flexibility of the lamellae was greater for the most saponified samples. 

In summary, SAXS analyses showed that the supramolecular structuring of lead soaps depended on 

the saponification rate of the system: the more lead soaps there were in the system, the more 

compact the lamellar phase, and the thinner and more flexible the lamellar domains. On the other 

hand, the correlation distance between the unorganized species remained constant (at ca. 30 Å) 

whatever the initial proportion of PbO. 

Microscopy 

FF-TEM (Freeze-Fracture Transmission Electron Microscopy)   

Microscopy observations were then performed on linseed oil + PbO 17 and 50 mol% (Figure 3, S5 and 

S6), displaying different rheological behaviors and SAXS profiles. As a comparison, images obtained 

on pure linseed oil are shown Figure S4. FF-TEM on the linseed oil + PbO 17 mol% sample revealed 

the presence of isolated objects (Figure 3.a, in green) with an average diameter ranging from 1 to 4 

µm. These objects were discontinuously dispersed in a continuous unorganized phase. Within the 

objects, lamellar sheets oriented in different directions were revealed by the fracture (Figure 3.c, in 

red). In linseed oil + PbO 50 %mol, lamellar domains, of ca. 1 µm-length, were also visible but 

appeared homogeneously distributed in a continuous phase (Figure 3.b and d., in yellow). 

Comparable lamellar patterns have already been observed by FF-TEM for example on predominantly 

monounsaturated aliphatic chain systems 37,43, cellular lipid deposits44, and surfactants in solution 
45,46. 

 

Linseed oil + PbO 17 mol% Linseed oil + PbO 50 mol% 

  
(a) (b) 
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(c) (d) 

Figure 3 : FF-TEM images of linseed oil + PbO 17 mol% (a and c) and 50 mol% (b and d). For linseed oil + PbO 17 mol%, 
several aggregates of lamellar domains are framed in green and some lamellar domains are circled in red. For linseed oil + 
PbO 50 mol%, some thin lamellar domains are circled in yellow. 

DIC (Differential Interference Contrast) microscopy  

The images obtained by differential interference contrast microscopy for the two samples also 

differed, confirming the previous observations: in the linseed oil + PbO 17 mol%, objects with 

dimensions ranging from 1 to 10 µm were observed, discontinuously dispersed in the unorganized oil 

phase (Figure 3.c, in green). They probably correspond to the aggregates of lamellar domains 

identified in FF-TEM. Linseed oil + PbO 50 mol% (Figure 3.d), appeared to be fully textured: the 

sample was continuously structured, there was no boundary between the continuous unorganized 

phase and the lamellar domains. 

 

Linseed oil + PbO 17 mol% Linseed oil + PbO 50 mol% 

  
(a) (b) 

Figure 4 : DIC microscopy images of linseed oil + PbO (a) 17 mol% and (b) 50 mol%. For the sake of clarity, the contrast 

and brightness of both images have been identically enhanced. 

Discussion 
 

Saponified oils are composed of a wide variety of molecules: tri-, di- and monoglycerides, glycerol, 

free fatty acids and lead soaps. A minor fraction of all these compounds may also be oxidized, 

isomerized, or partially crosslinked. In this study, we focused on the architecture of lead soaps at the 

mesoscopic and supramolecular scale as revealed by SAXS measurements. We have highlighted two 
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distinct contributions of lead soaps, one characteristic of an unorganized continuous matrix, the 

other characteristic of a self-assembly of soaps in lamellar domains already described in the 

literature for model systems only. The lamellar organization of lead soaps has already been 

demonstrated for pure systems of saturated and monounsaturated soaps 20,23,24,43 : the long-spacing 

values measured by X-ray diffraction are 45 Å for lead palmitate (C16:0) and 50 to 51 Å for lead 

stearate (C18:0). These values are of the same order of magnitude as those measured here for 

saponified oils. It is therefore reasonable to assume that saturated soaps and monounsaturated 

soaps, whose self-assembly is favored, are the main components of the observed lamellar 

organization. On the other hand, poly-unsaturated chains have several kinks which hinder their 

structuring into lamellae 44–46. For instance, no organization has been demonstrated at room 

temperature for lead linoleate (C18:2) and linolenate (C18:3). The latter are therefore more likely to 

remain unorganized within the oil matrix, and the contribution of unorganized species observed in 

SAXS (Figure 2.a) may originate from polyunsaturated soaps. However, the composition of 

formulated saponified oils is complex and this schematic representation of the distribution of 

saturated and unsaturated soaps between the A and B contributions needs to be qualified as several 

types of aliphatic chains coexist within the same system, in different forms (tri-, di- and 

monoglycerides, free fatty acids, lead soaps). A lead soap itself is composed of two carboxylates, and 

can be completely saturated, unsaturated, or mixed (containing saturated and un-saturated chains). 

The behavior of mixed soaps (e.g. composed of a C18:0 chain and a C18:3 chain) is not clearly 

established, and we can assume that their ability to take part in a lamellar organization is 

intermediate to that of saturated soaps (e.g. two C18:0 chains) and unsaturated soaps (e.g. two 

C18:3 chains). 

 

The initial PbO concentration defines the total proportion of soaps formed and the multi-scale 

structuring of the resulting saponified oils. We summarize below and in Figure 5 the main results 

obtained focusing on the two concentrations investigated thanks to SAXS combined to microscopy 

which exhibit quite a different structuring. We can assume that these differences are linked to a 

difference in the mobility of the species, due to their different saponification rate:  

 The saponification rate of linseed oil + PbO 17% mol is relatively low (see Supporting 

Information Figure S3, S = 7 % after 10 min heating, 18 % after 120 min). At the start of 

heating, high species mobility may encourage the self-organization of soaps capable of 

structuring themselves: the lamellar contribution (A) predominates; the lamellar domains 

consist of a large number of lamellae and aggregate to form zones distinctly separated from 

the continuous unorganized phase. The spatial segregation of soaps capable or not to self-

assemble is therefore pronounced. Lamellar aggregates remain disconnected in an 

unorganized matrix, and the viscous behavior predominates as there is no large-scale 

organization. 

 

 Linseed oil + PbO 50 mol% has a different mesoscopic organization, consisting of thinner 

lamellar domains and very few aggregates. We can assume that this organization is related to 

the high concentration of lead soaps in the system (see Supporting Information Figure S3, 

S = 19 % after 10 min heating, 62 % after 120 min): this high concentration would limit the 

mobility of soaps. On the one hand, soaps that are able to self-assemble in a lamellar 

organization, such as saturated soaps, may remain dispersed among the unorganized 

species. This results in a pronounced unorganized phase (contribution B), and thinner 

lamellar domains (   200 Å). On the other hand, some unsaturated chains in cis 
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conformation would be embedded in the lamellar organization. This incorporation of 

unsaturated chains in the lamellar organization would explain why    
      is smaller than for 

linseed oil + PbO 17 mol%, as kinks reduce the end-to-end distance between the terminal 

carbon atoms of a chain 44. As an example, the long-spacing of lead oleate (C18:1) is 47 Å 23,24, 

about 3 Å less than its saturated counterpart. The incorporation of unsaturated chains with 

double bonds in cis conformation in the lamellar phase would also disrupt the packing of 

neighboring saturated hydrocarbon and increase the flexibility of the lamellar domain 45,46. 

This is consistent with the disappearance of harmonics observed in SAXS for linseed oil + PbO 

50 mol% (Figure 2.a), suggesting an increase in the Caillé parameter   42, and thus a 

pronounced flexibility of the lamellar organization. 

 

Figure 5 : Simplified schematic representation of the multiscale organization of lead soaps, for linseed oil + PbO 17 %mol% 
and 50 mol%. 

This organization may explain the origin of the viscoelasticity observed specifically for linseed oil + 

PbO 50 mol%, in which a majority of the lamellar domains are homogeneously distributed in the 

continuous, unorganized phase. This homogeneous repartition favor the interaction between the 

lamellar domains on a larger scale: the physical connections between lamellar domains may create a 

three-dimensional network within the material, as it has been shown for semisolid fat products 47,48. 

These systems contain triglycerides that crystallize into lamellar domains and then assemble into 

larger microstructures until they form a continuous three-dimensional network 36,37. The schematic 

architecture that we propose is in agreement with the viscoelastic properties showed on Figure 1 : 

when linseed oil + PbO 50 mol% is submitted to an oscillatory sweep at low strain, the connections 

between lamellar domains would be sufficiently numerous for the latter to constrain each other, the 

network carries the stress and contribute to the elastic properties of the system. Thus, generating 

viscoelasticity at the macroscopic scale. As evidenced by the oscillatory strain sweep test (Figure 1.b), 

this network is fragile and breaks beyond a certain strain of about 2 %. If the initial PbO 

concentration is above 50 mol% (e.g. 57 mol%), the formation of lamellar domains is limited and the 

behavior of the disorganized continuous phase prevail, no viscoelasticity is therefore observed. 
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Conclusion 
For the first time, we show that the macroscopic properties of complex saponified oils are correlated 

to the organization of lead soaps depending on their concentration. The complementarity of SAXS 

and microscopy observations revealed the multiscale organization of saponified oils and could 

explain the differences in rheological behavior observed at the macroscopic scale, as a function of 

initial PbO concentration. To our knowledge, this is the first report on the structuring of saponified 

oils representative of “real”, complex systems, with previous studies mainly focusing on pure and 

saturated lead soap systems 43,49–51. Some of the soaps can be structured to form stacked lamellae, 

resulting in lamellar domains. It is important to note that these lamellar domains do not consist of 

rigid and fixed plates, but rather of flexible lamellae that can be subjected to out-of-plane thermal 

fluctuations. The soaps that are more likely to initiate the structuration are saturated and 

monounsaturated soaps. Due to reduced soaps mobility, the higher the initial PbO concentration, the 

smaller the correlation length of the lamellar domains ξ, and the smaller the correlation distance    
     

between the soap lamellae. The other fraction of soaps remains unorganized and is part of the 

continuous phase. The distribution of the lamellar domains within this continuous phase (also called 

oily matrix) also depends on the initial PbO concentration: the lamellar domains of linseed oil + PbO 

17 mol% gathered in aggregates of several microns, while those of linseed oil + PbO 50 mol% are 

mostly homogeneously distributed in the continuous phase, which confers to the sample its 

viscoelastic properties. Thus, the supramolecular and mesoscopic organization of the saponified oils 

depends greatly on the initial lead (II) oxide concentration. This organization then drives the 

macroscopic properties of the oils.  

Further research will be carried out to monitor the evolution of these systems along drying, applied 

as paint films, to describe how, and if, the observed self-organization of lead soaps influence the 

formation and topology of the paint ionomeric network 52. This would also shed new light on the 

aggregation mechanism of saturated lead soaps (the so-called protrusions) which are among the 

most common alterations observed in oil paintings, providing a better understanding of the 

environmental conditions and paint formulations that favour them.  
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Supporting Information 
Table S1: Final saponification rate S of linseed oil samples heated at 150°C with PbO as a function of the initial 

amount of PbO. 

PbO (mol%) 4 17 31 50 57 

S (%) 3 ± 0 18 ±2 33 ± 3 59 ± 4 72 ± 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1: (a) Distribution of fatty acid chains from lead soaps and free fatty acids obtained by GC-MS (Gas 

Chromatography – Mass Spectrometry) after derivatization with BSTFA. The method used is described below. 

(b) corresponding absolute concentration in ng/ml. 

Samples of saponified oils were weighed into a flask and successive dilutions in heptane were 

performed to obtain a 40 µg/L concentrated solution. 20 µL of a BSTFA 

(bis(trimethylsilyl)trifluoroacetamide) solution (Supelco) were added to 150 µL of the diluted 

solution, and the mixture was heated at 90°C (± 5°C) for 80 min. The use of BSTFA as a derivatizing 

agent allows to probe specifically the distribution of the fatty acid chains from soaps and free fatty 

acids 53,54. The resulting solution was delivered to the injector of an Agilent 7890B-GC system (Agilent 

Technologies) coupled to an Agilent MSD 5977B single quadrupole mass spectrometer (Agilent 

Technologies). Volatile compounds were separated with a HP-5MS column (30 m x 0.25 mm x 0.25 

µm, Agilent Technologies) subjected to the following temperature gradient: 80°C for 2 min, then 

15°C/min to 280°C, followed by an isotherm at 280°C for 10 min. For all samples, the injection was 

performed in splitless mode. The injection volume was 1 µL, the injector temperature was set at 

280°C and the flow rate of the carrier gas (helium) at 1.5 mL/min. For detection, electron impact 

ionization was performed. The electron energy was 70 eV. The temperature of the ion source was 

(a) 

 
(b) 
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250°C, that of the quadrupole 150°C. The range of m/z ratios scanned was 50 to 700, at a frequency 

of 2.3 scans/s. Absolute quantification of free fatty acids have been performed using calibration 

curves from 2 to 1000 ng/mL after sample derivatization. 

 

  
(a) (b) 

Figure S2: Oscillatory strain sweep test from 0.05 to 1000 % (f = 1 Hz) on linseed oil + PbO (a) 17 and (b) 57 
mol%. 

 
 

 
 

Figure S3: Evolution of saponification rate during heating of linseed oil containing 17 and 50 mol% PbO. Error 

bars are included in the size of the symbols used. 

 

     

Figure S4: FF-TEM images of linseed oil alone. 
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Figure S5: FF-TEM images of linseed oil + PbO 17 mol%  
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Figure S6: FF-TEM images of linseed oil + PbO 50 mol% 

 
 

 


